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Vitamin D and Calcium Metabolism

I Introduction

For a period between 1940 and 1968 the topic vitamin D chemistry remained a
quiescent field, primarily because the work on the isolation and identification of the
nutritional forms of vitamin D had been completed and a general feeling existed that
the vitamin acted directly on the target tissues without metabolic alteration. This
conclusion was supported by the early work on the metabolism of vitamin D in
which Kodicek ! concluded that although vitamin D was metabolized to demon-
strable products, they appeared to be biologically inactive. With the development of
chemical synthesis of radioactive vitamin D of high specific activity in the early 1960
era came the possibility of studying the metabolism and localization of truly physio-
logic doses of the vitamin?® ¥, Furthermore, rapid development in methods of chro-
matography for lipid soluble materials made possible the separation of vitamin D
from its metabolites in a convenient and reproducible manner®. Finally, the devel-
opment of mass spectrographic methods of structural determination of organic com-
pounds and nuclear magnetic resonance spectrometers made possible identification
of small amounts of important metabolites’). These developments coupled with the
concept that vitamin D must be metabolically altered before it can function led to a
demonstration of the first biologically active metabolites of vitamin D% 7). This
resulted ultimately in the discovery that vitamin D is a precursor of at least one
steroid hormone which is involved in the regulation of calcium and phosphorus
metabolism®. This demonstration made clear the application of the active metab-
olites of vitamin D to the treatment of calcium, phosphorus and bone disorders®.
Furthermore, it laid open the possibility that compounds could be synthesized as
analogs of the active hormonal form of vitamin D and be used in a rather specific
manner. These discoveries, therefore, reawakened the interest of the classical organic
chemists in the problems of vitamin D chemistry. Ultimately this resulted in novel
methods of synthesis of vitamin D and its metabolites and the synthesis of inter-
esting and biologically active analogs. It is the purpose of this chapter to describe the
development in our understanding of the metabolism of vitamin D, our latest under-
standing of its molecular mechanism of action at the target tissues and the resulting
new advances in synthetic efforts on the vitamin D compounds and finally the de-
scription of important analogs of 1,25{0H), D3 and their potential use biologically
and medicinally.

II Historical

The existence of vitamin D was actually discovered as a consequence of human
disease. Rickets has been known almost since antiquity and was quite clearly de-
scribed in the literature around 1600. Glisson'® and Whistler'! are credited with
the first clear description of the disease rickets which we now know is the childhood
counterpart of vitamin D deficiency disease. With the industrial revolution which
took place in the latter part of the 19th century came the changing of an agrarian
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society to an industrial society. The population in large measure spent much more
time inside buildings which shielded them from uitraviolet light. In addition, the
industrial plants produced large amounts of contaminating environmental pollutants
which permitted only limited amounts of ultraviolet light to reach the population
even when they were outdoors. Since vitamin D is not abundant in foods except for
fish liver oils'?, a dietary source of vitamin D was also absent. In the low sunlight
environments found in Northern Europe, North American and Northern Asia, we
know in retrospect that insufficient amounts of ultraviolet light reached the skin of
the population, thereby failing to produce necessary vitamin D and resulting in a
deficiency disease. Early in this century therefore the disease rickets appeared in
children in epidemic proportions in these parts of the world!). It was at this time
that the concept of vitamins began evolving, starting with the work of Magendie!®
and Liebig!> who attempted to maintain animals on a diet of chemically defined
carbohydrate, fat, protein and minerals without success. These investigators con-
cluded that there must be some vital substance necessary for life. In the United
States agricultural chemists became interested in the fact that proximate analysis for
carbohydrate, fat and protein failed to provide an adequate explanation of the
adequacy or inadequacy of the diets of domestic animals*®), This led the group at
the University of Wisconsin to conclude that some micronutrients, heretofore un-
appreciated are required for the health and reproduction of domestic animals'®,
Beri-beri had appeared in high proportions in the prisoners of the Dutch East Indies
and the physician Eichmann'” had deduced that their diet of polished rice was
responsible for the disease. Although he incorrectly concluded that the polishing of
rice introduced a toxic substance, he nevertheless placed correct emphasis on diet as
being responsible for the disease. His countryman, Grijns’s), was later able to show
that the hulls of whole rice possessed a substance which could prevent or cure beri-
beri demonstrating existence of an essential dietary factor. The Wisconsin group had
begun to investigate the possibility that dietary components possessed micro-
nutrients of considerable importance. Using rats McCollum'®) demonstrated the
existence of a fat-soluble substance found in cod liver oil and butter fat which could
support growth and prevent xeropthalmia in animals maintained on an otherwise
chemically defined diet. Using the term coined by Funk?®) McCollum described this
fat-soluble growth factor as vitamine A2, He similarly fed animals on the purified
diets with cod liver oil as a source of vitamin A and discovered that the animals
developed neurological symptoms. He was able to demonstrate that milk salts or
lactose possessed a substance which would prevent this disease. He, therefore, called
this substance a water soluble vitamin B2Y. Thus the vitamins became discovered in
the 1910-1919 era. Undoubtedly, this discovery inspired Sir Edward Mellanby in
Great Britian to consider that the disease rickets, then rampant in children of Eng-
land, might be a dietary deficiency. Sir Edward Mellanby was able to produce a
disease in dogs quite similar to the rachitic condition in children by feeding then a
diet of oat meal and keeping them indoors??. By administering cod liver oil,
Mellanby cured the disease. Since McCollum had shown the existence of fat-soluble
vitamin A in cod liver oil, Sir Edward Mellanby concluded that vitamin A was re-
sponsible for curing the disease rickets. However, McCollum demonstrated quite

clearly by bubbling oxygen through cod liver oil and heating the preparation that the
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growth promoting activity and antixeropthalmia activity could be destroyed but the
ability to cure rickets remained?®), He therefore concluded that the activity was the
result of another fat-soluble vitamin which he called vitamin D. At the same time this
work was being carried out, Viennese and British physicians were demonstrating that
rickets in children could be cured by exposing them to ultraviolet light either of solar
origin or artifical origin?® %), Thus artificial light and cod liver oil were equal in
their activity in curing this desease. Goldblatt and Soames?® found that the livers
taken from rachitic rats exposed to ultraviolet light possessed a material which cured
rickets in other rachitic rats. This undoubtedly led Steenbock?”2®) to demonstrate
that ultraviolet light was able to activate a fat-soluble substance to become anti-
rachitic and this substance could be found not only in skin but in a large variety of
biological materials. He and his co-workers®®) as well as Hess and his co-workers>?
found the antirachitic material in the non-saponifiable fraction or the sterol fraction.
This discovery led ultimately to the isolation and identification of vitamin D, from
ergosterol irradiation mixtures®!* 32 and led to the elimination of rickets as a major
medical problem since irradiation of foods could be used to induce vitamin D activ-
ity in them3?. In 1937 Windaus and his collaborators synthesized provitamin D3,
namely 7-dehydrocholesterol, and subsequently isolated and identified vitamin D3
from irradiation mixtures of the synthetic material®* 35, This essentially ended the
isolation and identification work on the dietary D vitamins and a quiescence settled
over the study of vitamin D chemistry. However, considerable work was expended
on the mechanism of action even while the isolation and identification of the D
vitamins was in progress. Howland, Kramer and Shipley 3¢ 37) provided the first
evidence that the major failure to calcify bone in rickets is an insufficient supply of
calcium and phosphorus to the mineralization sites. Thus a diagnostic measure of
vitamin D deficiency was a low product of calcium concentration times phosphorus
concentration in blood>®. Orr®® was the first to demonstrate that vitamin D im-
proved intestinal absorption of calcium, a discovery which was not considered
popular at the time. Nicolaysen3® % in the 19351943 era was able to show con-
clusively that the vitamin D directly stimulates intestinal calcium absorption and
furthermore was able to demonstrate that the ability of the intestine to adapt to
dietary calcium levels required the presence of vitamin D*!), These basic discoveries
have been confirmed many times by a variety of investigators using a variety of tech-
niques*?) and remains as one of the basic functions of the D vitamins. In 1952
Carlsson*?, provided the first true insight in the mechanism of action of vitamin D
on bone. Rather than acting directly on the mineralization process, Carlsson demon-
strated that vitamin D was responsible for the mobilization of calcium from pre-
viously formed bone, This important discovery was confirmed by Nicolaysen and
Eeg-Larsen®®. It was later shown that this mechanism involves not only vitamin D
but also the parathyroid hormone**), Another site of vitamin D action was dis-
covered by Harrison and Harrison*®), who demonstrated that vitamin D activates the
transport of phosphate across the intestinal membrane. This process has now been
shown to be quite independent of the calcium transport process although its mecha-
nism remains unknown,

In 1963 radioactive vitamin D of high specific activity was successfully synthe-
sized chemically? 3. This preparation was labelled in the 1 and 2 positions and pro-
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vided the first material whereby truly physiologic amounts of vitamin D couid be
studied from a metabolic point of view. This led to a demonstration of the existence
of polar metabolites of vitamin D possessing biological activity equal to or better
than the parent vitamin® 7). Furthermore, the polar metabolites of vitamin D could
stimulate intestinal calcium absorption and mobilization of calcium from bone more
rapidly than vitamin D itself*”). Thus the existence of potent metabolites of vita-
min D became known in 1967. By 1968 the first of the potent forms of vitamin D
was isolated in pure form and identified as 25-hydroxyvitamin Dy (25-0H-D3)48).
Its structure was quickly confirmed by chemical synthesis*® which led to the pre-
paration of radioactive 25-OH-D; 59, Using this preparation it was then possible to
show that it, like its vitamin D precursor was rapidly metabolized further and
appeared in the target tissues of intestine and bone before those tissues responded by
increasing intestinal calcium absorption and the mobilization of calcium from
bone® 52), In 1971 the most potent and hormonal form of vitamin D was isolated
in pure form from chick small intestine and identified as 1,25-dihydroxyvitamin D3
(1,25-(0H),D3)°> 3%, Its structure was then quickly confirmed by chemical synthe-
sis proving its structure to be 1a25-dihydroxyvitamin D5 (1a,25-(0H)2D3)55). This
conclusion was finally supported by the synthesis of the epimer 18,25-dihydroxy-
vitamin D3 (18,25-(OH),D3) and the demonstration that the natural product was
identical with 10,25-(OH),D; .

Our understanding of the metabolism of vitamin D is yet to be completed.
Additional metabolites have been isolated and identified although their biological
function remains unknown. In addition, the mechanism whereby 1,25{0H), D3
stimulates intestinal calcium transport and intestinal phosphate transport, the mobili-
zation of calcium from bone and the mineralization of bone remain to be elucidated.
This chapter, therefore, is a progress report and more information can be expected in
regard to the metabolism of vitamin D, its regulation and its mechanism of action.
Furthermore, important and interesting analogs of the metabolites of vitamin D can
be expected which will have special biological properties. Thus, the topic of vita-
min D chemistry is certainly current.

III Metabolism of Vitamin D (Fig. 1)

The clear demonstration that physiologic amounts of vitamin D3 are metabolized in
large proportions to metabolites possessing biological activity equal to or greater
than vitamin D itself came following completion of chemical synthesis of [1 ,2-3H
vitamin D of high specific activity>>). The major circulating metabolite of vita-
min D3 was then isolated from plasma of pigs and identified chemically as
25-OH-D3*®). The liver was shown to be the site of this conversion®” *® although
evidence has been presented that some 25-hydroxylation occurs in kidney and
intestine of chicks® . A reexamination of this has revealed that certainly in the rat
and probably in the chick, the liver is the major, if not sole, site of 25-hydroxyla-
tion® %, Even during the isolation of 25-OH-Dj prior to its identification, the
existence of metabolites more polar than 25-OH-D; was noted*® but they were not
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Fig. 1. The metabolism of vitamin D: 1978

further characterized or their biological activity examined. Haussler, Myrtle and
Norman detected a metabolite of vitamin D3 more polar than 25-0OH-D; in the
nuclear fraction of small intestine®?. At the same time, Lawson, Wilson and
Kodicek also located this metabolite of vitamin D and found that during its bio-
synthesis the 1 a->H from 1 o®H-vitamin D; was lost%®). They used this observation
to suggest that this metabolite possessed a modification on carbon 1, although other
explanations were clearly possible. Independently, Ponchon et al studied extensively
the metabolites of vitamin D in a variety of tissues in both rats and chicks, demon-
strating the existence of that was termed peak V as well as other more polar metab-
olites?,

Synthesis of radioactive 25-OH-D 35 allowed a pursuit of its metabolites and it
was soon demonstrated that the polar metabolite of the small intestine, designated as
peak V in the Wisconsin laboratories, peak p in the Cambridge laboratories, and 4B
in the Riverside laboratories, was formed from 25-OH-D, N Although Myrtle,
Haussler and Norman®? first reported marked biological activity of the intestinal
metabolite, this finding could not be uniformly reproduced“). Haussler et al.?%
discovered that the intestinal metabolite initiated intestinal calcium transport very
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rapidly and that its activity decreased very rapidly, accounting for the divergency of
biological activity reports. This very rapid activity was confirmed in two laborato-
ries®® 7) and led to an intensive approach to the isolation and identification.

In early 1971 the isolation of this metabolite from a target tissue (the intestines)
of 1500 rachitic chickens given a single dose of radioactive vitamin Dy was accom-
plished 3 5, Isolation involved approximately ten chromatographic procedures
through which the lipid extract of the intestines was processed. This, however, led to
a metabolite fraction contaminated with another trihydroxy sterol which could then
be separated upon derivatization as the 25-hydroxy-trimethyl silyl ether and sub-
sequent chromatography on Sephadex LH-20. The isolation of the metabolite from
the intestine involved primarily the use of liquidgel partition chromatography which
was introduced as a major chromatographic technique for the study of vitamin D
metabolism. From the 1500 rachitic chickens given the radioactive vitamin D3, two
micrograms of 25-trimethylsilyl ether derivative was isolated in pure form and the
structure of the metabolite unequivocally identified by chemical means asg
1,25{0H),Dj3. Proof that this compound was 1¢,25{(0H), D3 was provided by
chemical synthesis of it>* and its 18 isomer>®, While this isolation was beeing
carried out, Fraser and Kodicek®® discovered that the site of production of the
intestinal metabolite was kidney and were able to produce the metabolite in vitro by
incubation of chick kidney homogenates and isolated mitochondria with 25-OH-
[3HID;. From in vitro incubations, Lawson et al.®” were able to obtain several
micrograms of metabolite in approximately 30% purity. From this preparation some
evidence for the 1,25(0H),D; structure was obtained. It, therefore, became clear
that 25-OH-Dj3, which was produced predominantly if not exclusively in the liver, is
hydroxylated to 1,25(OH),D; in the kidney. The exclusive synthesis of 1,25-
(OH);Dj in the kidney could easily be demonstrated in nephrectomized rats given
radioactive 25-OH-Dj intravenously®®). These animals failed to produce 1,25-

(OH), D3, while sham-operated and uremic controls were clearly able to perform the
conversion. The ability of chick kidney homogenates and mitochondria to carry out
the conversion of 25-OH-Dj3 to 1,25{OH), D3 was confirmed in two different
laboratories®®: 6,

Using the nephrectomized animal it was possible to demonstrate quite clearly
that 1,25{OH), D5 is the active form of vitamin Dj in the initiation of intestinal
calcium transport 7% 71, bone calcium mobilization’? and intestinal phosphate
transport73). Briefly, nephrectomized animals do not show these responses to
25-0H-D; when given in physiologic amounts whereas 1,25{(0OH), D3 produces these
responses whether the kidneys are present or not. Thus it is quite evident that
25-OH-Dj; and vitamin D3 itself cannot be considered metabolically active forms at
physiologic concentrations. However, it is well known that vitamin D or 25-OH-D3
can produce responses in nephrectomized animals when given in large
amounts’® 7%, In addition in isolated cultures of bone”® 77, in vascularly perfused
intestine”® and in isolated intestinal cultures”® 3®, it can be shown that large
amounts of 25-OH-Dj; can cause the mobilization of calcium from bone, the trans-
port of calcium across intestinal membrane and the production of calcium binding
protein. Exactly what the reason is for responses to pharmacological amounts of
these compounds is not known. Two possibilities are now considered: one, that the
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receptor molecules or systems will respond to the unhydroxylated forms of vita-
min D if present in large concentrations®" #2: or alternatively, small amounts of
trans vitamin D or isotachysterol contaminants, which have their 3-hydroxyl in a
pseudo 1 position, might produce a 1,25{OH),D;- like response®3~%%_In any
case, from physiologic point of view it is quite clear that the 25-OH-D3 to 1,25-
(OH),D; pathway is an obligatory one for physiologic amounts of vitamin D to
carry out its known functional role.

Following the demonstration that 1,25{(OH), D3 or a further metabolite is the
final metabolically active form of the vitamin, work has been carried out with radio-
active 1,25{OH), D3 in an effort to learn whether it is further metabolized6—8®),
At the time the intestine and bone respond to this compound, no other metabolites
have yet been demonstrated, leaving the impression that 1,25{OH),Dj; is not further
metabolized before it functions. However, experiments with 25-0H-[26,27-14CID;
have shown that 7% of this compound is metabolized to '*CO, in rats® °® and
chicks®"). Nephrectomy prevents this metabolism and 1,25{0OH),[26,27-'*CIDj is
metabolized to the extent of 30% in both normal and anephric rats to 1400,
Thus, 1,25(0H), D3 is converted to a compound lacking a portion of the side chain.
This reaction occurs rapidly enough (within 3 hours after injection) to be of func-
tional significance. Recently a metabolite of 1,25(OH), D3 without the 26 and 27
carbons has been isolated in pure form and identified as 23-carboxy 23-27-tetranor
la-hydroxyvitamin D5 (R. Esvelt, H. Schnoes and H. DeLuca, unpublished results).
Its biological activity has not yet been studied, however. Nevertheless, the existence
of the side-chain cleavage metabolism of 1,25{OH), D3 has been clearly established,
but its physiological significance remains unknown.

During the course of the isolation and identification of 1,25{0OH),D3;, other
metabolites of vitamin D3 were detected, isolated and identified. In particular from
the peak V region described by Blunt and DeLuca, two metabolites were isolated and
tentatively identified. The first, which was termed peak Va, was initially identified as
21,25-dihydroxyvitamin D3 %, but upon more thorough characterization, the
correct structure was deduced to be 24,25{(OH), D3 3¥. This compound has proved
to be a major metabolite of vitamin D3 whose exact function is still under examina-
tion. Chemical synthesis of this compound has been completed®® and the two
possible stereoisomers prepared independently by Ikekawa and his group94) und by
the Hoffmann-LaRoche group®®), The natural form of the 24,25{(OH), D3 has
proved to be 24R,25(OH),D;%). This has been deduced by cochromatography of
the natural radioactive product with the synthetic isomers as their silyl ether deriva-
tives, The natural product cochromatographs exactly with the 24R compound with
no radioactivity appearing with the 24S compound. In the rat, the 24R compound
has biological activity in intestinal calcium transport, calcification of bone and
mobilization of calcium from bone approaching that observed with 25-OH-Dj; it-
self®). Furthermore, the administration of radioactive 24,25(OH), D5 to rats re-
veals that it is rapidly excreted.

On the other hand, 24,25(OH), D; has very low activity in the chicken®’~%%)
and is rapidly eliminated. So fast is the elimination that little 1,24,25{OH);D; can
be detected in this species'oo). It is unknown if 24,25(0OH), D5 is rapidly excreted
in mammals receiving sufficient amounts of vitamin D or not. Nevertheless, in the
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known biochemical functions of the vitamin, 24,25{0OH), D3 is relatively inactive in
anephric animals®® 199 suggesting the necessity for 1-hydroxylation. This led to
the isolation and identification of 1,24,25{OH);D;°?. The configuration of the
24 hydroxyl in the naturally produced form of this metabolite is also R'®3). This
metabolite is more potent than 24 25(OH),D; but less potent than 1,25{OH),-
D;103: 199 and has weak activity in the chicken®”> 98). It is about one order of
magnitude less active than 1,25{OH),D; in receptor binding and other in vitro tests
such as bone resorption in culture. A thorough study of its biological activity in the
rat has revealed that it shows no advantage over 1,25{0H),Dj in intestinal calcium
and phosphorus transport, mineralization of rachitic cartilage and bone mineral
mobilization, and is less active than 1,25{OH),D; in all of these systems'®*, It is,
therefore, clear that 24R-hydroxylation of vitamin D metabolites does not improve,
but actually diminishes, biological activity in the systems known to be vitamin D
dependent.

There have been reports that 24,25{0H), D3 is a mineralization form of the
vitamin since it restores “calcification front™ in osteoid tissue much better than does
a lower dose of 1,25{OH),D; and thus is more effective against osteomalacia'®%).
Henry et al.'%®) have proposed that 24 25{0H), D3, together with 1,25{0H),D;,
functions in the suppression of parathyroid gland size and secretion, a result sup-
ported to some degree by the work of Canterbury et al.'°”, Garabedian et al.!°®
report that 24,25{0H), D3 is particularly effective in stimulating cartilage tissue
growth in culture. Henry and Norman!®® have reported that 24,25{0OH),D; is
essential for normal embryonic development in chicks. These interesting studies may
suggest previously unknown functions of vitamin D satisfied preferentially by 24R
hydroxylated forms of vitamin D. It is in this manner that the 24R hydroxy group
may participate in the functions of vitamin D. However, it must be noted that the
above suggested functions are far from established and require more definitive ex-
periments in vivo before they can be accepted.

A suggestion by Kanis et al.!'® that 24 25{OH), D5 functions directly in man
to facilitate absorption of calcium cannot be verified and is likely the result of tech-
nical problems associated with interpretation of clinical data.

When the 24-hydroxylated vitamin D metabolites were being investigated,
the 24 R and 24S isomers of 24-OH-D and 24,25{(OH),D were synthe-
sized !t 112 94.95) Testing of the biological activity revealed the 24S hydroxy com-
pounds to be less active than the corresponding 24R hydroxy compounds®® 1!,
24R-OH-[24S-3H]D; and 24S-OH-[24R-3H]D; were prepared and their metabolism
studied!!®), The results demonstrated that 25-OH-D;-1-hydroxylase discriminates
against the 24S hydroxyl group. Thus the 24S compound is converted to 248S,25-
(OH),D; but is not further activated to the corresponding 1,24,25{0H)3;D5, while
the 24R compound is. 1,248,25{0OH);D3 and 1,24R,25(0H)3;D; are equally bio-
logically active!®® confirming this deduction. The discrimination against the 24S
hydroxyl configuration in 24,25{OH), D3 also argues for the functional significance
of 24-hydroxylation as does the fact that its production is regulated (see section on
regulation). However, at this point, the functional significance of the 24R hydroxyl
group is far from established and remains to be investigated.
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Because of the substitution on the 24 carbon and because chicks and fowl dis-
criminate against vitamin D compounds which have a methyl group on the 24 car-
bon!'¥) it is indeed possible that a 24 substitution is a signal in the chick or other
birds for elimination. Thus the 24-hydroxylations in these species may represent the
first reaction in the metabolic elimination of potentially toxic vitamin D com-
poundsg7). It is possible, therefore, that the birds discriminate against the vita-
min D, compounds simply because they are analogous to the natural excretion prod-
uct (24R,25{0H),D;) of the natural form of vitamin D, namely vitamin D37, In
agreement with this idea, it has already been demonstrated that vitamin D, and its
metabolites are rapidly metabolized and excreted via the bile into the feces*'%).

25,26-Dihydroxyvitamin D3 (25,26{OH),D3) has also been isolated, identi-
fied"'®) and chemically synthesized*!” ''®), This compound has only weak bio-
logical activity in stimulating intestinal calcium transport and has little or no activity
in the other systems known to be responsive to the vitamin. Its intestinal calcium
transport activity requires kidney function presumably to convert it to 1,25,26-
(OH)3D;3''7. Chemical synthesis of the two possible isomers has been com-
pleted'® and with these, the natural configuration has been shown to be R'19).
Its appearance is quantitatively smaller than that of 24 25{OH),D; and its role, if
any, is not yet known.

Throughout the course of work on the vitamin D3 metabolism, parallel work has
occasionally been carried out with the vitamin D, series. 25-OH-D, has also been
isolated and chemically identified!*®. Furthermore, 1 ,25{0OH), D, has been pre-
pared in vitro with chick kidney mitochondria and its structure unequivocally eluci-
dated'?"). The biological activity of the vitamin D, compounds has been assessed in
the rat and found to be identical in every respect to the vitamin D5 compounds. In
the bird, however, as described above, the vitamin D, compounds, including 1,25-
(OH),D,, are approximately 1/5 to 1/10 as active as their vitamin D3 counter-
parts''?_ Of some interest is that Upjohn chemists have successfully synthesized the
25-0OH-D, and the 25-OH-24-piD,. The 25-OH-24-epiD, is much less active than
25-0H-D, (J. A. Campbell, L. Reeve and H. F. DeLuca, unpublished resuits).

New world monkeys also discriminate against vitamin D, in terms of their bio-
logical response!22). Although the mechanism of this discrimination has not yet
been determined, it might well be related to the mechanism described for the chick.
In this regard it should be noted that the chick possesses the enzymes necessary for
the synthesis of the active forms of vitamin D, 123) That is, the 25-hydroxylase of
the liver of chicks does not discriminate against the vitamin D, molecule. Further-
more, the 1-hydroxylase system and the 24-hydroxylase system of the chick kidney
do not discriminate against 25-0H-D, 1?3, However, following the injection of
radioactive vitamin D, little 25-OH-D, is found in the circulation'?* and little
1,25{0OH), D, is found in the intestine'2?. Since the intestine of the chick also
responds pooily to 1,25(0H),D; as compared to 1,25{0H),D,, it seems that the
bird discriminates against ail forms of vitamin D with the substitution on the 24
carbon and that the mechanism of discrimination is likely to be one in which 24
substituted vitamin D’s are rapidly metabolized and excreted’ 14), An intestinal
cytosol binding protein for 1,25{OH), D3 in the chick, which is considered a re-
ceptor, binds the 1,25{OH),D, just as well as it binds the 1,25{OH), D33! 82 125),

11



H. F. De Luca, H. E. Paaren, and H. K. Schnoes

In addition, in chick embryonic intestine, 1,25{0H),D, and 1,25{0H),D; are
equally effective in stimulating production of calcium binding protein (O. Parkes and
H. F. DeLuca, unpublished results). These results provide evidence that the dis-
crimination does not take place at the receptor level at least.

Little is known regarding the further metabolism of the vitamin D metabolites to
excretion products. Vitamin D sulfates have been described!2% 127, but have not
yet been adequately demonstrated to be a part of the normal metabolic scheme or to
be a normal excretion product. The primary route of excretion appears to be bile
with less than 4% of the total radioactivity of vitamin D3 appearing in the
urine® 128 129 No biliary metabolites have yet been identified, although claims of
glucuronides or sulfates have appeared but without adequate chemical identifica-
tion 130 131),

Vitamin D sulfate has been reported to be present in milk'32=13% byt the
identification of it is far from convincing. Nevertheless, the claim is made that this
water soluble form of vitamin D is more active in curing rickets in children than is
ordinary vitamin D, a claim made with little or no scientific support.

IV The Biogenesis of Vitamin D

Vitamin D is not widely distributed in nature being quite low in the plant world
except special circumstances'?' 3%, It is found in sizable amounts in livers of carti-
laginous aquatic animals such as sharks and in fish33?), The source of vitamin D in
these species is still unknown. There is evidence that it arises by means of a non-
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photochemical process3® 136) but the evidence is not convincing. Other suggestions
include accumulation of vitamin D from plankton or other small organisms from the
sea surface since vitamin D may not be metabolized in fish and sharks. Certainly this
represents an unsolved biological problem of considerable interest.

Vitamin D is produced in skin as a result of ultraviolet irradiation, a phenom-
enon realized in 1919—1924%% 25)_ It is known that ultraviolet light brings about a
photolysis of 5,7-diene sterols giving rise to previtamin D and other photoisomers,
lumisterol and tachysterol!3”) (Fig. 2). The previtamin D spontaneously isomerizes
to vitamin D to yield an equilibrium mixture favoring vitamin D. This photolysis
known to occur in organic solvents also occurs in epidermis of skin. Ultraviolet light
is known to penetrate to the site of 7-dehydrocholesterol in epidermis!3®), Re-
cently, the antirachitic substance produced in rat skin by ultraviolet irradiation has
been isolated in pure form and unequivocally identified as vitamin D5 139,140) The
kinetics of its production in skin is identical to that in organic solvents suggesting
that proteins or enzymes are not involved. This initial step in vitmain D biochemistry
therefore does not appear regulated.

V Enzymes Which Carry Out the Metabolism of Vitamin D; (see Fig. 1)

1 Vitamin D3-25-Hydroxylase

There is little doubt that the liver is the major site of 25-hydroxylation of vita-

min D357 58 141 There is some question whether this conversion occurs to any
significant degree in tissues other than the liver. Tucker et al.>?) have reported that
chick kidney and intestine possess 25-hydroxylating ability. The conversion in chick
but not rat intestine has been confirmed in our laboratory®?> ¢!}, but so far con-
firmation in the kidney has not been possible. Hepatectomy markedly reduces the
ability of rats to produce 25-OH-D; %% 14?)_ Although some of this metabolite has
been detected in hepatectomized rats, the amount is very small in the face of very
high circulating concentrations of vitamin D5 '4?. Ordinarily vitamin D3 is rapidly
taken up in large amounts in the liver and does not circulate in high concentrations.
In fact, it circulates in man at a concentration of 1 ng/ml'*® (Shepard and DeLuca
unpublished). Thus the contribution of extra-hepatic tissue to 25-hydroxylation is
likely small and perhaps absent under physiologic circumstances. In the bird, this
hydroxylation may occur in part in the intestine especially following oral administra-
tion%% 61),

Liver homogenates carry out the 25-hydroxylation when supported by glucose-
6-phosphate and magnesium jons utilizing the endogenous glucose-6-phosphate de-
hydrogenase!*!" 149 However, the activity can be increased by the addition of an
NADPH generating system!*®. Cell fractionation has revealed that two cell com-
ponents are necessary for maximal rates of hydroxylation; the microsomal fraction
and the cytosolic fraction!*®, The cytosol contains a heat labile factor which both
protects the substrate and stimulates conversion to 25-OH-D;. This might well be
analogous to the systems described for cholesterol biosynthesis and for bile acid
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biosynthesis'*> 146, A recent report that 25-hydroxylation of vitamin D occurs in
mitochondria is likely the result of an impure mitochondrial preparationl‘m. The
K, for vitamin D5 is 4 x 10~8M for both homogenates and microsomes and all the
25-hydroxylation in hepatic homogenates can be accounted for by microsomal
activity (T. Madhok and H. F. DeLuca, unpublished results). The microsomal system
will also hydroxylate vitamin D, and dihydrotachysterols.

The microsomal 25-hydroxylation of vitamin D3 is markedly suppressed by the
prior administration of vitamin D'#®), The degree of this suppression and the length
of time of the suppression is dependent upon the dose of the vitamin D given. The
suppression appears to be related to the hepatic level of 25-OH-D;. External 25-.
OH-D; does not enter the liver in appreciable amounts and hence does not suppress
the 25-hydroxylase#%). It is unknown whether this suppression is mere product
inhibition by 25-OH-Dj or whether the 25-OH-D5 alters the 25-hydroxylase, render-
ing it inactive. The administration of large amounts of vitamin D3 will overcome this
suppressed 25-hydroxylation and it is uncertain whether this is a competition with
the 25-OH-D; of the liver releasing the microsomal 25-hydroxylation or whether it is
due to extra-microsomal 25-hydroxylation which occurs at large substrate concen-
trations. In any case, the suppression can be overcome with increasing amounts of
vitamin D%% 159, Thus the regulation phenomenon is observed only at physiologic
doses of the vitamin and large amounts of vitamin D can increase the circulating
levels of 25-OH-D3*% 151 152) The 25 hydroxylase is not influenced by dietary
calcium, serum calcium, serum phosphorus or parathyroid hormone (T. Madhok and
H. F. DeLuca, unpublished results).

Vitamin D-25-hydroxylase of rat liver is a mixed function monooxygenase as
demonstrated by the incorporation of '30, into the 25 position of vitamin D53,
The reaction is inhibited by metyrapone, and CO:0, of 9:1. The CO inhibition is
released with white light. Vitamin D inhibits aminopyrine demethylase. Thus all
evidence currently available suggests this to be a cytochrome P-450 system of the
type shown in Fig. 3. Phenobarbital does not induce the vitamin D-25-hydroxylase
despite claims to the contrary (T. Madhok and H. F. DeLuca, unpublished re-
sults)!53 159,

There has been, however, work carried out regarding the possible interference
with vitamin D metabolism by the administration of anti-epileptic drugs such as

Vitamin D-25 hydroxylase
NADPHX Fp XP450X02
NADP FoH Paso H,0
Fig. 3. The expected mechanisms of
\ vitamin D 25-hydroxylation in liver

25 OH VitominD Vitamin D tissue
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phenobarbital and dilantin. Patients on longterm therapy show reduced circulating
levels of 25-OH-D3 and evidence of bone disease!53 >4 There is considerable
disagreement regarding the extent of the drug-induced osteomalacia, but there is no
doubt that it does appear. Hahn and collaborators have suggested that phenobarbital
and dilantin cause a rapid degradation of vitamin D and its metabolites to inactive
products’5®), This interesting idea has not yet received sufficient biochemical sup-
port to warrant its acceptance. Alternatively, it has been suggested that phenobarbi-
tal and dilantin treatment interfere with 25-hydroxylation'5, Thus the metabolism
of vitamin D under conditions of drug-induction is one which merits further in-
vestigation.

2 25-Hydroxyvitamin D;-1a-Hydroxylase and 25-Hydroxyvitamin
D-24R-Hydroxylase

Perhaps the most important hydroxylation reaction from a physiologic point of view
is that which occurs in the kidney. The 25-OH-D3-1a-hydroxylase occurs exclusively
in the kidney®® *® and it has been shown to be exclusively mitochondrial in the
bird 6% 68 199 [n mammals the system is found in the microsomes (Y. Tanaka and
H. F. DeLuca, unpublished results). Although there is some evidence that the
lhydroxylase of chick kidney is located in the innermitochondrial membrane, this
has not yet been firmly established. With 180, experiments it has been demon-
strated that the 1-hydroxylase is a mixed-function oxidase using molecular oxygen
for incorporation into the substrate 25-OH-D; '6V). The hydroxylation in intact
mitochondria is supported by succinate or malate or almost any Krebs cycle sub-
strate 169 162)_Ip intact mitochondria this hydroxylation requires the electron
transport chain and oxidative phosphorylation for maximal activity'®?. Antimycin
A blocks the reaction completely when supported by these substrates, whereas
cyanide, rotenone and dinitrophenol interfere with the reaction to the extent of
50%'9), Although a report has appeared that antimycin A does not block the renal
1-hydroxylase'63), great care must be taken in interpretation of these results since
antimycin A is relatively unstable and if it fails to inhibit, its effectiveness in
blocking the respiratory chain must be demonstrated. When the mitochondria are
swollen with calcium ions, NADPH can be used for reducing equivalents"’z). NADH
is not used, illustrating that the correct electron donor in NADPH. The l-hydroxy-
lase is blocked by carbon monoxide-oxygen mixtures as originally demonstrated by
Fraser and Kodicek®® and subsequently in our laboratory!92). This inhibition is
alleviated by white light'%?) and more recently it has been shown to be alleviated
more specifically by light of 450 nm wavelength"’”. Furthermore, glutethimide and
metyrapone both inhibit the reaction which suggests that indeed the reaction is de-
pendent upon a cytochrome P-450'62). The reaction, therefore, appears analogous
to the steroidogenesis systems of the adrenal gland. The existence of a cytochrome
P-450 in the isolated chick mitochondria which is reducible by malate was clearly
demonstrated by spectral means''?. Since this spectrum only appeared when
malate or other mitochondrial substrates were added, it is clear that the P450
spectrum is of mitochondrial origin and not due to possible microsomal contamina-
tion. This finding was followed by solubilization of the chick kidney 1a-hydroxylase
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system and the isolation of a P-450 fraction!®%. This P-450 fraction when recom-
bined with beef adrenal ferredoxin and beef adrenal ferredoxin reductase together
with NADPH carries out the hydroxylation of 25-OH-Dj to 1,25{0H), D5 '¢%.
Recently the P-450 preparation has been considerably improved and the chick renal
ferredoxin has been isolated in almost pure form*5%), When these are recombined
with beef adrenal flavoprotein and NADPH, the hydroxylation occurs to a very large
extent with a single product appearing, namely 1,25{(OH),D;. These experiments
demonstrate clearly that the 1-hydroxylation is a P-450 dependent reaction whose
mechanism involves the sequential reduction of flavoprotein, renal ferredoxin and
cytochrome P-450 (Fig. 4). The K, for 25-0H-D; is 1-2.2 x 107°M and the enzyme
does not appear to act directly on vitamin D3 or 24-OH-D3 !%?, demonstrating the
importance of the 25-hydroxyl group for interaction with the enzyme.

25-0H-D;3-24-hydroxylase has also been demonstrated to occur in the
kidney'®! 169 byt not exclusively 07, This enzyme also hydroxylates 1,25-
(OH), D3 to form 1.24R,25{0H);D; %%, A 24-hydroxylase has also been located
in intestine which apparently is more specific for 1,25{OH), D, 167) Another
24-hydroxylase has been reported in cartilage tissue!®®). The chick kidney reaction
occurs in the mitochondria and in general is similar to the 25-0H-D;-1a-hydroxy-
lase*%®), In intact mitochondria it is supported by Krebs cycle substrates, utilizes
molecular oxygen and is blocked by inhibitors of oxidative phosphorylation. In
calcium swollen mitochondria, NADPH will support the reaction and under these
circumnstances the reaction is independent of the electron transport system and
oxidation phosphorylation. However, this reaction is not carbon monoxide sensitive
and does not appear to be dependent upon cytochrome P-450. It is, however, a
mixed-function monooxygenase as demonstrated by 80, experiments'®?. It is
induced by 1,25(OH), D5 and is absent in vitamin D-deficient tissue”® 171, Its
substrate specificity is similar to that of the 25-OH-D3-la-hydroxylase. It has not
been further studied nor has it been successfully solubilized at the present time.

3 25-Hydroxyvitamin D3-26-Hydroxylase

This system is found in kidney mitochondria and is absent in vitamin D-deficient
tissue’ 72, It is regulated by vitamin D and parathyroid hormone!72). Little is
known beyond these facts except an extra-renal site of 26-hydroxylation is known.
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4 Regulation of the Renal 1¢- and 24-Hydroxylases

The reaction which is controlled physiologically and which makes the vitamin D
system an endocrine system is the 25-OH-D3-1o-hydroxylase. Since this reaction
occurs exclusively in the kidney and since its product has a target of action in in-
testine and bone it would appear that it fits the criterion of a hormone®. In true
hormonal fashion the biosynthesis of this metabolite is strongly regulated physio-
logically by the need for calcium!73 174 and for phosphorus!’%). In 1971 it was
clearly demonstrated that the production and appearance of 1,25(0OH), D3 in the rat
is markedly stimulated by feeding of low calcium diets and suppressed by feeding a
high calcium diet'”. This effect could be translated into a clear relationship be-
tween the serum calcium level and the ability of the animals to produce 1,25-
(OH),D3!"¥. As animals become hypocalcemic or illustrate the need for calcium,
the accumulation of 1,25(0H), D5 is stimulated. When calcium is not needed, the
accumulation of 1,25-(0H), D3 i suppressed. In most situations wherein 1,25-
(OH), D5 synthesis is suppressed, 24,254{(0H); D5 synthesis is stimulated. That the
changes in accumulation of 1,25{OH),D; in plasma result from increased synthesis
was shown by direct measurement of the hydroxylases by Omdahl et al.'7® 3 result
confirmed three years later by Henry et al.'”®). Removal of the parathyroid glands
eliminates the ability of hypocalcemia to stimulate 1,25(0OH), D3 production and
stimulates production of 24,25(0H),D3'"®). The administration of parathyroid
hormone will restore the ability to make 1,25{0OH),D3 and suppress the production
of 24,25{0H), D3!7®). Experiments in chicks carried out by Fraser and Kodicek
have confirmed that the parathyroid hormone and the parathyroid glands are the
primary controlling factor in determining synthests of 1,254{0H), D5 in response to
the need for calcium!7?. Parathyroid control of 1a-hydroxylase in the vitamin D-
deficient chick has also been elegantly demonstrated % and evidence that this
mechanism involves cyclic AMP has been offered '8V, Certainly the control of the
renal 1-and 24-hydroxylases by serum calcium is primarily mediated by the para-
thyroid glands.

Attempts by several investigators to show direct effects of parathyroid hormone
on isolated chick renal tubules have been largely unsuccessful! 82~ 184, This is
probably related to the fact that in vivo the changeover of the hydroxylases in re-
sponse to parathyroid hormone or a change in serum calcium is a slow process in-
volving many hours'”® 179, Undoubtedly isolated renal tubules do not survive for
the periods of time necessary to permit expression of the in vivo stimulation of
la-hydroxylase by parathyroid hormone. There has been a report that excessive
amounts of parathyroid hormone actually suppress 1,25{(OH), D3 production,
whereas large amounts of calcitonin, another calcium related hormone, will increase
1,25(0OH), D3 production'®% 186) However, these experiments were carried out in
intact animals which could have brought about secondary responses of the para-
thyroid gland or “c” cells of the thyroid, complicating interpretation of the results.
Lorenc et al. demonstrated that this is certainly the case for the calcitonin experi-
ments'®7), Thus the physiologic meaning of these experiments remains in doubt and
no evidence is available to support in the idea that calcitonin regulates the vitamin D
hydroxylases.
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In an attempt to understand the mechanism whereby calcium and the parathy-
roid complex controls the 1-hydroxylase system, studies involving the addition of
calcium and/or parathyroid hormone and other ions to isolated mitochondria, iso-
lated renal tubules, and other in vitro systems have been carried out!88~199)_Para.
thyroid hormone added to isolated renal mitochondria has no effect on the 1-hydro-
xylase system. Calcium can either stimulate or suppress the 1-hydroxylase system in
isolated mitochondria depending upon the nature of the isolation medium for the
mitochondria. When they are isolated from EDTA media, calcium will stimulate!?)
and when isolated from normal media, the calcium will inhibit!®% 1°®. When the
components of the {-hydroxylase system are solubilized and isolated as described
above and recombined, the reconstructed system is insensitive to calcivm addi-
tions' ¥, Furthermore, swollen mitochondria carry out the 1-hydroxylation even in
the presence of 10 mM calcium'6%. Thus the 1-hydroxylase system itself is not
inhibited by calcium ions. It seems likely that the inhibition by calcium in vitro is
related to altered mitochondrial structure and the inhibition of NADPH production.
Whether or not this represents a true physiological control mechanism is in doubt.
Certainly many hours are required for the hydroxylases to change over in response to
the parathyroid hormone or in response to changes in serum calcium concentration.
Were this the result of ionic inhibition or activation, one would expect that these
hydroxylases would change very rapidly. Thus the physiologic meaning of the in-
hibition of 1-hydroxylation in intact mitochondria by calcium is unclear. Experi-
ments which show that the hydroxylases of the kidney have half lives of the order of
2 hr'92 193) quggests that the ionic environment of the cell may well regulate the
biosynthesis or degradation of the enzymes or a controlling protein and that this is
the likely mechanism rather than a direct ionic inhibition or activation of the hydro-
xylases. That this is the case is supported by recent experiments using monkey
kidney cell cultures in which 25-O0H-D;-24-hydroxylase is activated by high calcium
in the medium and suppressed by parathyroid hormone in vitro'%¥.

Vitamin D administration to vitamin D-deficient rats'’® and chicks'”" sup-
presses the 1-hydroxylase and stimulates the 24-hydroxylase. This control is exerted
by 1,25{(0OH), D3 itself and the administration of 1,25{(OH),D; to vitamin D-defi-
cient rats brings about a suppression of the 1-hydroxylase and a concommitant
stimulation of the 24-hydroxylase!?'' 1%, In fact, current work suggests that the
1,25{0H),D; induces the formation or appearance of the 24-hydroxylase
system””. These changes apparently involve RNA and protein synthesis**®: 197)
and 1,25{(OH), D5 does stimulate RNA synthesis in kidney tissue!®®. Nevertheless,
the mechanism and nature whereby the renal hydroxylases are regulated by
1,25{0OH),D; remain unknown.

Besides calcium and 1,25{OH), D3, phosphorus plays an important role in the
regulation of 1,25{(OH),D; levels in blood. Maintaining rats on a low phosphorus
diet results in a marked accumulation of 1,25{OH),D; in blood even in the absence
of the parathyroid gland'7%), Furthermore, phosphate deprivation in thyroparathy-
roidectomized rats will bring about a stimulation of 1,25{OH),D; accumulation in
blood and tissue. Thus in thyroparathyroidectomized rats a clear inverse relationship
between serum inorganic phosphorus levels and 1,25{OH),D; accumulation has
been demonstrated!7%), Under conditions of low blood phosphorus, 1,25{0H),D;
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accumulation is stimulated, whereas under conditions of normal or high blood phos-
phorus, 24,25{(0H), Dj; is accumulated. Because parathyroid hormone blocks renal
reabsorption of phosphate, the idea that this might be the mechanism whereby para-
thyroid hormone stimulates 1,25{OH), D5 production appeared'”S). A measure-
ment of renal cortical levels of inorganic phosphorus showed a correlation between
that level and the ability to produce 1,25{(0OH),D3. Thus phosphate deprivation or
parathyroid hormone administration causes a reduction in renal cortical levels of
inorganic phosphorus, whereas conditions which favor 24 25{OH), D3 synthesis
increase renal cortical levels of inorganic phosphorus.

Recently a report has appeared which suggested that the renal 25-OH-D3-1a-
hydroxylase is not stimulated by phosphate deprivation!””). However, an examina-
tion of those results revealed that the diet used was not low in phosphorus nor was
the length of time to which the animals were exposed to the low phosphorus diet
sufficient to stimulate the 1-hydroxylase. Low phosphorus diets do stimulate chick
renal 25-OH-D3-1a-hydroxylase activity about 5-fold'®®, although the stimulation
is not comparable to that produced by low calcium diets'®?, In addition, it seems
quite likely that phosphate deprivation also stimulates the intestine directly
inasmuch as rats maintained on 1,25{0H), D3 as their sole source of vitamin D still
show a marked elevation of intestinal calcium transport under conditions of phos-
phate depn’vationzoo). A similar conclusion was reached using an analog of 1,25-
(OH), D3, namely dihydrotachysterol; 2°%,

It is clear that the biochemical mechanisms whereby the vitamin D hydroxylases
of the kidney are regulated have not been solved. It is nevertheless also clear that the
need for calcium or the need for phosphorus will stimulate the production of
1,25{0H), D3, a hormone which functions both in calcium mobilization and in
phosphate mobilization. Additionally, calcium regulation is mediated for the most
part by the parathyroid hormone. Finally, 1,25{0H), D3 itself plays an important
role in this regulation by inducing the 24-hydroxylase and suppressing the 1-hydro-
xylase.

It may seem disturbing that 1,25{OH), D5 can be considered a hormone with
two signals (low calcium and low phosphorus) and two functions® (calcium mobili-
zation and phosphate mobilization). It would appear that a specific correction of the
signal would not be possible. However, the calcium signal causes parathyroid secre-
tion; thus parathyroid hormone accompanies 1,25-(OH), D5 in this circumstance,
permitting mobilization of bone calcium and renal reabsorption of calcium. The
effect of 1,25{OH),D; on serum phosphate is negated by the parathyroid hormone
induced loss of phosphate in urine. The composite effect of the low calcium signal is
to elevate serum calcium but not phosphate®.

The low serum phosphate signal causes 1,25(0OH),Dj3 to appear without para-
thyroid hormone. Bone calcium is not readily mobilized without parathyroid
hormone and calcium is not completely reabsorbed in the kidney. However, phos-
phate which is absorbed in intestine in response to 1,25-(OH), D3 is totally reab-
sorbed in the kidney2°?). The net effect is to increase serum phosphorus but not
calcium®. Thus 1,25{0OH), D5 can be a dual purpose hormone with two different
signals.
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5 The Calcium Homeostatic Mechanism (Fig. 5)
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It is now clear that the vitamin D endocrine system is a major factor in the control of
plasma calcium and the overall calcium economy of terrestial vertebrates?%3. The
parathyroid glands monitor calcium concentration of the plasma (Fig. 5) and in
response to low blood calcium secrete the parathyroid hormone?®¥, Parathyroid
hormone is taken up by the kidney and bone2%%), In the kidney, parathyroid hor-
mone stimulates production of 1, 25{OH), D378 179 The 1 ,25{OH),D; then
stimulates intestinal absorption of calcium and together with parathyroid hormone
stimulates calcium mobilization from bone®® and renal reabsorption of calcium.
These three sources of calcium restore plasma calcium to normal, shutting off para-
thyroid hormone secretion which in turn shuts down 1,25{OH), D3 synthesis.

Since 1,25{0H),D 3 production responds slowly to parathyroid hor-
mone!”% 179 3 more quickly-reacting system is needed to prevent low calcium
tetany. Parathyroid hormone secretion and action is very rapid as is the lifetime of
the hormone itself2°?. Thus parathyroid hormone can, with endogenous 1,25-
(OH), D3, stimulate the mobilization of calcium from bone and renal reabsorption of
calcium but not intestinal absorption2%%), Nevertheless, plasma calcium rises but
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essentially at the expense of bone. This prevents hypocalcemic tetany but uses bone
to do so. This could then result in an osteopenia which may precipitate the disease
osteoporosis. To protect against this, chronic need for calcium (slight hypocalcemia)
causes a prolonged increase in parathyroid hormone levels resulting in increased
1,25{0H),D; production”s’ 179,200} This then stimulates intestinal calcium
absorption, thereby preventing loss of skeleton and providing for overall economy of
calcium in the organism from the environment. This important adjustment is
essential to the protection of the skeleton for organisms not living in an environment
containing a constant level of calcium.

6 Regulation of the Renal Hydroxylases by Other Factors

It is well known that strontium brings about a vitamin D-resistant rickets and
markedly reduces intestinal calcium absorption2%®), It is now clear that the feeding
of strontium represses the renal 25-OH-D3-1o-hydroxylase and that the administra-
tion of 1,25{0H), D5 to strontium-fed animals will restore their ability to absorb
calcium?°® 219, Thus at least in part the metabolic basis for strontium-induced
rickets has been solved. Recent results suggest that strontium suppresses the 1-hydro-
xylase by suppressing parathyroid secretion®! .

The administration of large amounts of ethane.1-hydroxy-1,1-diphosphonate
(EHDP) has been shown to cause vitamin D-resistant rickets?'? and a markedly
repressed intestinal calcium absorption. This has also been shown to be due to a
repressed 1,25{0H),D3 biosynthesis?' 219 The repressed intestinal absorption
brought by the large amount the EHDP can be completely reversed by the exogenous
administration of 1,25{OH),;D32'%). It is unknown how the EHDP blocks the
1-hydroxylase, but it is not the result of direct inhibition?19),

Although nephrectomized rats cannot form 1,25{0OH), D3, homogenates of rat
kidneys cannot carry out significant amounts of the 25-OH-D3-1-hydroxylation in
vitro*'™, This contrasts very sharply with the fact that renal homogenates and iso-
lated mitochondria from chicks and Japanese quail clearly carry out the hydroxyla-
tion step. The basis for this is the presence of a heat labile inhibitor in rat tissues,
which when added to chick kidney preparations will also repress their ability to carry
out the 1-hydroxylation?'”, This inhibitor has been found in large amounts in rat
blood, intestine and kidney fractions. This inhibitor has been isolated from rat blood
and shown to be a protein with a molecular weight of the order of 52,0002'®), This
protein is the rat plasma transport protein for 25-OH-D32'®. It combines with
other proteins in the cytosol of kidney artifactually to form 5—68 binding pro-
teins?29), By adding a large excess of substrate, this inhibition can be overcome
allowing measurement of the renal hydroxylase in mammals (Y. Tanaka and
H. F. DeLuca, unpublished results).

Calcium demands are highest during periods of rapid growth, pregnancy and
lactation. It is attractive to consider that during these periods increased amounts of
1,25{0OH), D are made. Blood levels of 1,25{0OH), D 5 have been reported to be
high during these periods®?!> 222) 1t has also been reported that growth hormone
and prolactin stimulate the 25-OH-D3-1-hydroxylase?*?, These reports remain to
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be verified and a determination made as to whether these are direct mechanisms or
are mediated by the calcium and phosphorus regulating mechanisms.
During egg shell formation in birds, there is great demand for calcium
To provide for these demands, intestinal calcium absorption is increased 225 226)
and medullary bone is resorbed>24 225), Medullary bone is the storage system for
calcium used by the bird during its reproductive phase of life?2¢- 22", It is “woven”
bone having little structural capability and forms in response to a direct action by
estradiol and testosterone on bone?2”). These two sex hormones are released as the
female bird approaches maturity accounting for the initiation of medullary bone
formation?27), Egglaying birds have high levels of the renal 25-OH-D3-1-hydroxylase
activity as compared to males or non-egg-laying mature females?28: 22%:230) .
jection of estradiol to mature male birds stimulates both medullary bone formation
and 25-OH-D;-1a-hydroxylase. Immature birds or castrate males do not respond to
estradiol alone, requiring testosterone for response. Progesterone can substitute for
testosterone while all three hormones together give marked stimulation of the
la-hydroxylase?*"). A number of reports have appeared which confirm the stimula-
tion by the sex hormones of 1a-hydroxylase in birds?3? 233 Jeaving no doubt that
modification of the vitamin D endocrine system is involved in the egg-laying and that
the sex hormones directly or indirectly affect the renal 25-OH-D3-1a-hydroxylase.
As the female bird approaches maturity, medullary bone is formed but neither the
25-0OH-D3-1a-hydroxylase nor plasma levels of 1,25-(OH),D; are elevated (Fig. 6).
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At the time of ovulation, the 25-OH-D3-la-hydroxylase is markedly elevated, and
the 24-hydroxylase is suppressed. Plasma 1,25{OH), D3 levels rise to high values and
the renal 1-hydroxylase becomes suppressed, while the 24-hydroxylase is elevated.
The high levels of 1,25{OH),D; persist for about 12 hr and then fall to levels still
above those in non-egg-laying birds. The formation of medullary bone does not
appear related to 1,25-(OH),Dj; levels rather the 1,25-(OH),D; levels may be in-
volved only to regulate calcium absorption during this period of great calcium

need. However, additional work is needed to elucidate the detailed endocrine inter-
actions during the egg-laying cycle.

A possible effect of glucocorticoids on vitamin D metabolism has been pub-
lished??¥. Glucocorticoids are known to repress intestinal calcium transport and
evidence has been presented which suggests that in fact they do not interfere with
production of 25-OH-D; or 1 25{(OH),D323%). In addition, some work has been
presented which suggests that the glucocorticoids repress calcium absorption even in
animals given 1,25{OH),D3. More recently Carre et al.23®) have presented evidence
that the glucocorticoids cause the conversion of 1,25{0OH), D3 to a more polar and
inactive metabolite in the intestine. Unfortunately, this report could not be con-
firmed. However, low plasma levels of 1,25{OH), D3 have been found in children
treated with prednisolone (R. W. Chesney and H. F. DeLuca, unpublished results).
Thus some effect of the glucocorticoids on vitamin D metabolism can be anticipated.

7 The Assay of Vitamin D and Its Metabolites

Because of the potential medical applications of the vitamin D metabolites to treat-
ment and in diagnosis of bone disease, considerable interest in measurement of the
microquantities of vitamin D and its metabolites in blood has been generated. Vita-
min D, and vitamin D3 can be measured by high-pressure liquid chromatography -
(HPLC) after suitable prepurification and correction for losses during prepurification
(R. Shepard, and H. F. DeLuca, unpublished results)!*®. The vitamin D is detected
by ultraviolet absorption using a sensitive monitor at 254 nm. This depends on the
cis-triene chromophore having a molar extinction coefficient of 18,200237),
25.0H-D; and 25-OH-D; can also be measured by HPLC after prepurification®3%),
2425{0H),D?3?, 25 26{0OH),D?*® as well as 25-OH-D?4?) can also be mea-
sured by competitive transport protein binding assay but great care must be exer-
cised in purification of each metabolite prior to assay. HPLC purification is required
for reliable assays of 24,25{OH), D5 and 25,26{0H),D324%. 1,25(0H),D is mea-
sured by radioreceptor competitive binding assay after extraction and a two-step
purification including HPLC?*%, Brumbaugh and Haussler use a two-step purifi-
cation procedure and use a chromatin binding step in addition to binding to the
receptor for measurement?4%),

Recently a multiple assay procedure for determination of all the metabolites of
vitamin D has been described*®. A flow sheet of the analysis is shown in Fig. 7.
Plasma vitamin D metabolite levels in normal and anephric human subjects are shown
in Table, 1.
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Table 1. Vitamin D metabolite levels in normal and anephric man

Plasma Concentration

(ng/ml)?

Normal Normal with high Anephric
Metabolite exposure to sun
D,y 1.2+1.4 1.0 £ 0.7 1.3+0.6
Dy 23:1.6 26.1+7.2 1.4 +£0.6
Total D 3525 27.1+£179 2.7+0.8
25-OH-D, 3.9+3.1 1.3:04 18.7+ 9.0
25-OH-D3 27.619.2 55.5+3.8 17.7+£ 1222
Total 25-OH-D 31.6 £9.3 56.8 +4.2 36.4 £ 16.5
24,25-(OH),;D 3.5+x1.4 43z:1.6 1.9+1.3
25,26-(0H),D 0.7+0.5 0.5+0.2 0.6 +0.3
1,25-(OH),D 0.031 = 0.009 n.d.b

2 Mean z S.D. b Not detectable.

8 Use of Vitamin D Metabolites in Treatment of Disorders of Bone and Calcium
Metabolism

It is obvious that a variety of disorders would result from a disturbance of the vita-
min D endocrine system. Fat malabsorption would result in a deficiency of vita-
min D giving rise ultimately to osteomalacia or rickets or secondary hyperparathy-
roidism. A hepatic disorder such as severe cirrhosis, or biliary atresia, may result in
malabsorption of vitamin D and defective vitamin D-25-hydroxylation. Dilantin and
phenobarbital cause low plasma 25-OH-D levels resulting in rickets and osteomala-
cia?#®). A lack of parathyroid glands would cause a severe hypocalcemia and tetany.
Kidney failure results in severe secondary hyperparathyroidism, osteomalacia and
osteosclerosis>47), These patients cannot produce 1,25{OH), D3 when in need of
calcium. Vitamin D dependency rickets is likely a defect in 25-OH-D-1a-hydroxyla-
tion2*®). Osteoporosis may in part result from inadequate 1,25{OH),D; produc-
tion and thus inadequate calcium absorption resulting in loss of bone249 250),

The application of 1,25{0H), D3, its analog 1a-OH-D3, and 25-OH.D3; to these
diseases is, therefore, evident. Certainly 1,25(OH), D3 or 1a-OH-D3 would be effec-
tive in renal osteodystrophy, hypoparathyroidism, vitamin D dependency rickets,
and drug induced osteomalacia. It is very promising as a treatment for various forms
of osteoporosis. A review of the clinical literature related to this is beyond the scope

of this chapter, but interested readers are directed elsewhere for this infor-
mation 222 249-252)
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VI Mechanism of Action of 1,25-Dihydroxyvitamin D, (Fig. 8)

& 2
Na cat| Nat

+4+ Na* CO”

Ca Co™
— 1,25
RNA
MV g
Transport /

Proteins Fig. 8. Diagramatic representation
of the mechanism whereby
1,25-(OH) ,D 5 may initiate
/ intestinal calcium transport

There are clearly two known sites of action of 1,25{0H), D5 : intestine and bone,
There is additional evidence that 1,25{OH), D5 is active on kidney and there is in-
direct evidence that a metabolite of vitamin D may be active on muscle and on para-
thyroid glands. By far the most thoroughly studied is the role of vitamin D in the
intestine although some evidence is available concerning the mechanism of action of
1,25-(0H)2D3 in bone.

1 Mechanism of Action in the Intestine

It is well known that vitamin D stimulates intestinal calcium absorption. Through the
work of several groups has come the understanding that in response to vitamin D,
calcium is transported against an electrochemical potential gradient in the small
intestine?53-256) The most rapid rate of calcium transport is in the duodenum
followed by jejunum and ileum?5”, Harrison and Harrison have also shown clearly
that vitamin D improves intestinal calcium transport even in the colon?*®, Physio-
logically, because of the time during which calcium is subject to absorption, it seems
evident that the distal portions of the small intestine are primarily responsible for the
bulk of intestinal calcium absorption.

The movement of calcium against an electrical and concentration gradient re-
quires metabolic energy?54=257)_ The site of vitamin D activation of the calcium
transport process is not entirely settled, although there is some agreement that vita-
min D in some way alters the characteristics of the brush border membrane to permit
entry of calcium but the evidence on this point is equivocal®33: 256 259, 260) The
transfer of calcium across brush borders, whether an active process or not has not
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been entirely settled, but from a thermodynamic point of view, one would predict
that it is not active since intracellular calcium concentration is below that in intesti-
nal lumen 29D, Schachter and his colleagues have provided evidence that vitamin D
also improves the transfer of calcium across the serosal surface of the intestinal
epithelial cell2®®). However, this result is also not conclusive.

The response of intestinal calcium transport to vitamin D is sensitive to the pre-
treatment by actinomycin D?¢2), However, it is unclear whether actinomycin D
blocks the intestinal response to 1,25{0OH),D 3263 264 There is some evidence
which suggests that the lifetime of the 25-OH-D;-1-hydroxylase and its messenger is
sufficiently short that the apparent block in vitamin D action on intestinal calcium
transport may be due to the decay of the messenger and of the enzyme for the
1-hydroxylation reaction in the kidney265). Once the 1-hydroxylase is bypassed by
the administration of 1,25{0OH), D3, actinomycin D does not block the transport
process in the rat at least26%), This finding has been confirmed and extended?%?.
Tsai et al. have provided conflicting evidence in the chick that actinomycin D does
block the intestinal response to 1,25{OH), D3 '°¥. However, they found it neces-
sary to administer the actinomycin D every 2 hr before a block could be effected.
Whether this is a bona fide block or a toxic reaction to the antibiotic remains un-
determined. In any case the use of RNA and protein synthesis inhibitors in vivo to
deduce the mechanism of action of 1,25{0OH), D3 results in unclear and difficult to
interpret results, especially if RNA and protein synthesis is incompletely
blocked?6%,

Wasserman and his colleagues have discovered a calcium binding protein which
appears in the intestine in response to vitamin D269 This calcium binding protein
has a molecular weight of 28,000 in the chick and 8,000—12,000 in the rat and other
mammalian specie5266). This protein binds two four calcium ions per mole and its
appearance and concentration correlate approximately with the rate of intestinal
calcium transport under a number of physiological conditions®®®, Inasmuch as this
protein binds calcium, appears only after vitamin D administration and correlates
approximately with intestinal calcium transport, it has been surmized that it must
play a role in the transport process266~26%)_ However, there are conditions under
which the correlation between calcium binding protein and intestinal transport is
quite poor. For example, cortisone inhibits intestinal calcium transport while it
stimulates calcium binding protein production?®®. Intestinal calcium transport
precedes the appearance of calcium binding protein in response to vitamin D as
measured by the Chelex method®’®, The amount of calcium binding protein in the
intestine at any time in response to vitamin D does not correlate well with the
calcium transport phenomenon??%, More recent evidence with 1,25(0H),D; and a
sensitive immunoassay confirm this result>?%» 272), Further, calcium binding protein
production can be blocked by protein synthesis inhibitors while the intestinal ab-
sorption process is not?%#), Finally, it can be shown that following 1,25(0H), D3
administration, the intestinal calcium transport response of chicks decays to pre-
injection level while the calcium binding protein level remains high®73). It is, there-
fore, evident that the question of whether calcium binding protein participates in
calcium transport has not been entirely settled and to be sure there has not been an
experiment which demonstrates clearly the relationship of calcium bindung protein
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to the calcium transport process. At the very least, 1,25{(OH), D3 must influence
calcium transport in intestine at least in part by some mechanism other than stimu-
lating calcium binding protein production.

Corradino has developed an intestinal organ culture system using embryonic
chick intestine?® 279, Before hatching, chick embryonic intestine does not contain
calcium binding protein. When this intestine is cultured in the presence of vitamin D
or its metabolites, calcium binding protein appears as measured by immunoassay.
Furthermore, the ability of intestine to bind calcium increases. In this system even
vitamin D is effective although much less effective than 25-OH-D3, which is in turn
less effective than 1,25{(0H),D; in stimulating the appearance of calcium binding
protein’® 279 _In this system, both actinomycin D and a-aminitin, the RNA poly-
merase Il inhibitor, prevent the calcium binding protein response to vitamin D meta-
bolites?”%), There is little doubt that the appearance of calcium binding protein in
this system is an induction phenomenon, but whether it is related to the response of
young growing rats or chicks to vitamin D metabolites is unresolved. In regard to the
induction of calcium binding protein in small intestine, it has been demonstrated
that chick embryo possesses the ability to metabolize vitamin D to 25-OH-D3 and
also to 1,25{0H),D3%7%, but the intestine prior to hatching does not possess the
ability to respond to 1,25{(0H), D3 and more recent evidence suggests that these
small intestines lack a 3.5S receptor for 1,25{0OH), D3. Thus the failure to induce
calcium binding protein prior to hatching may be due to a lack of the receptor
machinery for 1,25{0H),D;.

A fluorescent antibody study of the calcium binding protein location has sug-
gested that it is formed in the goblet cells and is secreted from the goblet cells along
the surface of the columnar epithelial tissues?””. A wider dispersion of this protein
has been suggested from other immunofluorescent antibody studies?”®, but the
question of specificity of antibody must be taken into account. The exact cellular
and subcellular localization of calcium binding protein is as of this date unresolved.

Work with radioactive vitamin D metabolites has shown that the nuclear fraction
contains as much as 80% of the administered radioactive 1,25-(0H)2D3279”282).
However, it is not at all certain whether all of this radioactivity is contained within
the pure nuclei. Unfortunately methods of preparing pure nuclei from other tissues
have not been successfully applied to the intestine. Even the method specifically
developed for this purpose results in a low yield of intestinal nuclei of the order of
20 to 40%27%). Recently the synthesis of high specific activity tritiated 25-0H-Dj
has been completed?®?, converted to 1,25{(OH),D; and used to study subcellular
localization by frozen section autoradiography and physiological doses?®. Specific
nuclear location of 1,25{OH),[>HID; could be demonstrated in intestinal villus and
crypt cells but not in muscle, liver, submucosa and most of the kidney (Fig. 8). This
localization preceded the initiation of intestinal calcium absorption by 1,25-

(OH), D528, Thus at least a portion of the mechanism of action of 1,25{0H),D;
must involve nuclear function.

Working under the assumption that the nuclear location of 1,25(QH), D5 is of
functional importance, emphasis has been placed on the idea that 1,25(0H), D3 in
the intestine functions in a manner similar to other steroid hormones. It has been
suggested that 1,25{OH), D ; becomes bound to a cytosolic receptor protein which
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undergoes change as it enters the nucleus and receptor bound steroid activates the
transcription of specific genomes which code for functional calcium and phosphorus
transport proteins. In mammalian species, Hadded et al. have studied cytosolic
proteins which bind 1,25(OH),D;285-287), They report the widespread existence
of a 68 protein which binds both 25-OH-D3 and 1,25{OH),D;. It was suggested
that this protein is a receptor for 25-OH-D3 and that 25-OH-D3 has widespread
function. The existence of this protein in both target and nontarget tissues was con-
firmed?®® but shown to be an artifactual combination of serum transport protein
and a cytosolic protein 22% 289) 1t is, therefore, not a receptor as previously sug-
gested. A 1,25{OH),D; receptor has been reported for the parathyroid glands2°®
but whether it has a role in this tissue remains unknown since reports on the “direct”
effects of 1,25(0H), D3 on parathyroid secretion or peripheral parathyroid hor-
mone have been variable 17 2% 292), Certainly calcium can control parathyroid
hormone secretion in a vitamin D deficient animal?°?).

Haussler and his colleagues have studied a cytosolic and nuclear receptor protein
from chick intestine2?3=2%). They have reported the existence of a 3.0 to 3.7S
protein which binds specifically 1,25{OH),D3. Although difficult to reproduce
initially, the existence of this protein in chick intestine was confirmed?®®, This
protein has the characteristics which one would consider as indicative of a receptor
protein, namely it has high affinity and low capacity for the 1,25{OH), D3. It is not
found in nontarget tissues and, most important, under conditions of incubation with
nuclei or chromatin, radioactive 1,25(OH), D3 is transferred in a rather specific
manner to that fraction®®® 297, This is believed indicative that 1,25{OH),D3
functions by inducing the transcription of genetic information which in turn codes
for the calcium transport system. A 3.2S 1,25{(OH), D3 receptor has been shown in
rat intestine?°® 2°*) and rat and chick bone3°?). The chick intestinal receptor is
highly specific for 1,25{(0H), D882 A purification of it has been reported but is
not convincing””.

Brumbaugh et al. have also shown that their “chromatin binding” method can be
used as an assay for 1,25{OH), D3 and have successfully applied it in the study of
blood levels of this important metabolite in a variety of diseases®*¥. A simplified
assay for 1,25{OH),D; using only the cytosolic 1,25{OH), D3 receptor from chick
intestine has also been developed and used as discussed previously?*>: 302),

It seems clear that 1,25(OH), D3 must be involved in some induction process in
intestine but whether this is an induction of a calcium transport substance or not
remains to be established. Lawson and his colleagues have studied the formation of
calcium binding protein in cell free preparations from vitamin D-deficient chick
intestine and from chicks given vitamin D303 304 The polysomes from chicks given
vitamin D possess the ability to form a substance which is immunologically similar to
calcium binding protein as compared to preparations from vitamin D-deficient con-
trols. Attempts have been made to show the existence of a specific messenger for the
calcium binding protein that is formed in response to the 1,25{0OH), D3, but so far
evidence for this is far from complete3®?, There seems little doubt that calcium
binding protein is assembled in response to 1,25{OH);D; either directly or in-
directly and that the readout of messenger RNA must be involved. However, this
does not settle how 1,25{0H), D3 functions in initiating this phenomenon. It also
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carries with it no guarantee that this will explain the mechanism of action of 1,25-
(OH),D; in the calcium transport process. This nevertheless represents an extremely
fertile area of investigation which will undoubtedly yield important new results in
the near future. Other mechanism have been suggested>°%) but so far have not re-
ceived substantial support.

It is unknown how calcium traverses the columnar epithelial cell during the
transfer process. Likely it is bound to the mitochondria which act as a buffer con-
trolling the ionized calcium level of the cell3®®), The calcium is likely released at the
basement membrane surface and it has been found that the release of calcium at the
basement membrane surface requires the presence of sodium ions?%%. It has been
suggested that a sodium gradient in exchange for calcium brings about the final ex-
pulsion of calcium from the columnar epithelial cells depleting that portion of the
cell of calcium and causing the mitochondria to release its calcium. (Fig. 8).

Besides the role of 1,25{OH),D 3 in the transfer of calcium across the intestinal
membrane it is known that this substance also activates the transfer of inorganic
phosphate across intestinal illeu and jejunum*®: 73 307-310) This process has
been shown to be independent of calcium transport and thus represents an entirely
different function of the vitamin. Evidence has been presented that 1,25{OH),D;
rather than 25-OH-D; functions in this process’> 319, Little is known concerning
the mechanism of phosphate transfer except that it is a sodium dependent3°” and
active process>!9. So far a specific phosphate binding protein has not yet been
found.

2 The Role of 1, 25(0H),D; in Bone

It is well known that vitamin D administration results in the alleviation of rickets and
osteomalacia, or in biochemical terms stimulates the mineralization of organic matrix
of bone and growth plate cartilage. The major defect in the mineralization of bone in
vitamin D deficiency appears to be a lack of supply of calcium and phosphorus to
the mineralization centers3® 37 311) aithough a direct effect of some form of vita-
min D on mineralization itself cannot be excluded and is in fact quite likely.

Vitamin D functions in the process of calcium mobilization from previously
formed bone making it available to the extracellular fluid upon demand by the
calcium homeostatic system as described under the regulation of vitamin D metab-
olism. From the experiments described in the metabolism section it is clear that
1,25(0OH), D3, rather than 25-OH-D; or vitamin D5 functions in the mobilization of
calcium from bone under physiologic conditions. The mechanism whereby 1,25-
(OH), D3 initiates mobilization of calcium from bone is not at all understood. In
contrast to the response of intestinal calcium transport to 1,25(OH), D3 this process
is blocked by the prior administration of actinomycin D suggesting that in fact a
transcriptive event is involved in this activation3!?). As previously pointed out, bone
possesses a specific receptor for 1,25{OH); D33V, The nature of the protein or
proteins which are formed in response to 1,25{0H), D5 in the bone cells has not yet
been determined however. In vivo the 1 25{OH), D5 activation of bone calcium
mobilization requires the presence of parathyroid hormone?®® but the nature of
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this interdependence is not known. Besides mineralization and mobilization of
calcium from bone fluid from a calcium homeostatic point of view, two other pro-
cesses are known in which vitamin D must participate. These are bone modeling and
remodeling®! 3. Modeling is the process involved in bone growth and shaping where-
as remodeling involves resorbstion and replacement with new bone primarily from a
repair and maintenance point of view. In this process, bone must be resorbed by
osteoclasts and then reformed by osteoblastic activity, Without vitamin D these
processes are retarded. The bone resorption aspect of these processes have been suc-
cessfully studied in culture’® 77 314-316) 1t jg stimulated markedly by 125-
(OH),D; and parathyroid hormone independently of each other3!%: 315) The
nature of this stimulation remains unknown. The formation portion of the process is
dependent on a form of vitamin D likely, 1,25{OH), D3, aithough both 24,25-
(OH),D; and 25-OH-D; have been suggested to be the active form in this process.
Much work ist needed to clarify this important area of vitamin D function.

3 The Function of 1,25-(OH),D3 in Other Tissues

There has been evidence presented which suggests that vitamin D increases renal
tubular reabsorption of calcium. In early work by Gran it appeared that vitamin D
increased the retention of calcium by kidney?’”). However, these experiments did
not have the renal physiological functions controlled in a rigorous manner. More
recently in experiments designed for the study of influence of vitamin D metabolites
on the reabsorption of phosphate in the renal tubules, it has become evident that
1,25{OH), D5 improves renal reabsorption of calcium3!®), More work is needed in
this area, however. It appears that 1,25{OH), D3 does have an influence on renal
function. In agreement with this, a calcium binding protein in the kidney which is
depressed in vitamin D deficiency and which is increased upon adminstration of
vitamin D has been demonstrated®'®> 32) and some evidence of increase of calcium
reabsorption in response to 1,25(0H),D3 has been obtained3?D, Again the mecha-
nism of 1,25{(0H), D3 function in the kidney is not known.

Some attention has been focused on a possible role of vitamin D in renal re-
absorption of phosphate. Although early work suggested a vitamin D stimulated
increase in renal reabsorption of phosphate322), this appeared the result of an ad-
justment of parathyroid glands and not a direct effect of vitamin D on renal re-
absorption of phosphate. More recent attempts utilizing the metabolites of vitamin D
are also not convincing since vitamin D-deficient animals were not used3?% 324 and
thus pharmacological effects of the metabolites were studied. Other reports with rats
have appeared which suggest but do not prove an effect of vitamin D on the reab-
sorption of phosphate32%),

It is well known that vitamin D increases serum phosphate levels of rachitic rats
which is in turn responsible for the mineralization of bone>2%). The source of the
phosphate has been examined in rats on extremely low phosphorus diets so that
intestinal absorption would be a minor factor32%). The response to 1,25(0H), D,
was found to the same extent in these animals as in those on a 0.1% phosphorus diet.
Increased renal reabsorption of phosphate was excluded by direct examination'®),
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The animals avidly reabsorb all the phosphorus presented to the kidney even without
vitamin D. The source of this phosphate proved to be bone as revealed by **Ca and
32p experiments””. Parathyroidectomy did not prevent the response327). Thus in
hypophosphatemic animals, 1,25{(OH), D5 can mobilize calcium and phosphorus
from bone without parathyroid hormone,

Table 2. Synthetic metabolites and analogs

Vitamin D analogs

3-epi D3 (22a)360, 361) (225)-22-0H-D4 (11)386)
5,6-trans D3 (52)84) 3-NH,-D; (32)379
5,6-trans-3-epi D3 (6a)360» 361) 3-epi NH, D3 (42)37%)
2p-OH-D3381) 25-aza-D3 (15)346)
40-OH-D4382) A24.p5 (1u)346)
20-OH-PC (1r)383) a25.p; (1v)346)
(24R) & (245)-24-OH-D3 (1b & 1c)1 11, 345)  1.F.D; (152)372)
(10R) & (108)-19-OH-DHD 25-F-D3 (1t)346)
(Ta& 8a)369, 370)
DHT3 (102)368) cyclo D3 (112)389)
DHT, (10d)368. 369) 4,4-(CH3),-D339%)

Dy (16)384’ 385)

25-OH-D analogs

25-OH-D3 (1g)*9: 95, 328, 329) 24-Homo-25-OH-D3 (1m)388)
5,6-trans-25-OH-D3 (58)89 24-Nor-25-OH-D3-Pentanor-25-0H-D;
(In— q)388)
24,25-(0H),D3330: 333) 27-Nor-25-0H-D3 (1k)387, 384)
(24R) & (245)-24,25-(OH), D3 26,27-Bisnor-25-0H-D3 (11)387, 383)
(1h & 1)%% 99)
25,26-(0H);D5117, 118, 331, 344) 5,6-trans-24-nor-25-OH-D 3 (5n)389)

2,25-(OH), D5 156, 387)

1a-OH-D analogs

la_OH_D3 (133)348, 356, 367, 377, 390, 391) 1ﬁ-0H-D3 (163)56’ 375)
10,25-(OH), D5 (13g)35: 96, 347, 349, 377)  (24R) & (24S)-1¢,24-(OH), D3
(13b & 13¢)345,352)

1a-OH-D, (13d)351: 377) (24R) & (245)- m 24 25-(OH)3D3
(130 & 137)345. 350)
16-OH-PC (13w)353) 24-Nor-1a,25-(OH)3 D3 (13n)393, 389)
5,6-trans-10-0H-D3377) 25-F-1a-0H-D3 (13t)371)
3-deoxy-1a-OH-D3 (172)362: 363) 3-F-10-OH-D3 (182)373)
3-deoxy-1a,25-(OH),D3 (17g)3%?) 16-OH-Cyclo-D3 (122)377)
3-0CH3-1¢-OH-D3393) 4,4-(CH3)»-1¢-OH-D339)
1a-OH-3-epi D3 (16a)35% 355) 4,4-(CH3),-10-OH-epi-D33%%)
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Fig. 9. Steroid and vitamin
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4 Summary of the Mechanism of Action of Vitamin D and Its Metabolites

Much work has been expended in this area but so far a clear mechanism whereby any
of the well known forms of vitamin D function remains undetermined. Most work
has been carried out in intestine in which the major subcellular localization of 1,25-
(OH), D3 is found in the nuclear-debris fraction. A calcium binding protein appears
following the administration of vitamin D and its metabolites which has been sug-
gested to play a role in the calcium transport process. The calcium transport process
which makes its appearance following vitamin D administration is an active one in
which calcium is transported against an electrical and concentration gradient. The
primary site of function of vitamin D is likely at the brush border membrane and the
evidence for its functioning elsewhere is equivocal. In addition to calcium transport,
1,25(0H), D5 stimulates intestinal phosphate transport by an undetermined mecha-
nism. It also stimulates mobilization of calcium from bone, and increases renal re-
absorption of calcium. In addition some form of vitamin D increases muscle strength
by an as yet undetermined process. It is in the area of mechanism of action that one
might expect marked investigational activity which hopefully will bring about the
elucidation of the cellular and molecular mechanisms of this vitamin’s (hormone’s)
action.

VII Synthesis of Vitamin D Compounds

1 Introduction

The elucidation of the biochemistry of the vitamin D endocrine system has led to a
renewed interest in the synthetic aspects of the field. Because of the limited availabil-
ity of vitamin D metabolites from natural sources, the production of large quantities
of metabolites and analogs is essential for detailed biomedical experimentation, Vita-
min D analog synthesis has not only aided in determining the structural and stereo-
chemical parameters of the natural metabolites;but has also helped to establish a
foundation for structure-activity theories.

The energy expended in this area is reflected by the large number of structurally
diverse analogs compiled in Table 2. Basic synthetic approaches to metabolites and
analogs of vitamin D consist of distinct side chain and A-ring modification sequences
which have classically been performed on a steroidal precursor. The suitably func-
tionalized derivative is then converted to the 9,10-secosteroid, vitamin D, by photo-
chemical and thermal isomerization of the corresponding provitamin (i. e. 5,7-diene).
Some recent synthetic endeavors offer an attractive alternative to this scheme by
attempting to modify directly a pre-formed vitamin nucleus to the analog of choice.
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2 Side Chain Elaboration

Construction of side chain derivatives has usually begun from readily available mole-
cules such as aldosterone, pregnenelone, and the C-22 aldehyde produced from the
ozonolysis of sigmasterol or diene-protected ergosterol. Other more convenient
starting materials have been employed (i. e. 25-carbomethoxy, 25-keto, and 24,25-
ene-type side chains), but being difficult and expensive to obtain these key inter-
mediates represent synthetic targets in their own right. Schemes (1)—(3) summarize

OCHy CHzMgBr |
e i T
(o}

(CHalp S*Cy \l/\/o?]/ OH / DMSO
TV Ny

cusmsr
T\/\|< Togo‘
Hg (OAc/ POCIS
X" 0s O (
T\)\ﬁ (3)

e
YVY

typical conversions yielding 25-hydroxy-, 24,25-dihydroxy-, and 25,26-dihydroxy
cholesterol derivatives from homocholenic acid ester [scheme (1)]°% 328, 27-nor-
25-ketocholesterol [scheme (2)]#%> 93 117, 329-331) o1 desmosterol [scheme
(3)1°% 332-339) Djrect photooxygenation of the cholesterol side chain provides
another reasonably efficient route to 25-hydroxy derivatives33%),

An effective 10-step procedure leading to a25-OH side chain in 42% yield from
the C, steroid aldosterone has been accomplished [scheme (4)}*%. The addition
of a two-carbon fragment via a Reformatsky reaction, dehydration, and selective
reduction are the initial reactions. Further elaboration proceeds by a stereospecific
alkylation with the ethylene ketal of 5-bromo-2-pentanone in the presence of lithium
diisopropyl amide followed by conversion of the 21-ester to the corresponding
21-methyl compound. Acid catalyzed removal of the ethylene ketal group affords
the critical 27-nor-25-keto intermediate.

From the C,; steroid, pregnenolone, many excellent synthetic schemes to
hydroxylated side chain derivatives have been developed. Direct condensation of the
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CO, CHy

0o
AP -8
HO

CO,CH3

7f/\\/;zf§;""" ?I/\\/'\lf/

C-21 keto group with the Wittig reagent derived from 5-bromo-2-pentanone ethylene
ketal [scheme (5)]337) gives the expexted 20,22-olefin in good yield. Removal of the
ketal protecting group and selective hydrogenation of the side chain double bond
results in a 9:1 mixture of C-21 R and § isomers (62% from pregenolone) which are
separated by fractional crystallization.

Another creative scheme which originates from pregnenolone [scheme (6)]3®)
utilizes vinyl magnesium bromide as the initial reactant and yields the corresponding

R N /

allylic alcohol. Collidine catalyzed reaction with diketene in refluxing decalin pro-
duced the cis- and frans-keto olefins by an interesting pathway consisting of internal
nucleophilic attack of an intermediate enolate ion followed by (or in concert with)
decarboxylation of the resultant §-keto acid. Catalytic reduction and fractional
crystallization again gives the (205)-25-ketone in 30% yield.

By far the most widely used starting material for side chain elaboration schemes
has been the C-22 aldehyde. This compound, readily obtained from the ozonolysis of
sigmasterol i-ether or the 4-phenyl-1,2 4-triazoline-3,5-dione (PTAD)-diene adduct of
ergosterol3 39,3 40), has been modified in a number of ways.
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Reduction to the alcohol, tosylation and conversion to the C-22 iodo derivative
provides the substrate for reaction with a-(dimethyl allyl) nickel bromide. This cou-
pling reaction gives the desmosterol side chain directly [scheme (7)]34".

Desmosterol-type side chains have also been constructed from C-22 halide pre-
cursors by modified Grignard reactions®*?); however, yields are usually low.

Treatment of the 22-iodo compound with the appropriate lithium acetylide
[scheme (8)]133% and catalytic reduction represents another efficient route to the
25-hydroxylated side chain.

41,7 N

S5
\Fomp

SN
/

The PTAD-diene protected 22-aldehyde analog has been used by Williams and
Eyley to synthesize 24,25-dihydroxy derivatives via an aldol reaction with the tetra-
hydropyranyl ether of 3-hydroxy-3-methyl-2-butanone followed by NaBH, /pyridine
reduction [scheme (9)]34?). The same starting aldehyde is also a precursor for
synthesis of the 25,26-dihydroxy-5,7-diene [scheme (10)]349),

Most of the reported routes to the 24,25- and the 25,26-dihydroxy analogs yield
epimeric mixtures, two exceptions being the Hoffmann-La Roche synthesis of
the 24,25-diols>*%) and Ikekawa’s synthesis of the 25,26-diols>*®. The 24,25-
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(o] OH
Ko oy

l (9) 1 (10)
OH

“y %%
OH ’/

epimeric diols have been chromatographically separated>3? and the absolute con-
figuration assigned®* °®). The C-24 stereochemistry of the 24-OH-D3 epimers has
also been determined!!!: 34, Recently, X-ray crystallographic analysis of the
25,26-diols was used to establish the absolute stereochemistry at C-2533"),

As possible modulators of vitamin D metabolismn, several nitrogen-containing
side chain analogs have been synthesized from the 22-aldehyde. The 25-aza vitamin
[scheme (11)]**® has been found to be an inhibitor of D activity, while the 24-aza
[scheme (12)] and the 24-amino vitamin [scheme (13)] derivatives (J. Chu,

H. K. Schnoes, and H. F. DeLuca, unpublished results) have yet to be biologically
tested.

v}
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3 Steroidal A-Ring Functionalization
Introduction of oxygen at C-1 in the A-ring of the steroid nucleus usually is accom-

plished by basic a-epoxidation of the corresponding 3-keto-1-ene derivative. The
scheme of Narwid et al, [scheme (14)]34) illustrates this approach in which the

—

— —i
AcO HO 0
H

Qi

lOH (14)

OMs OH

5,6-double bond is protected by conversion to 6-hydroxy or keto functions. Re-
duction of the epoxide and regeneration of the 5-ene gives the 1a-hydroxylated
product in ca. 18% yield.

The approach of Hesse and Barton3*®) [scheme (15)] to the la-hydroxy-5-
cholestene system involves Li/NH3 /NH,4Cl reduction of the 1a,2a-epoxy<4 6-dien-3-

—_—
HO (o]
l (15)
QH 0
-~
HO o]

one generated from cholesterol by dehydrogenation with dichlorodicyanoquinone
(DDQ) and basic epoxidation. The yield for this 3-step process is ca. 25% and it has
been extensively used in the small-scale preparation of a variety of 1-hydroxylated
vitamins349—359),

A third approach [scheme (16)}*5 357 involves deconjugation of a 1,4-dien-3-
one to the 1,5-diene followed by selective hydroboration of the 1,2-olefin. This
scheme gives both the la-hydroxy and 2a-hydroxy cholesterol derivatives. Applica-
tion of this method to 1,4,6-cholestatrien-3-one leads directly to the 1a-hydroxy
provitamin D skeleton35®),
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0 HO
(16)

HO,,

HO

A fourth procedure [scheme (17135 is quite different from the previous
examples. Oxygen is introduced at C-1 by the transannular photochemical 2+2 cycli-

- : E >

HO HO HO

OH 0
O&«—— G T —
HO AcO HO

zation of the 5,10-seco steroid analog formed by HgO/hv oxidation of 5a-hydroxy
cholesterol. The oxetane photoproduct is then opened in the presence of acid giving
la-hydroxy-5-ene-steroid.

Epimerization reactions on steroidal A-ring alcohols have provided many analogs
of potential biological interest.

The 3o-hydroxylated precursor to epi-D3 has been synthesized via a stereo-
selective reduction of the 3keto PTAD-5,7-diene adduct [scheme (18)1799 or direct

5 AR ST w
\)
HO 0 a1/1‘ O wo®
P

epimerization of the 38-hydroxyl group with a system of triphenyl phosphine,
diethylazodicarboxylate and formic acid [scheme (19)]36Y).
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The 18,3p-dihydroxyprovitamin was produced from 1-ketocholesterol acetate;
however, this 1-hydroxy epimer failed to undergo photochemical ring opening to the
previtamin analog (H. E. Paaren, H. K. Schnoes, and H. F. DeLuca, unpublished
results).

In order to assess the importance of the 3-hydroxyl group with respect to vita-
min D activity, 3-deoxy-1-hydroxylated analogs have been synthesized from steroidal
precursor [scheme (20)])3%% 363, and by the total synthetic approach of Okamura

SR

et al. [scheme (21)13%¥ in which the vitamin D triene system is formed by a unique
thermal rearrangement of a vinyl-allene intermediate36).

(20)

J3 é,on
H
OH

Although the partial synthesis of vitamin D was accomplished by Inhoffen nearly
twenty years ago>%%, most of the advances in the total synthesis of vitamin D have
come from Lythgoe’s laboratory. The total synthesis of 1a-hydroxyvitamin D3
[scheme (22)13%7) involves the general synthetic concept of coupling independently
prepared ring A and ring C/D fragments. Yields are on the order of 20% from the
starting chloroketone,
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4 Synthetic Modification of Vitamin D

A different aspect of vitamin D chemistry involves direct synthetic manipulation of
the vitamin triene skeleton. The earliest reactions of this type consisted of “dis-
solving metal reductions” conducted on vitamin D3 368) A series of dihydro deriva-
tives of ill-defined stereochemistry were produced [scheme (23)]. The intrinsic re-

R R R
| No | | OTHER (23)
| o™l eng tec | F 1somers
By WY
HO HO oM

activity of the triene and complicated reaction mixtures seemed to dissuade early
researchers from attempting further synthetic ventures along these lines. However,
with recent advances in analytical and chromotographic techniques, research in this
area has increased.

Much of the stereochemical uncertainties associated with the configuration of
dihydrovitamin D and dihydrotachysterol have been resolved by recent studies>®,
By reacting cis- and trans-vitamin D, with 9borobicyclononane followed by a basic
peroxide workup, the stereoisomeric 108 and 10R 19-hydroxymethyl dihydro-deriv-
atives were obtained in good yields. Tosylation of the 19-alcohol produced the inter-
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mediates which were either treated with a strong base (internal ether formation
occurring only with the 10R cis isomer) or reduced to the 10,19-dihydro analogs
[schenie (24)]. In this way the absolute stereochemistry at C(10) was established for
many of the dihydro derivatives described in the older literature.

R
|
“\OH OH
“ Ho" (24)
| {
l \\\CHS | CHy

HO™ HO

C(19)-hydroxy methyl dihydrovitamins have also been produced by NaBH,
reduction of 19(E)-acetoxyvitamin D;-acetate [scheme (25)])37%.

acoW

Many derivatives containing either fluorine or nitrogen have been synthesized
directly from a vitamin-type structure,

The mild and selective reagent diethylamino sulfurtrifluoride (DAST), which
introduces a fluorine atom for a hydroxyl group with retention of configuration, has
been used to produce 25-fluorovitamin D3 >*®, 1a-hydroxy-25-fluorovitamin D4

OH
i (26)
—» 25 Fluoro «—
I
Aco™ AcOY
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[scheme (26)]1°7V and 1a-fluorovitamin D3 [scheme (27)]372), All of these fluoro-
vitamins possess interesting biological properties.

R
| (27)
|
AcoV OH aco™

Fluorine has also been introduced stereospecifically at the 38 positions of
1a-OH-D; via hydrofluoric acid catalyzed cycloreversion of the 3,5-cyclo vitamin
analog which was initially formed by solvolysis of the 38-tosylate [scheme (28)]*7,

R
Hfmq |
1 (28)
Tso™ N 0Ac

By using hydroazoic acid (HN3) with triphenyl phosphine and ethylazodicarbo-
xylate, vitamin D3 and epi-vitamin D3 were converted to the 3a and 38 azides re-
spectively [scheme (29)]. Reduction with LiAlH, produced the amino analogs3?¥.

_HNg
P/DAD
N“

(29)
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Epimerization of the 1a-hydroxyl group of 1a-OH-D3 has been accomplished in
a three-step sequence®® 375): MnO, allylic oxidation to the 1-keto previtamin
analog, reduction to a mixture of 1a- and 18-hydroxy previtamins, and thermal iso-
merization to the vitamin isomers {scheme (30)]. Vitamin D 1,3-diol stereoisomers

MNOz

X

OH (30)
HoW | HO Z

W

HO “oH

are useful in determining receptor binding priorities, and, therefore, aid in estab-
lishing structure-activity relationships.

From a practical viewpoint, direct C-1 hydroxylation of vitamin D3 is a highly
desirable reaction. However, direct allylic oxidation of vitamin D3, for example, with
selenium dioxide/t-butylhydroperoxide [scheme (31)]37% 377, produces only small
amounts (< 5%) of 1-hydroxylated compounds.

These difficulties have been circumvented by using the 3,5-cyclovitamin as sub-
strate for allylic oxidation [scheme (32)]377. 1a-hydroxycyclovitamin Dy is pro-
duced in ca. 50% yields and is readily converted to 1a-OH-D3 by acid catalyzed
solvolysis. The overall yield from vitamin D3 ranges from 15—-20%.

(31
| Se0p/t-BuOOH l

e e g
| <2% |

HO™ no™

l R T

Se0, /t-BuOOH

———————

Hy CO,II HscOI/,
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The entire set of stereoisomeric-1,3-dihydroxy cis/trans vitamin analogs, total-
ling eight in number, has recently been synthesized from vitamin D3 and epi-vita-
min D3 via cyclovitamin intermediates and MnO, - allylic hydroxyl epimerization
reactions [scheme (33)]. (H. E. Paaren, H. K. Schnoes, and H. F. DeLuca, un-
published results).
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The recent advances in vitamin D metabolism and mode of action can be directly
attributed to the synthesis of radiolabeled vitamin D derivatives of high specific
activity.

Original syntheses employed catalytic reduction of an appropriate 1,2-steroidal
olefin with tritium gas and produced 3H-vitamin D3 of moderate specific activity
(5—10 Ci/mmole)? 3 378, Analogs of higher specific activity (20—80 Ci/mmole) can
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be obtained by catalytically reducing an acetylenic group in the side chain with T,
[scheme (34)]%8% 37 or by reacting the 25-carboxymethyl derivatives with
CT3MgBr [scheme (35)]°%.

T— —'< Ba/C w (34)
T\/\( OCH; TyMaBr_ \f\/\'( (35)

Another convenient synthesis of radiolabeled vitamin D has involved
exchange in T, 0 and reduction with NaBT, of the 3-keto vitamin analog in which
the triene has been reversibly protected as an iron carbonyl adduct [scheme (36)]
(S. Yamada, H. K. Schnoes, and H. F. DeLuca, unpublished results).

Fe{COly
—_—

HO™

1) NoBT,
e
2)FeCly

Even though synthetic vitamin D chemistry had its origins a half century ago,
only now is the field beginning to develop with the innovative character apparent in
other areas of organic chemistry. The organic chemist confronted with work in this
area should always look forward to integrating new techniques and concepts in this
well-established field.

VHI Structure-Activity Relationships

The availability of synthetic vitamin D metabolites and of analogs systematically
modified at specific sites has made possible a rough definition of the relative im-
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portance of specific structural units for expression of biological activity. Com-
parisons between structural variants has led, for example, to a fairly clear assessment
of the functional significance of the hydroxylation pattern, which establishes, not
surprsingly, the key importance of the hydroxy groups introduced during vitamin D
metabolism (at C-1a- and C-25). Similarly, the consequences of other alterations of
the side chain and the triene chromophore and of stereo-chemical factors have been
evaluated, and available data are sufficiently consistent to allow predictions on
structure/activity relationships that should prove of some value for the design of
analogs with specific properties. Both in vivo and in vitro assays have been used for
activity comparisons between various vitamin D metabolites and analogs. In vivo
assays include the determination of intestinal calcium transport, bone calcium mo-
bilization and antirachitic activity, whereas the two most common in vitro systems
exploited in recent years involve the measurement of calcium resorption from fetal
rat bone in culture, and the determination of the relative binding affinity of a vita-
min D ligand for the cytosolic protein from chick intestine thought to be the natural
“receptor” for 1&,25-(OH),D;. Although there are some gaps in the existing data,
chiefly because few compounds have been tested in all systems, enough information
is available to identify major relationships and trends. Especially the two in vitro
assays mentioned offer a fairly clear picture of the effect of structural variations on
activity, which allows a reasonably consistent qualitative ranking of distinct struc-
tural parameters.

1 Structural Requirements for Receptor Binding

As discussed in a preceeding Section VI.1, non-covalent binding of 1a,25-(OH),D;
to a cytosolic receptor protein in intestine is thought to be an essential preliminary
step for expression of biological activity, i. e. the activation of the intestinal calcium
transport system. A comparative study of the affinity of selected structural analogs
for the receptor thus provides a direct and fairly quantitative assessment of the rela-
tive importance of specific vitamin structural units for ligand/receptor interaction,
and by inference, therefore, of their effect on biological potency. The groups of
Haussler?3 395) Norman3%% 397, and DeLuca®!’ 8% have investigated the

binding between various vitamin D compounds and the intestinal receptor system.
The assay procedure of the first two laboratories involved a combined cytosol recep-
tor/nuclear chromatin system and their measurements therefore reflect the combina-
tion of vitamin/receptor and receptor complex/chromatin interactions. The assay of
DeLuca and co-workers is more defined in that the chromatin binding step is elimi-
nated and only the initial binding reaction between ligand and proteins receptor is
under observation, but both assay methods give comparable results, as far as struc-
ture/activity considerations are concerned.

Available data®® 3% on receptor/vitamin D interaction support the general
conclusion that affinity for the receptor is determined primarily by the spatial ar-
rangement of the hydroxy functions of the ligand, and that among the three
hydroxy groups of 1a,25{OH), D3, those at C-1 and C-25 exert the most profound
effect. The data shown in Fig. 11 offer dramatic confirmation of this general state-
ment: 1¢,25(OH),Dj (13g), the active metabolite in intestine, exhibits highest
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affinity for its receptor and the absence of 1- and 25-hydroxy functions (as in vita-
min Dj itself) reduces binding affinity by six orders of magnitude®?. The addition
of a 25-hydroxy group or a 1-hydroxy group to vitamin D3 improves affinity 1000-
and ca. 5000-fold, respectively (see values of 25-OH-D3 and 1a-OH-D; in Fig. 11),
demonstrating the key importance of these two functions for receptor/ligand inter-
action. In contrast, the C-3-hydroxy group, has a more modest effect. The absence of
a 3-hydroxy function, as in 3-deoxy-1a,25{OH), D3 (17g), for example, reduces
binding by only a factor of 10 compared to 12,25(OH); D33 and the data of
Fig. 11 demonstrate that the analogous pair —— 1a-OH-D3 (13a) vs. 3-deoxy-la-
OH-D; (17a) —— exhibit roughly the same relationship in terms of binding affin-
itysz). A noteworthy result is the demonstration that the binding interaction
appears only moderately sensitive to the exact position of the side chain hydroxy
group. Thus the binding of analog 24(R)-OH-D3 (1b) is essentially equal to that of
25-OH-D; (1g) and 1,24(R)-(OH), D3 (13b) is equivalent to 1e,25(OH),D;
in terms of binding affinity (see Fig. 11). The binding site of the receptor thus
appears to accommodate a 24- or 25-OH function with roughly equal facility, and
that a 24-hydroxy group provides for strong receptor/ligand interactions is further
confirmed by the more recent observation that 24-nor-1¢,25(0H), D3 (13n) com-
‘petes quite effectively (50-fold excess) with 1,25{OH), D3 for receptor sites and
that 24-hydroxy-25-fluorovitamin D5 exhibits an affinity comparable to that of
25-0H-Dj (see Fig. 11).

In the presence of a 25-hydroxy group, the introduction of an additional
hydroxy group into the side chain at either C-24 or C-26 leads to a significant re-
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duction in binding interaction. The relative binding affinities of 12,25(OH),D3; vs.
1a,24(R),25(0H);3D3 (13h), and of 25-0H-D; vs. 24(R),25{0OH), D3 (1h) or 25,26-
(OH), D3 (1j) (Fig. 11) provide clear evidence of this effect®?), and a comparison
between the respective 24(R) and (S) stereoisomers listed in Fig. 11 further demon-
strates that the stereochemistry of the hydroxy group at C-24 is of consequence; in
each case, the unnatural 24(S)-isomer is the less effective competitor by roughly a
factor of 10. The reason for this diminished binding affinity attendent upon the
introduction of a C-24-hydroxy group is not understood. An explanation involving
electronic effects —— for example, a reduction in the strength of hydrogen-bonding
between the C-25-hydroxyl and the receptor caused by internal H-bonding between
C-24 and C-25-hydroxy groups — is perhaps most plausible, since an argument
based on a purely steric effect of the C-24 substituent is weakened by the observa-
tion that a C-24 methyl substituent (as in 1¢,25(OH),; D, (13d) —— where the
24-methyl group occupies the position of the 24(S)-hydroxy function in 1,24(S),25-
(OH);Dj3 (13i) or 24(S),25{0H), D3 (1i) has no effect on receptor/ligand inter-
action (see Fig. 11).

Given the importance of the 1-hydroxy group in the binding interaction it is not
surprising that the stereochemistry of this function has a marked effect on binding.
Thus 18,25{0H), D5 (16g) is ca. 3000 times, and 15-OH-D5 (16a) is 105—10° times
less effective than 1¢,25{OH),D; in competing for receptor sites’® —— an affinity
roughly comparable to the corresponding C-1-deoxy compounds cited in Fig. 11,
The effect of 3-hydroxy stereochemistry on binding has not yet been investigated,
although suitable models, e. g. 1a-OH-3-epi-D; (16a) are available>6% 361,

The importance of the 1-hydroxy group is also exemplified by the relatively
good binding interaction of certain triene-modified derivatives. For example, 5,6-
trans-25-OH-D; [(5g) see Fig. 11]and 25-OH-DHT 5 (10g)>*® (~500 and
~ 100 times, respectively, less active than 1a,25{0H), D3), are effective ligands,
presumably by virtue of the 180 °-rotation of ring A which transposes the C-3-
hydroxy function into a pseudo-la-hydroxy substituent. The fifty-fold difference in
binding of 3-deoxy-1¢,25-(OH),D; (17a)(ca. 1/10 of 1a,25-(0OH),D;) and 5,6-trans-
25-OH-D; (ca. 1/500 relative to 1¢,25-(OH),D3) implies perhaps an unfavorable steric
interaction between the transposed exocyclic methylene unit of the latter and the
receptor binding cavity, which reduction to methyl (giving 25-OH-DHT; (10g) ca.
1/100 relative to 1,25{OH), D3) appears to alleviate measurably.

The preceding discussion leads to the fairly obvious conclusion that most struc-
tural departures from 1a,25{0H), D3 entail “penalties” in terms of ligand/receptor
affinity. Deletion of C-1 or C-25-OH functions, or change of hydroxy stereo-
chemistry at C-1 causes pronounced perturbations (factors of ca. 500—1000), intro-
duction of additional hydroxy groups at C-24 or C-26, the deletion of the C-3-
hydroxy function, the stereochemistry at C-24, the transposition of ring A results in
more subtle modulations (factors of ca. 10-50). That a 24(R)-hydroxy group is
essentially equivalent to a C-25-OH-function is an important finding and of note is
also the observation that one, at first sight, rather considerable change —— replacing
the D3-side chain with that of vitamin D, —— has no measurable effect, suggesting
that exact side chain structure may be of secondary consequence provided the
approprate length in preserved —— to allow for introduction of the key hydroxy
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group. It is worth mentioning in this connection that elimination of most of the side
chain, as in la-hydroxypregnacalciferol (1a-OH-PC (13w), see Fig. 10) results in an
analog with no in vivo activity®>®, but surprisingly high affinity for the 1¢,25-
(OH),;D;-receptor (1/70 of that of 1a,25{0OH),D3) (W. S. Mellon, H. K. Schnoes,
and H. F., DeLuca, unpublished). This is a somewhat puzzling result, in light of the
foregoing discussion, but one that deserves to be further explored with suitably de-
signed derivatives.

2 In Vitro Bone Resorption

The bone resorption assay measures the release of calcium from fetal rat bone in
culture in response to addition of vitamin D compounds. Although the assay, there-
fore, relates to a different organ and monitors a decidedly more complex process
than that involved in the protein binding assay discussed above, the relative order of
activity exhibited by the various vitamin metabolites and analogs that have been
tested in both systems is remarkably similar. Thus, 10,254(OH), Dj is again the most
potent compound, eliciting a pronounced bone resorption response in the concentra-
tion range of 1071110~ 10M314, 315, 398,399) Remgval of either the C-25 or C-1
hydroxy group [i. e. 16-OH-D5 315> 353:398) o1 25.0H-D3 7% 77 ] has a fairly dra-
matic effect, reducing activity 500—1000-fold, whereas the elimination of the
3B-OH-function (as in 3-deoxy-1a,25(0OH), D5 (17a)) diminishes potency by only a
factor of ca. 50499, A change of hydroxy substitution from C-25 to C-24 affects
activity only moderately since 24(R)-OH-D5 is roughly as effective as 25-OH-
D3319 and the potency of 24-nor-1a,25{0H), D; is only 50 times lower than that
of 10,25{0OH), D3 *°V. These comparisons imply that analogs such as 1¢,24(R)-
(OH),Dj; should approximate 1&,25{OH), D3 in potency. C-24-hydroxy stereo-
chemistry again has a significant effect: 24(R)-OH-D3 (1b) is at least 10 times more
active than its (S)-isomer (1¢)>'9, and the same relationship holds for the pairs
24(R),25{OH), D3 (1h) and 24(S),25{0H),D; (11)*', and 1a,24(R),25{(OH)3D;
(13h) and 10,24(S),25{(OH) ;D3 (13i)3°?). As was observed in the intestinal recep-
tor assay, introduction of a 24-hydroxy group (into a 25-hydroxy analog) diminishes
activity: the relative potency of the pairs, 25-OH-D3 vs 24(R),25{OH), D3 and
1a,25{0OH), D3 vs. 1&,24(R),25{(0H);3 D3 differs rather consistently by a factor of
ca. 10316 399), and, as just mentioned, the stereochemistry of the 24-substituent

(i. e. change from R to S) then further modulates expression of activity>'6). The
reduction of activity is peculiar to the 24-hydroxy-substituent, since 1a,25{0H), D,
(13d) —— bearing a 24-methyl group —— is as effective as 1a,25{OH),D5>°%. Little
information is available on the effect of other structural modifications. Analogs such
as 25-OH-DHT;*%?) and 5 6-trans-25-OH-D;33®) —— which lack a *“C-3"-hydroxy
function and feature also a modified triene system —— exhibit potencies similar to
those of 1o-OH-D3 and 25-OH-D3. A comparison between 3-deoxy-1,25{0OH), D,
and 5,6-trans-25-OH-D3, again suggests that reorientation of ring A by 180 °,
accounts for a ~ 10-fold decrease in bone resorption activity. All compounds car-
rying only a single hydroxy group, e. g. D3, DHT3 (10a), 5 ,6-trans-D3 (5a) and
3-deoxy-1a-OH-D3 (17a), which are active in vivo because of metabolism to their
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25-hydroxy or 1¢,25-dihydroxy forms —— show no activity in the bone resorption
assay, presumably because even the highest experimentally feasible concentration
(10~5-107*M, because of solubility limitations) do not suffice for expression of
the low intrinsic activity of these compounds.

3 Activity in Vivo

Whereas the in vitro assays discussed here give a fairly clear-cut and consistent order
of relative potency among analogs, comparative activity assessments in vivo are com-
plicated by a variety of factors, the influence and magnitudes of which usually
cannot be gauged very accurately, Metabolism of analogs to more (or less) active
derivatives, rates of metabolism, unknown tissue distribution, rates of excretion, and
differences in time-course of response all may affect eventual expression of activity.
The in vivo activity estimate represents an integration of all these factors, and to find
differences between the in vitro and in vivo responses elicited by certain analogs is
hardly surprising. Most of these differences can be rationatized by assuming the inter-
vention of metabolic conversion steps in vivo.

Assessments of in vivo activity are based primarily on two assays: the stimula-
tion of intestinal calcium transport and the mobilization of calcium and phosphate
from bone in animals (rats or chicks) maintained on a low calcium or low phos-
phorus diet. Many of the relevant results in this area have been reviewed pre-
viously#93: 499 4nd are also mentioned in preceding sections of this review
(Section III}; we can restrict discussion here then to a summary of general trends and
conclusions. /n vivo and in vitro results agree as to the key importance of the
hydroxy functions at C-1 and C-25; 1,25{OH), D3, is the most potent and fastest
acting compound in vivo?8: 121, 405) and at physiological concentrations, C-1-deoxy
compounds such as 25-OH-D; or 24,25{0H), D; are inactive when 1-hydroxylation
is prevented by nephrectomy whereas the corresponding 1-hydroxy forms are fully
potent unter these conditions’® 72 73 93: 19 The corresponding vitamin D, analog,
10,25(0H),D3, is identical to 1&,25(0OH),D; in mammals!?, but as discussed pre-
viously is substantially (5—10X) less active in birds'!¥). The importance of a 25-hy-
droxy function is equally evident, even though certain 25-deoxy analogs —— such as
1a-OH-D5 356391 406,407 1 4.0H-D, (13d)*", or 3-deoxy-1a-OH-D3**? —— exhibit
very pronounced potency in vivo. For the case of 1a-OH-Dj it can be shown, however,
that expression of activity is preceded by metabolism, in the rat*°%: 499 and in the
chickSY, to 1a,25-(OH),D3 and this in vivo conversion to the natural hormone also
explains the marked discrepancy between the apparent in vitro activity of the sub-
stance (i.e. 500 times lower than 1¢,25-(OH), D3 in receptor or the bone resorption
assays) and its in vivo efficacy (ca. nearly as effective as 1&,25{(OH),D; in rats and
chicks)*¢: 407 The demonstration that other 25-deoxy analogs —— such as DHT 5
or 5,6-trans-D3 —— are also metabolized to the corresponding 25-hydroxyated
forms*!% 411) explains their high potency in vivo>®?), even though these compounds
are essentially inactive in the two in vitro assays discussed earlier.

In vivo results also are in fair agreement with in vitro data as to the importance
of the exact position of the side chain hydroxy function. For example, 24-nor-1¢,25.
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(OH), D3 is estimated to be ca. 100 times less active than 1a,25{(0H), D3 in stimula-
ting intestinal calcium transport*®"), a number in reasonable accord with its ca.
50-fold lower affinity for the intestinal receptor protein. Similarly, the analog 1o-
hydroxy-25-fluorovitamin D3 (13t), in which C-25 is blocked to hydroxylation37V),
exhibits a remarkably high in vivo activity —— 1/50 that of 1¢,25{(0OH),D3 —
although in its affinity for the intestinal receptor it mimics 1a«-OH-D5 (i. e. ca ~ 400
lower than 1a,25(OH),D3). This difference implies in vive metabolism to a more
active form —— very likely the 24-hydroxylated derivative —— 1,24-dihydroxy-25-
fluorovitamin D3. Metabolism to a 1a-hydroxylated form also offers a plausible
explanation for the observation that the 24-hydroxy-25fluorovitamin D3 is as active
as 25-OH-Dj in all systems tested*'?, In vivo and in vitro results thus agree on the
effect of side chain hydroxyl substitution: full activity requires a C-25-hydroxy
function, but a 24-hydroxyl is a very effective substitute which entails perhaps some
reduction but not total abolition of activity. When side chain hydroxylation is not
possible, however, as in the case of 1a-hydroxypregnacalciferol (1a-OH-PC, see

Fig. 10 for structure) an inactive analog results>5?). Expression of activity by 24(R)-
and 24(S)-OH-D; appears to require a two-step transformation to the corresponding
1¢,25-hydroxylated forms*®, Of particular interest is the observation that both
compounds are readily converted to the corresponding 24 25-dihydroxylated forms,
but only the (R)-epimer undergoes subsequent C-1-hydroxylation to any appreciable
extent to yield 16,24(R),25{0OH)3 D3, the presumed active form***, Since the (R)
and (S) forms of 1a,24,25(0OH);D; are essentially equal in potency in vivo'®® the
discrimination of the 1-hydroxylation step in kidney explains the notable activity
difference!!? between the (R) and (S) epimeric pairs of 24-0H-D; and 24,25-
(OH);D3.

The effect of ring A-hydroxy stereochemistry on in vivo activity has not yet
been investigated in great detail. The 13-OH-D; analog is reported to be inactive*'?),
a finding in accord with the very low affinity of this compound for the receptor
protein in intestine®®. The absence of the 3-OH-function reduces in vivo activity,
but not dramatically: 3-deoxy-1¢,25{OH), D3 is estimated to approximate the
potency of 1¢,25(OH), D337 and 3-deoxy-1a-OH-Dj is 20—50 times less active
than 1a-OH-D3, a result that again implies metabolic conversion (to 3-deoxy-1a,25-
(OH),D3) since 3-deoxy-10-OH-D; itself exhibits either low (receptor binding) or no
(bone resorption) activity in vitro36%),

When the possible metabolic conversions and the inherent uncertainties in the
biological activity estimates are taken into account, there is a fairly good correlation
between the data contributed by different assays. Certainly in vivo and in vifro agree
on the key activity-conferring structural parameters, and secondary structural effects
are also reflected reasonably faithfully by the available data. Correlation breakdowns
(i. e. the considerable activity difference between vitamin D3 and its metabolites vs.
vitamin D, and its metabolites in birds) are more of an exception, resulting in this
specific case from an apparent species-specific degradative metabolism*'® that
appears to be triggered by a C-24-substituent, since 24-substituted D analogs, i. e.
all 24-hydroxylated forms, are also relatively less effective in the chick than in the
rat (Section IV).
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4 Concluding Summary

The two in vitro assays discussed above —— vitamin binding to intestinal receptor
and vitamin-induced calcium resorption from bone —— leave little doubt that, given
an intact vitamin D skeleton the hydroxy groups of the molecule are primary deter-
‘minants of activity. In both assays, 10,25{OH), D3 is the most active compound
known. Elimination of either the C-1 or C-25-hydroxy function has a dramatic
effect, reducing affinity for the receptor or calcium resorption ability by 2—3 orders
of magnitude, wheras deletion of the 3-hydroxy group leads to only a roughly
10-fold reduction of activity. A shift of the side chain hydroxyl from C-25 to C-24
has hardly any effect on binding affinity or bone resorption, if the 24-hydroxy group
is in the (R)-configuration (i. e. the natural stereochemistry) but the 24(S)-epimer is
ten times less active. Similarly the introduction of a 24(R)-hydroxy group into a
25-hydroxylated vitamin analog diminishes potency ten-fold, and the activity of the
corresponding 24(S),25-dihydroxylated analogs is another 0.5—1 order of magnitude
lower. Introduction of a 26-hydroxy function into 25-OH-Dj, decreases in vitro
activities by a similar factor. The stereochemistry of the 1-hydroxy group is of even
greater influence in view of the roughly thousand-fold difference in receptor binding
affinity between 1a,25{0H), D5 and 18,25{0H), D3 and between 1a-OH-D; and its
18-epimer. The orientation of the triene system has a significant but not dramatic
effect: 5,6-trans-25-OH-Dj is about 10 times less effective than 3-deoxy-1a,25-
(OH), D3 (compare structures in Fig. 10) in-competing for receptor sites, and the
same order of activity holds in the bone resorption assay.

Activity in vivo follows the in vitro pattern fairly consistently as long as allow-
ance is made for the activating (or deactivating) effect of metabolic conversions. It is
hydroxylation at C-25, for example, that explains the ir vivo potency of such ana-
logs as 5,6-trans-D3, DHT 3 or 3-deoxy-1a-OH-D3, which elicit no measurable or very
low responses in the in vitro assays, and it is the formation of the 1¢,25-dihydroxy-
lated vitamin D compounds, by hydroxylation at C-1 or C-25, that accounts for the
dramatic in vivo activity of 25-OH-D; or of 1a-OH-D3 and 10-OH-D, . Similarly, the
difference between the in vivo responses elicited by 24(R),25{OH), D3 and its 24(S)
epimer appears to be a reflection primarily of the much more efficient 1a-hydroxyla-
tion of the former compound, modulated further by the intrinsically lower activity
of the unnatural 24(S)-form in the target tissues.

No analogs with true organ specificity have been reported as yet, but some selec-
tivity of action can be demonstrated. For example, the 24(S)-epimers of 24-OH-D3
and 24,25(0H), D3 are reported to be relatively more effective in vivo in intestine
than in bone, and a recently prepared compound, 1-flucro-vitamin D3 (J. L. Napoli,
M. A, Fivizzani, H. K.,Schnoes, and H. F. DeLuca, unpublished results), appears to
have the opposite effect.

Finally, there is only one well-documented species difference in the intestinal
and bone response to vitamin D compounds. All C-24-substituted vitamin D com-
pounds, e. g. all D,-derivatives and the 24-hydroxy-D; analogs, are significantly less
effective in birds than in other animals. This difference is believed to be caused by
the more rapid degradation and excretion of D, metabolites and 24-hydroxy-D;
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analogs in birds, since there is no discrimination in the required hydroxylation steps
nor, apparently, at the site of action.

The information summarized in the preceding section provides a good basic
framework for assessing the consequences of selected structural modification on
expression of vitamin D activity. Available data from all assays are sufficiently con-
sistent to serve as a useful and reasonably reliable guide for future synthetic efforts
designed to produce compounds with specific biological properties, and the chemical
work, in tum, can be expected to add many of the details currently missing from our
picture of structure/activity relationships.
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V. Ullrich

1 Introduction

The essential role of molecular oxygen, now termed dioxygen, as an energy provid-
ing source in aerobic living systems has always been evident but the mechanism by
which this energy is used to drive biological oxidations has been controversial for
many years. In the mid 1930’s O. Warburg! concluded from model studies of iron-
catalyzed oxidations with molecular oxygen that an activation of the dioxygen mole-
cule was the crucial event for biological oxidations, which at that time were still
rather ill defined and thought mainly to consist of glycolysis and mitochondrial
respiration. In contrast, H. Wieland?2) was the proponent of the dehydrogenation
hypothesis which considered the oxygen molecule merely as an electron sink for
substrate hydrogen. It was this mechanism which proved to be correct for all energy
producing reactions in the cell. Warburg's idea of oxygen activation was almost for-
gotten until in 1955 Mason® and Hayaishi‘” demonstrated, using the stable isotope
180, , that biological oxidations which proceed by a direct incorporation of dioxy-
gen into organic compounds are rather common in nature. These findings initiated

a boom in the research on the corresponding enzymic reactions. It is now established
that these oxygenations are catalyzed by a variety of dioxygen activating enzymes,
which were designated “oxygenases” by Hayaishi®). Depending on whether both
oxygen atoms or only one atom are introduced into the substrate, a subclassifica-
tion into “dioxygenases™ and “monooxygenases’” was proposed and the following
stoichiometry established:

RH + 0, * RO, H (diooxygenases) (1)
RH + 0, + DH — > ROH + D + H,0 (monooxygenases) (2)

The latter enzymes had earlier been called “mixed function oxidases” by Mason®
in order to characterize their double functions as oxygenases and oxidases. For the
reduction of one oxygen atom of molecular oxygen to water two electrons from an
external donor have to be supplied. Sometimes the substrate itself can provide these
reducing equivalents, so that for these enzymes the term ‘“‘internal monooxygenases”
may be used”.

Whereas dioxygenases usually require substrates activated by functional groups,
the monooxygenases can act upon chemically rather inert compounds like steroids
or aromatic rings and convert them to the corresponding alcohols or phenols. In fact,
this is the only mechanism existing in nature to convert aliphatic or aromatic com-
pounds to other functional derivatives. Therefore, these enzymes play an important
role in metabolism and many of them have been described in recent years. To appre-
ciate fully the catalytic power of monooxygenases one has to consider the thermo-
dynamics of the monooxygenation process as calculated for a secondary CH-bond

as in cyclohexanes):

NADPH + H* ————————— H, + NADP* + 19.3 k¥/mol (3)
%0, ® 20(» +460.5 k)/mol @)
Hy (@) +0@ — H,0 () —470.1 kJ/mol &)
AH (fiy+ 0 (g) ——> AOH (fl) —-393.9 kJ/mol (6)
AH + 0, + NADPH + H' —— AOH + H,0 + NADP'  —384.2 kJ/mol (7

68



Cytochrome P450 and Biological Hydroxylation Reactions

Two extremely high energy batriers have to be overcome for the reaction: firstly,
the dissociation of the O—O bond (457 kJ/mol) and secondly the dissociation of the
CH bond, in the order of 418 kJ/mol. This exemplifies the importance of enzyme
catalysis in general, and explains why chemists have been fascinated by the ease,
specificity and economy of the hydroxylation process in particular. Many efforts
have been undertaken to copy the monooxygenase mechanism in chemical models,
but the results have not been very satisfactory (see Chap. 9). It soon became evident
that first a complete knowledge of the enzymes was required before a corresponding
chemical oxygenase reaction could be set up. Unfortunately, the isolation of mono-
oxygenase systems proved to be complicated because of their multicomponent nature
and membrane-bound structure. An important step forward was the recognition that
many monooxygenase systems contained the same type of biocatalyst, which was
characterized as a hemoprotein called “cytochrome P450”.

2 Occurrence and Function of Cytochrome P450

As in many other cases in modern science the discovery of cytochrome P450 and
its biological role followed a sequence of apparently not directly related findings.
It started in 1958 with the description by Garfinkel®) and Klingenberg!® of a
pigment in the microsomal fraction liver which was characterized by an unusual
carbon monoxide absorption difference spectrum with a peak at 450 nm. This
finding was made possible by the sophisticated spectrophotometric techniques for
turbid solutions developed by B. Chance at the Johnson Research Foundation in
Philadelphia. A typical difference spectrum of reduced microsomes with carbon
monoxide is shown in Fig. 1.
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] Wavelength (nm) liver microsomes with carbon monoxide
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At that time no correlation was suggested for this pigment with the capacity
of the endoplasmic reticulum of liver to convert drugs and other foreign compounds
to hydroxylated derivatives in the presence of dioxygen and NADPH11), A possible
relation of the 450 nm absorbing carbon monoxide complex with enzymatic hydrox-
ylation reactions became very likely, when Ryan and Engeln) observed the carbon
monoxide inhibition of the C-21 steroid hydroxylase in bovine adrenal microsomes.
Proof for this assumption was presented by Estabrook, Cooper and Rosenthal'¥,
who elegantly used the photochemical action spectrum of the CO-inhibited C-21-
hydroxylase to show the involvement of the pigment in the oxygen activation pro-
cess of the hydroxylase system. Shortly after, Omura and Sato14- 15) characterized
the pigment as 2 hemoprotein with protoporphyrin IX as the prosthetic group. How-
ever, attempts to solubilize the hemoprotein resulted in a loss of the typical absorp-
tion of the CO-complex at 450 nm with a concomitant shift to 420 nm. The CO-
complexes of most hemoproteins absorb at this wavelength, so that an unusual coor-
dination sphere of the native hemoprotein was suggested which evidently was lost
upon denaturation. The native protein was termed ‘‘cytochrome P450” by Omura
and Sato, whereas the inactive form was referred to as “‘cytochrome P420™.

In the following years cytochrome P450 was also found as an integral part of the
11p3-hydroxylase system in adrenal mitochondria'®. Its involvement in the liver micro-
somal monooxygenation of codeine, acetanilide'” and cyclohexane'® was estab-
lished using the technique of the photochemical action spectrum (Fig. 2).

Using the same technique many more monooxygenase systems have been report-
ed to contain cytochrome P450 as the oxygen activating component. Its occurrence
is not restricted to mammalian tissues; fish!9), birds2?, yeast2!- 22), plants?3) and
bacteria?® also contain cytochrome P450-dependent monooxygenases. Although
not all of the enzymes have been fully characterized, a generalization of the functions
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Fig. 2. Photochemical action spectrum of the reversibility of the carbon monoxide inhibited
cyclohexane hydroxylation in rat liver microsomes. From18)
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Table 1. Cytochrome P450-dependent monooxygenases

Organism/organ Subcellular Substrate Product Ref.
localization
Bacteria
Ps. putida Cytosol Camphor 5-OH-exo-camphor 27)
Bacillus megaterium  Cytosol 3-Oxo-a*steroid 158-OH-steroids 28)
Fungi
Cunninghamella Microsomes Xenobiotics Alcohol, phenols 29)
bainieri epoxides
Rhizopus nigricans ~ Microsomes Progesterone 11a-OH-progesterone 30)
Plants
Vinca rosea Microsomes Geraniol 10-OH-geraniol 3D
Echinocystis Microsomes Kaur-16-ene Kaurenol 23)
macrocarpa
green endosperm
Yeasts
S. cerevisiae Microsomes Xenobiotics Alcohols, phenols, 32)
epoxides
, - . 21,22)
Candida tropicalis Microsomes Alkanes, n-Alcohols
fatty acids w-OH-fatty acids
Insects
Musca domestica Microsomes Xenobiotics Alcohols, phenols 33)
epoxides
Manduca sexta Mitochondria _o-Ecdysone p-Ecdysone 34)
Mammals
Adrenal gland Microsomes  Steroids 21-OH-steroids 13)
Adrenal gland Mitochondria  Deoxycortico- Cortisol 35)
sterone
. . . 36, 37)
Liver Microsomes Xenobiotics Alcohols, phenols
epoxides
Liver Mitochondria  Bile acids precursors  26-OH bile acids 38)
Liver Microsomes Cholesterol 7o-OH-precursors 39)
Kidney Microsomes 25-OH-vitamin D3 1,25-di-OH-vitamin D3 40)
Kidney cortex Microsomes Fatty acids w-OH fatty acids 41)
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of cytochrome P450 seems possible. So far, it is known to be involved in cholesterol
and steroid metabolism in different cells and organismszs) and in the monooxygen-
ation of drugs and ““xenobiotics™, as all compounds foreign to living organisms have
been named by Mason et al.?®) No function in amino acid metabolism has been
discovered up to now. Table.1 contains a list of cytochrome P450-dependent mono-
oxygenases with their origin, subcellular localizations and functions.

Not only does the table show that cytochrome P450-dependent monooxygenases
are present in all types of organisms but, excepting bacteria, they are localized either
on the inner mitochondrial or on the endoplasmic reticulum membranes. As will be
indicated in Chap. 5 this association with the two different membranes is also con-
nected with two different pathways of reduction of cytochrome P450. The reduction
in mitochondria involves a flavoprotein and an iron-sulfur protein, whereas in micro-
somal systems the reduction occurs directly by a flavoprotein of a more complex
structure. It is of interest to note that the reducing system in bacteria corresponds
to that of mitochondria, which leads support tothe bacterial origin of these organelles.

Another characteristic feature of cytochrome P450-dependent monooxygenases
can also be seen on Table 1: the variation in specificities towards substrates and
the variety of products. Some monooxygenases tolerate only small modifications
in the shape of the substrate molecule and the introduction of the oxygen atom with
these enzymes occurs with high stereospecificity. Others seem to exhibit a rather
broad specificity and their products are multiple and point to an only limited stereo-
selectivity. The reason for this is not entirely known, but a teleological explanation
seems to be that enzymes with endogenous substrates and important functions in
the biosynthesis of steroids or hormones must be more specific since a well-defined
product is required for further functions in the organism. In contrast those enzymes
involved in the degradation of xenobiotics have to metabolize a broad spectrum of
lipophilic, foreign compounds, for which the introduction of an oxygen atom at
any position in the molecules is usually sufficient to increase the hydrophilic prop-
erties and conjugation ability of the compound and hence to facilitate its elimi-
nation from the body.

A special situation applies to microorganisms such as yeasts and bacteria, which
use organic chemicals from the environment as the sole carbon source for growth.

If a microorganism grows on a pure hydrocarbon a monooxygenation is the only
mechanism that can initiate its degradation. The corresponding monooxygenases
must therefore exhibit high specificity to ensure a specific metabolic pathway for
further degradation and a high molecular activity to ensure sufficient growth rates.
The most wellknown system in this respect is the camphor-5-exo-monooxygenase
from Ps. putida, which uses only a small number of structurally closely related cam-
phor analogues as substrates and specifically introduces the hydroxyl group in the
5-exo-position®?)., Its turnover rate is around 1000/min and therefore is one magni-
tude higher than those of the drug monooxygenases in mammalian liver*>, The
bacterial enzyme also has a high affinity binding for substrate*® suggesting a specif-
ic and stereoselective fit of the camphor molecule to the active site of the protein.

In the case of the nonspecific drug monooxygenase system in liver and other
tissues of many organisms one would expect a rather loose binding of the various
drug substrates if a common binding site at only one enzyme were to exist. This,
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however, would be at variance with the required ability of the enzyme to remove
even small concentrations of toxic chemicals from the body. The answer to this
dilemma was found after the isolation of monooxygenase systems from livers and
lungs of various species. This showed that several cytochrome P450 forms exist with
slightly different, but overlapping substrate specifities. For example one form can
exhibit a rather high selectivity for a certain group of substrates but not for others.
The relative distribution of the different cytochrome P450 forms depends on genetic
and environmental influences (see Chap. 9). The numerous observations of differences
in drug metabolism when parameters like sex, age, disease, strain, species, nutritional
state or exposure to chemicals are considered find a reasonable explanation in the
multiple forms of cytochrome P450 enzymes. This implies that the substrate binding
site is an essential and integral part of cytochrome P450. The biochemical investiga-
tion of the structure of cytochrome P450 has lent further support to this assumption.

3 Structure of Cytochrome P450

If the various forms of cytochrome P450 have different specificities for substrates,
they must also differ in amino acid composition. It is now established that in all
forms so far characterised, differences in molecular weight, amino acid composition
and terminal amino acids exist. Figure 3 shows the optical absorption spectra of
cytochrome P450 from Ps. putida.
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Fig. 3. Optical spectra of cytochrome P450 from camphor grown Ps. putida. The sample was a
courtesy of Dr. J. A, Peterson

73



V. Ullrich

Compared to other hemoproteins the spectra are unus:al with respect to the
blue-shift and absorption decrease upon reduction. Addition of carbon monoxide
to the reduced hemoprotein results in formation of the 447 nm Soret absorption
band which appears at 450 nm in a difference spectrum and gave its name to this
cytochrome.

Antibodies prepared against pure cytochrome P450 proteins in general show
no cross-reactivities*>). On the other hand the spectral properties are almost identi-
cal and only very small, but significant, differences between the various forms have
been reported4é). The heme is bound in all cytochrome P450 forms to a single poly-
peptide chain with a molecular weight between 40000 and 60000 D. The similarity
in the optical spectra could be interpreted as an essentially identical coordination
sphere of the heme, which is only slightly influenced by the residual amino acid
composition. From the photochemical action spectrum it is evident that the heme
in its unusual environment is the dioxygen activating site and hence the catalytic
center of the enzyme. Since the loss of the characteristic optical absorption spectra
is paralleled by a loss in activity, it may be deduced that the clue to the unique oxy-
gen activation process lies in the special coordination sphere of cytochrome P450.

—2.40
—224
—200
—1.93

Metmyogtobin
+C4HgSH
m
i
x
© .
Rat liver
microsomes
Lhoog L
4 o 8 o Fig. 4. EPR spectra of cytochrome
1 ™ N, N = P450 in rat liver microsomes (bottom)
2.5 30 3.5 kGauss  znd a metmyoglobin-n-butane thiol
T=110°K Magnetic field B complex*?)
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Out of the six ligands in the octahedral field of the heme iron, four are pyrrole
nitrogens of protoporphyrin IX. Therefore, the unusual coordination sphere must
be determined by the fifth and/or sixth ligands, which in other hemoproteins are
usually donated by the protein. The first indication of the nature of one of the pro-
tein ligands came from EPR spectra of modified metmyoglobin complexes. All forms
of cytochrome P450 show very similar EPR spectra with g-values at liquid nitrogen
temperature around g = 1.92, 2.24 and 2.44. This rather narrow splitting can be
simulated when metmyoglobin is incubated with an alkane thiol, such as butane
thiol*” (Fig. 4).

Synthetic heme complexes with mercaptides as one ligand also show very similar
EPR characteristics, indicating that a mercaptide group from a cysteine sulfur would
most likely be the fifth ligand in cytochrome P45049—51), This assumption is further
substantiated when organic ligand molecules are added to cytochrome P450 in its
oxidized state. Whereas the EPR-spectra show only small variations in g-values with
the various ligands, the optical absorption changes profoundly especially in the Soret
region (Table 2).

Table 2. Spectroscopic parameters of cytochrome P450¢  p-ligand complexes

Ligand " g-values by EPR Bands in optical
£x gy g2 spectra (nm)
Native (?) Ox. 245 2.26 1.91 417 535 571
Native Red. — 411 540
Carbon monoxide Red. - 447 550
Octylamine Ox. 2494 2.255 1.894 423 538 574
Red. - 445
Metyrapone® Ox. 248 226  1.88 421 536
Red. - 442 539 566
1-Methyl-imidazole Ox. 2.535 2.259 1.873 424 540 578
Red. -
Ethyl isocyanide Ox. 2.49 2.32 1.89 430 548
Red. - 453 549 576
Octylmethylsulfide Ox. 246 2.26 1.90 426 537 572
Red. - 447 542
Diethylphenylphosphine Ox. 2.50 2.28 1.88 377 454 556
Red. — 460
Benzylthiolate Ox. 2.37 (43) 2.25 1.94 (2) 377 465 557
Red. - -~

2) 2-Methyl-1,2-di-3-pyridyl-1-propanone.
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As can be seen from Table 2 when phosphines or thiols were used as ligands
with ferric cytochrome, the Soret absorption splits and shifts towards the far red
region of the spectrum. In the reduced state all ligands except oxygen lead to a So-
ret absorption band around 450 nm similar to that of the reduced CO-complex.
Absorption measurements with polarized light of the crystallized CO-complex indi-
cated that the axial ligand was responsible for the unusual spectra®?). In porphyrin
chemistry similar spectra exist and are classified as “hyperporphyrin” spectra$3).
They are supposed to originate from a charge transfer from an electronegative ligand
to the central atom. This again supports the suggestion of a mercaptide in cyto-
chrome P450. Model complexes consisting of iron-porphyrin thiolates are difficult
to obtain, since at ambient temperature the ferric complexes are readily reduced
and in the ferrous state their affinity for mercaptides seems to be rather low®?.
Stern and Peisach’%) succeeded in preparing a heme carbon monoxide complex with
a mercaptide ligand by adding a large excess of the thiol in very alkaline solution.
At lower temperatures of about 200 °K the reduction of ferric porphyrin complexes
is slowed down considerably, allowing the preparation of five- and six-coordinated
ferric thiolate complexes of lipid-soluble porphyrins. At the temperature of liquid
nitrogen these complexes are stable and their optical and EPR-spectra have been
studied (Table 3).

It is evident from a comparison with the data of Table 2 that the anomalous
spectra of ferric cytochrome P450 could be mimicked almost exactly under these
conditions, leaving no doubt about the thiolate nature of its fifth ligand. Additional
proof comes from Mof3bauer studies, which show an unusual temperature depen-
dence of the quadrupole splitting>®, which was also found in the model complexes
with a thiolate ligand. Furthermore, the model complexes listed in Table 3 can be
used as the basis for speculation on the nature of the sixth ligand in low-spin ferric
cytochrome P450.

Its Soret absorption at 416—418 nm rules out soft ligands and indicates that a
nitrogen ligand, as postulated by Chevion et a. ") on the basis of a comparison of
ligand parameters of cytochrome P450 with model complexes, is less likely since

Table 3. Spectroscopic parameters of hemin-toluene thiolate ligand complexes (Ruf, Sakurai,
Ullrich, unpublished). To the five coordinated heme toluene thiolate complex the other ligands
were added

Gth Ligand g-Values by EPR Bands in optical
Bx 8y gz spectra (nm)
Toluene thiolate 2.302 2,229 1.959 376 470 561
Diethylphenylphosphine 2.391 2.264 1.924 374 458 556
Pentamethylenesulfide 2.333 2.248 1.946 (365)432 533 578
Benzylisocyanide 2.322 2.246 1.942 432 536 558
n-Octylamine 2.391 2.239 1.931 429 539 5§71
Imidazole 2.363 2.241 1.937 428 538 568
Pyridine 2.362 2.253 1.935 424 536 564
Methanol 2411 2.273 1.926 417 534 566
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the Soret bands of such complexes always absorb above 420 nm. They would also
be tightly binding ligands in the re luced state showing 450 nm bands, which is in
contrast to the observed weak Soret absorption band of reduced cytochrome P450
at around 414 nm. NMR-pulse relaxation studies have indicated the presence of a
proton at a distance of 2.8—3.0 A from the iron, which also would exclude histidine
as the sixth ligandss). From the model studies it is more likely that an OH-group of
either a serine, threonine or water occupies this position since the EPR and especi-
ally the optical spectra with OH ligands are similar to low spin ferric cytochrome
P450°9. Since hydroxyl oxygen only binds with the ferric and not with the ferrous
cytochrome, it would not compete with dioxygen binding the reduced state. This
would be in agreement with the concept, that in the presence of substrates the sixth
ligand is removed from the heme leading to a pentacoordinated hemoprotein. This
species is high-spin and has a 30 nm blue-shifted Soret absorption and a band at

645 nm. The interconversion of the low spin complex to the high-spin form by a
substrate is shown in Fig. 5 for the cytochrome P450c,y.

A model complex with properties almost identical to the high spin complex was
obtained in a crystalline form from hemin-dimethylester and 4-nitrobenzene thiolate®?.
By X-ray analysis it proved to be a five-coordinated complex with an Fe-S distance
of 2.32 A%V A low affinity sixth ligand would thus allow a low-spin/high-spin
equilibrium with an equilibrium constant close to unity. Both substrates and an in-
crease in temperature would shift this equilibrium to the high-spin side. The signifi-
cance of this mechanism for enzymatic catalysis will be discussed in Chap. 6.1.

Compared to an Fe-N linkage to the protein, an Fe-S bond is more labile, which
might explain the instability of cytochrome P450 enzymes to denaturating condi-
tions. The charge transfer from the mercaptide, being responsible for the splitting
of the Soret band, would be easily lost upon changing the distance between the iron
and sulfur atom®®. This probably occurs in the presence of detergents and leads to
a loss in the 450 nm-absorption of the reduced CO-complex with concomitant forma-
tion of a 420 nm absorption band. Surprisingly, the characteristic g-values in the
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Fig. 5; Effect of camphor on the optical spectrum of low spin cytochrome P450¢cAm 60), Cyto-
chrome P450 (3,3 uM) in 50 mM Tris-HCl, 7.4, containing 0.1 M KCl, was titrated with 0,
(—); 2 uM (—0-), 6 uM (—0-), and 20.5 uM (—A-)
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EPR-spectrum of the oxidized cytochrome are maintained, which may indicate that
the stronger interaction of the ferric complex is more resistant to destruction than
the reduced form with its weaker Fe?>*-S™ bonding. This state of inactivation seems
to be prevented in the presence of glycerol, so that purification of cytochrome P450-
depentent monooxygenases have been successful when working in 20—30% glycerol
solutions. More drastic denaturating conditions, like acid treatment or mercurials,
lead to an inactivation, which is characterized by a disappearance of the typical low
spin signal of cytochrome P450 under formation of a high spin g = 6 signal®?,

It should be noted that another hemoprotein, chloroperoxidase, has spectral
characteristics very similar to cytochrome P450°% . This enzyme activates chloride
ions by the use of hydrogen peroxide and has no monooxygenase functions. Surpris-
ingly, no cysteine can be detected after amino acid analysis, so that the role of mer-
captide sulfur in producing the characteristic hyperporphyrin spectra has been queried“).
However, the enzyme is known to contain a cysteine disulfide bridge and it has not
yet been excluded whether this has been formed by a heme catalyzed oxidation of
two cysteines during the course of the experiments. Thus the possibility remains
open that chloroperoxidase is indeed a heme-sulfur protein and that the mercaptide
group plays a role in the chloride activation process.

4 Nomenclature

The existence of multiple cytochrome P450 enzymes has revealed that the nomen-
clature of these monooxygenases is no longer consistent with the rules of the Enzyme
Commission. First, the essential features of cytochrome P450 are substrate binding
and dioxygen activation rather than electron transfer as defined for cytochromes.
Therefore, these proteins should be considered more as enzymes than as electron-
transfer proteins. The wavelength in subscript (“450”) should indicate the position
of the a-band of the heme and not that of the Soret band. In addition the currently
used characterization of a form of cytochrome P450 by the known differences in
the CO-absorption band (e. g. P448, P449, P452) has been found unsatisfactory
since more forms absorb at a given wavelength. Another reason to abandon the term
cytochrome is the new definition of cytochromes, which requires strong field ligands
in the fifth and sixth coordination position of the hemochrome>®). This probably
does not apply for the sixth ligand position of cytochrome P450.

When named as enzymes the various cytochromes P450 should be termed mono-
oxygenases with the name of the substrate and position attached, like steroid-11p-
monooxygenase. If the thiolate nature of the protein ligand is unequivocally estab-
lished the qualification “heme-sulfur-dependent” could be made in parenthesis. Dif-
ficulties, however, must arise for the designation of unspecific microsomal mono-
oxygenases, for which many substrates and multiple products can be found. Either
these enzymes are termed “xenobiotic monooxygenases™ and one includes their
source and electrophoretic mobility, or one establishes the best substrate and the
position of highest attack. Thus the major form of cytochrome P450 present in rat
liver microsomes after pretreatment with methylcholanthrene could be designated
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as ‘“‘rat xenobiotic monooxygenase, LM (liver microsomes) 4" (since it is band No. 4
in the gel electropherogram), or “rat liver acetanilide-4-monooxygenase”. The disad-
vantage of the first proposal would be the possible existence of further bands in the
electropherogram and in the second case a better substrate could well be found.
Since the latter is more likely and subscripts a, b, ¢ etc. could be used for further
forms, the first possibility may be of advantage. This would also come closer to the
present practice of naming the above mentioned enzyme *‘rat cytochrome P450
LM4°°67)_ In this review the term ‘“‘cytochrome P450™ will be used synonymously
with “heme-sulfur-containing” monooxygenases.

5 Electron Donors

An essential step in the mechanism of dioxygen activation is the electron transfer
from the reduced pyridine nucleotide to the hemoprotein. So far, two principally
different reducing systems have been found. One occurs in bacteria and mitochon-
dria and contains an FAD-flavoprotein together with an iron-sulfur protein. The
second consists of an FAD-FMN flavoprotein which directly reduces the hemopro-
tein without the help of an iron-sulfur protein (Fig. 6).

Both electron transfer chains cannot substitute each other in reconstituted sys-
tems, which points to a different phylogenetic origin of mitochondrial and bacterial
monooxygenases on the one hand and the microsomal enzymes on the other, Micro-
somes also contain cytochrome bs which is able to donate electrons to the mono-
oxygenases. However, the physiological role of this cytochrome is still controversial
and more than one function has to be considered.

5.1 Iron-Sulfur Proteins

The first monooxygenase system isolated was the steroid-113-monooxygenase from
adrenal mitochondria'®. In a reconstituted system the heme-sulfur protein required
an iron-sulfur protein, a flavoprotein and NADPH for reduction and dioxygen acti-

~H™
NADPH; — " » FAD & Iron-sulfur protein
ISP-reductase

(mitochondrial) \

[

Cyt. P450

-H™
NADPH; ——» FAD-FMN
Cytochrome P450—
reductase
(microsomal)

Fig. 6. Mitochondrial and microsomal electron transport for cytochrome P450-dependent mono-
oxygenases
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vation. The structure of the iron-sulfur component turned out very similar to that
of the known plant ferredoxins and therefore was called ** adrenodoxin’® Its
molecular weight is 12638 D% and it contains a two-iron-two acid-labile sulfur
center which accepts and donates only one electron. In the reduced state it exhibits
a characteristic g = 1.94 signal in the EPR-spectrum originating from an antiferro-
magnetic coupling of a high-spin ferric and high-spin ferrous atom’®. The potential
is between —360 and —380 mV and thus is more negative than the standard poten-
tial of the NADPH/NADP" couple’?. An essentially similar type of iron-sulfur pro-
tein was isolated from camphor-grown Ps. putida bacteria, which contain a heme-
sulfur dependent camphor-5-exo-monooxygenase’ 2. All components are soluble,

so that the interaction of the reduced “‘putidaredoxin” with the hemoprotein could
be studied. As a result protein-protein interaction was established by various meth-
0ds*? 73 Reduction of the cytochrome P450 only occurred in the presence of
camphor which is most likely to be due to an increase in redox potential after addition
of the substrate. Other redoxins were found in mammalian mitochondrial monooxy-
genase systems with various functions. Liver mitochondria contain an iron-sulfur
protein associated with a cholesterol-26-monooxygenase involved in bile acid forma-
tion’® . Similarly, the 1a-hydroxylation of 25-hydroxyvitamin D requires a mitochon-
drial monooxygenase localized in kidney, from which a renal ferredoxin could be
isolated”®. The reduction of the iron-sulfur proteins by NADPH or NADH is medi-
ated in all systems by FAD-containing reductases having a molecular weight general-
ly around 40000 D in one polypeptide chain. The stoichiometry in which the three
components of the monooxygenase system occur in vivo, is close to 1:1:1, although
in reconstituted systems a large excess of the iron-sulfur proteins is required to ob-
tain turnover rates comparable to those observed in the intact organelles.

5.2 Flavoproteins

In contrast to the bacterial and mitochondrial monooxygenase systems, all micro-
somal enzymes require only one electron transfer component. This protein has been
isolated from liver microsomes’® and only recently was characterized as an FAD
and FMN containing ﬂavoprotein77). Originally it was termed NADPH-cytochrome
¢ reductase, but later its physiological substrate cytochrome P450 was recognized
and therefore this name was changed to cytochrome P450 reductase. It is active
towards cytochrome P450, however, only after solubilization with detergents and
in the presence of small amounts of phospholipid, preferentially phosphatidyl
choline”®. When the enzyme is cleaved off the membrane by proteolytic proce-
dures, it loses a hydrophobic part of the polypeptide chain, which is needed for the
interaction with cytochrome P450, but not with cytochrome ¢. Similarly, if the
FMN is carefully removed from the enzyme it still retains the capacity of reducing
cytochrome ¢ but not cytochrome P4507%.

The flavoprotein can be reduced by NADPH to the fully reduced state (FMNH,,
FADH, ) and is oxidized by ferricyanide to the fully oxidized state (FMN, FAD)”7- 7%},
By EPR an O,-stable semiquinone radical can be observed aerobically in the pre-
sence of NADPH which by ferricyanide titration was found to be the one electron
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reduced form. The higher reduced forms can react with O, to give O, ™ radicals, so
that titrations of the enzyme with NADPH have to be carried out anaerobically. In
the presence of the mediator indigosulfonate the flavins could be titrated by follow-
ing their optical absorption and the following scheme was derived””;

F,F, = FH'F, Ep '=-0110V (8)
FiH-F; = FjHF;  Eg,2'=-0.270V 9
FiHpFy = FiHpFaH: Ep, 3'=-0.290V (10)
FiHaFoH = F{HyFaHy Eg, 4 = -0.365V (11)

Which redox state donates the electrons to cytochrome P450 has not yet been
clearly established. According to the redox potential of the cytochrome P450-sub-
strate complex (Chap. 6.1) all states except the one-electron reduced could be in-
volved in the reduction process. Iyanagi and Mason””? have suggested that the fully
reduced state (E' = —365 mV) may act like an iron-sulfur protein and may be the
actual donor for cytochrome P450.

In the reconstituted systems the reductase proved not to be specific for a partic-
ular cytochrome P450. The enzyme from liver could reduce the w-monooxygenase
from kidney and vice versa®® and its antibody was effective in inhibiting the
NADPH-mediated cytochrome c reduction in spleen microsomes.

5.3 Cytochrome bg

Liver microsomes in addition to the xenobiotic monooxygenase system contain a
second electron transport system. It is specific for NADH and reduces cytochrome
bs via an FAD-containing flavoprotein (Fig. 7).

The system has a high affinity for NADH?®Y and since the redox potential of
cytochrome bs is about —80 mv®? it is fully reduced under the conditions of
the cell. Using antibodies against NADH-cytochrome bg reductase, cytochrome bg
and NADPH-cytochrome P450 reductase, is was shown that NADH can support the
monooxygenation of drugs in rat liver microsomes via cytochrome bs and NADH-
cytochrome bg reductase without the involvement of NADPH-cytochrome P450
reductase®?). The activity is, however, only 10—30% of that mediated by NADPH.
In the presence of both NADH and NADPH a synergistic effect is observed®® which
has been interpreted in two ways: Hildebrandt and Estabrook®%) conclude that the

NADPH;——FAD — FMN
Cyt. P450 reductase \
/ Cyt. P450

NADH,—>FAD—*Cyt. bs
- Cyt. bs
reductase Fig. 7. Microsomal electron transport systems
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second electron for dioxygen activation comes from cytochrome bs whereas Staudt
et al.2® suggested that the synergistic action of NADH is the result of an electron
sparing effect. Two electron consuming reactions may contribute to such an effect:
(i) the electron donation from cytochrome bg to other microsomal acceptors like
semidehydroascorbate87) or other radicals or

(ii) the so-called “uncoupling” reaction which occurs when the active oxygen fails
to attack the substrate’ and is reduced to water (Chap. 6.6).

In accordance with the latter hypothesis is the rapid reoxidation of reduced cyto-
chrome by in the presence of uncouplers like perfluoro-n-hexane®®. Against the
first hypothesis speaks that the reconstituted systems work without cytochrome bs 88)
and that the antibody against cytochrome bs does not inhibit the NADPH-supported
monooxygenation®9). Although a definite answer regarding the role of cytochrome
bs does not yet seem to be at hand, its principal role as an electron donor for cyto-
chrome P450 under special conditions is beyond doubt.

6 Mechanisms of Heme-Sulfur-Dependent Monooxygenases

The isolation of many monooxygenase systems has meanwhile greatly facilitated our
understanding of their reaction mechanisms. Of major importance is the conclusion
that all heme-sulfur dependent monooxygenases proceed by the same reaction cycle
and that only the electron transport system may differ. Essentially five steps are
involved in the reaction cycle. These will be discussed sequentially.

6.1 Substrate Binding

In almost all enzyme reactions the primary step consists in the binding of the sub-
strate molecule to the active site of the enzyme. The more interactions of the func-
tional groups of the substrate with the surface of the protein are involved the higher
is the specificity of the complex formation and the better its affinity. This also ap-
plies for the various forms of cytochrome P450. Some monooxygenases are very
specific, showing K, -values of about 10~6M and lower, and some are unspecific
and have a low affinity of with K -values around 10~ 2M. As a general rule most
substrates are lipophilic molecules which contribute very little to the enthalpy of -
the binding process but lead to high entropy values which can compensate for the
sometimes positive enthalpy changes. The following equilibrium and thermodynamic
constants have been calculated for the two spin states (Chap. 3) of the ferric xeno-
biotic monooxygenase LM 2 from rabbit in the presence and absence of benzphet-
amine as a substrate®® (Table 4).

In general a substrate shifts the equilibrium to the high spin form of cytochrome
P450 which can be easily followed by the spectral blue shift of the Soret band from
420 to 390 nm® Y. This explains why the spectral dissociation constant, K, calcu-
lated for this conversion agrees with the K, of the monooxygenase reaction®?.
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Table 4. Equilibrium and thermodynamic constants of the spin equnllbnum of ferric cytochrome
P450 LM, in the absence and presence of benzphetamine (= RH)?9

Reaction K¢z0°0) AH AS AG
[kJ/mol] [e-u.} [kJ/mol]

Fe ?‘#Fe% 0.08 —44.4 0.8 311 —6.3:0.8

RHFe] " ===RHFef*  0.39 -38.1:0.8 -29¢ 1 ~2.5+0.8
RH

Fe,3+#k?amreg* 0.32 31421 41£2 ~18.8+2.5

Fept s pped*  0.07 26.4 £ 2.1 41:2 -23.94+25
R

1 = Low spin.
h = High spin.

It is certain that the binding of substrates is not a largely exergonic process and
therefore a thermal spin equilibrium may exist. For some cytochrome P450 species
this was indeed observed®?).

Such a change in the coordination of the metal atom is characteristic for the
catalytic properties of many metalloenzymes. It requires a weak ligand binding at
this coordination site which in the case of cytochrome P450 would be in accord
with the proposed hydroxyl group in the sixth position of the iron® !> 59)_ The entropy
effect of the substrate binding would be sufficient to shift the spin equilibrium to
the five-coordinated high spin complex.

A special situation arises when an organic compound contains heteroatoms like
nitrogen, suifur, phosphines or oxygen, capable of interacting with the sixth ligand
position by formation of a coordinate bond. As pointed out in chapter 3 these mole-
cules can act as organic ligands producing low spin spectra of the types described in
Table 2°3). The normal substrates can compete with the ligand binding by shifting
the spin state back to the high spin form. This is consistent with the idea that ligands
and substrates occupy the same binding site. In the case of the wellknown ligand
metyrapone (2-methyl-1,2-di-3-pyridyl-1-propanone) a spin-labelled analog was used
to calculate the distances between the nitroxyl radical and the ferric iron which
turned out to be in agreement with the binding of one pyridine nitrogen to the iron
This also explains why these organic ligands are good inhibitors for most monooxy-
genases. Likewise, metyrapone is used as a diagnostic tool for adrenal functions in
steroid biogenesis since it has a high affinity binding constant to the steroid-118-
monooxygenase and inhibits corticoid production even in vivo®S),

The question arises as to the significance of substrate binding for the catalytic
process. First of all, it provides a means of coupling between the active oxygen pro-
duction and substrate monooxygenation, since only a close proximity of both reac-
tants guarantees a 1 :1:1 stoichiometry between reduced pyridine nucleotide, dioxy-
gen and hydroxylated substrate. Secondly, the binding of the substrate initiates the
electron flow to the heme, which is easily seen by the increased rate of pyridine nu-
cleotide oxidation after addition of substrate to a complete monooxygenase system.

94)
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The molecular event that causes the increased electron flux to the hemoprotein is
not definitely known. Most likely is a conformational change that triggers the con-
version of the low spin state to the high spin ferric form. The new conformation
could be a better electron acceptor and thus could speed up the reduction rate of
the hemoprotein. As an alternative explanation the high-spin complex could accept
the electrons more readily since its potential is about 100 mV higher than that of
the low spin form which has a potential around —270 mV*? 1t is unlikely that the
latter hypothesis is the only explanation, since some microsomal heme sulfur pro-
teins are predominantly in the high spin state and are reduced more readily by sub-
strate addition without a corresponding change in spin state (Ullrich, V., Kremers,
P., unpublished). More detailed investigations on the protein-protein interaction
between the reducing systems and the hemoprotein should give an answer to this
problem.

6.2 Reduction of the Enzyme-Substrate Complex

It was mentioned before that the presence of substrates accelerate the reduction of
cytochrome P450. The kinetics of this process can be conveniently followed under
anaerobic conditions in the presence of carbon monoxide, since this ligand forms
a rather stable complex which can be measured spectrophotometrically by its ab-

0.20
|—Final level after 5Smin
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Fig. 8. Kinetics of the anaerobic reduction of microsomal cytochrome P450 by NADPH in the
presence of carbon monoxide. The microsomal suspension contained 1.2 nmol cytochrome
P450/ml In both experiments 95% of the cytochrome were reduced enzymatically (dithionite =
= 100%). Dashed line: no substtate added; solid line: 10~ 2 mol/l cyclohexane added. From®7)
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sorption band at 450 nm. The most clear-cut results are obtained with the soluble
camphor-5-ex0-monooxygenase system, which shows no reduction of the hemo-
protein by NADH in the absence of camphor. Liver microsomes, especially from
animals pretreated with phenobarbital, show a moderate reduction rate by NADPH
already without substrate, but an about 10fold enhancement is observed with sub-
strates like cyclohexane®®: *7) (Fig. 8).

A computer analysis of the biphasic kinetics revealed a turnover number of
about 66/min for the hemoprotein-cyclohexane complex, which agreed with the
specific activity of cyclohexane hydroxylation based on the amount of high-spin
complex formed after addition of cyclohexane®”,

This would indicate that the reduction of the enzyme-substrate complex is the
rate-limiting step of the overall reaction sequence. Two other observations are in
accord with this assumption. Firstly, in a reconstituted system the turnover number
can be increased up to 600 when the reductase concentration has reached a satura-
tion value (Coon, M. J., priv. commun.). Secondly, NADH can also reduce cytochrome
P450 via cytochrome bs in liver microsomes (Chap. 5.3) and this electron transfer
adds to the rate observed with NADPH which would not be the case if any other
reaction except electron transfer would be rate limiting. Since NADH with some sub-
strates often exerts a synergistic effect, it may be that in those cases the second
electron transfer becomes rate limiting. This possibility will be discussed in the next
chapter. _

Of interest is the molecular mechanism by which the electron transfer takes
place. For the bacterial camphor monooxygenase it was established by various in-
dependent methods that the putida redoxin forms a complex with the heme sulfur
protein with a K ;; value of about 0.5-3 uM"3, The carboxy terminal end of putida
redoxin contains a tryptophan, which seems to participate in the binding, since its
cleavage by carboxypeptidase A increases the K, for cytochrome P450 from 2—4
to 91 uM42). The formation of an enzyme-enzyme complex must also be postulated
for the microsomal NADPH-cytochrome P450-reductase and the hemoprotein. In
the membrane-bound native state of the system this interaction may occur through
alateral diffusion of the two membrane proteins99). The reconstituted system requires
phospholipid for this interaction”®. In accordance with this hypothesis Duppel and
Ullrich199) have reported breaks at 20 °C in the Arrhenius plots of 7-ethoxycoumarin
and 4-nitroanisol 0-dealkylation, which disappeared after addition of a detergent. In
contrast, Peterson et al.101) could not find a discontinuity in the activation energy
of the rapid phase of the cytochrome P450 reduction, but did find one in the slow
phase. A definite answer about the organization of the monooxygenase system in
the membrane seems to be difficult in view of these contradictory results, but the
concept of a rigid spatial arrangement of one reductase molecule surrounded by
about 8—30 cytochrome P450 molecules'®? has low probability since cytochrome
bs also is reduced by the NADPH-cytochrome ¢ reductase. This would indicate at
least an association-dissociation equilibrium of the reductase-cytochrome P450 com-
plexes. On the other hand after a partial denaturation of cytochrome P450-reduc-
tase!9?) a fraction of the heme-sulfur proteins in microsomes is not reducible by
NADPH suggesting that patches or mosaics of independent electron transport units
exist in the membrane.
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6.3 Formation of the Oxy-Complex

The reduced cytochrome P450 has been determined to be high spin in the case of
the camphor-S-exo-monooxygenase42). Its coordination sphere is probably 5-coor-
dinated, but there is no definite proof that the mercaptide ligand is still in the fifth
position. Like all ferrous hemoproteins with an open 6™ ligand position cytochrome
P450 reacts rapidly and with a K, value of about 10~%M with dioxygen to form
an oxy complex193: 104)_[ts spectral characteristics have been investigated for the
camphor-binding hemoprotein, since its life-time is several minutes at room tempera-
ture. In all properties the oxy complex resembles the corresponding complexes of
hemoglobin, myoglobin or tryptophan dioxygenase except for a larger temperature
dependence of the quadrupole splitting in the Mof3bauer spectrum of the oxy-cyto-
chrome P450; 4 4?. In the microsomal system the oxy form has only been ob-
served in the difference spectrum of aerobic NADPH supplemented suspensions
with benzphetamine as a substrate!®%_ Its stability is probably lower and a spon-
taneous decomposition to O3 and the ferric hemoprotein occurs, since hydrogen
peroxide formation by liver microsomes in the presence of NADPH and dioxygen
could clearly be attributed to a cytochrome P450-dependent O5 formation and

its subsequent disproportionation'°6). The rate of hydrogen peroxide formation is
dependent on the substrate used, which can be interpreted in terms of different
hemoproteins having different stabilities for their oxy complexes, or a specific in-
fluence of the substrate structure on the oxy complex or by substrate-dependent
differences in the ratios of the first to the second electron transfer:

+
Fe3* 15 Fe2t 92, [FeO3] 225 active oxygen complex (12)

It is obvious that the rates of both electron transfers determine the steady state
concentration of the oxy complex. The fact that benzphetamine greatly increases
the first reduction step and also shows a high steady state concentration of the oxy
complex may be in accordance with the latter concept. A varying oxy complex con-
centration would also indicate that both electron transfer steps proceed with similar
velocities but that with some substrates the first step is rate-limiting and with others
the second one. This interesting hypothesis deserves further substantiation,

An interesting aspect arises when the concentration of dissolved dioxygen be-
comes low and finally diminishes to zero. Deprived of its natural cosubstrate dioxy-
gen cytochrome P450 can be a strong electron donor also for other compounds and
especially for reducible substrates bound closely to the iron at the active site. Nitro,
nitroso, hydroxylamino, azo, N-oxide, sulfoxide or even epoxide groups can be re-
duced under anaerobic conditions or even in the presence of low concentrations of
dioxygen if the oxidation potential of the reducible group is high enough. This also
applies for polyhalogenated compounds like carbon tetrachloride which undergo
subsequent one equivalent reductions yielding radicals and probably carbenes as
intermediates. This mechanism is discussed again in Chaps. 6.5 and 6.6 under the
aspects of complex formation and toxification reactions.
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6.4 Formation of the Active Oxygen

It had early been postulated that the active oxygen complex of heme-sulfur-dependent
monooxygenases is at the redox level of peroxide or the oxygen atom*® 197 Thus,
aone-electron reduction of the oxy complex should lead to the hydroxylating species

of active oxygen and this was shown experimentally in the steroid-118-monooxygenase
system!®®)_ Two alternative structures can be proposed for the active oxygen com-
plex, depending whether a cleavage of the 0—O bond occurs or not°%:

Fe''o_0? 1 or {Feo]* (13)

(When calculating the total charges of these complexes the two negative charges at
the porphyrin ring are neglected).

Since Compound I of peroxidase has the same oxidation state and evidence for
a cleavage of the O—0O bond of H,0, after addition to the ferric peroxidase has been
presented! !9, the structure of the ferryl ion, FeO, seems more likely. This has
prompted studies to replace dioxygen and the two electrons by H, 05, but only
N-demethylation reactions could be observed when liver microsomes were supple-
mented with H, O, in the presence of substrates'!?). In constrast, organic hydro-
peroxides can support microsomal monooxygenations; identical or very similar sub-
strate specificities and product pattern are observed!'?. The finding by Lichten-
berger et al.''¥ that iodosobenzene can act like hydroperoxides suggested that the
ferric hemoprotein reacted to an intermediate [FeO]3* structure indicating that the
active oxygen complex contains a single oxygen atom rather than a peroxo group.,
Ullrich et al.59> 114) have pointed out that a mercaptide as the trans-ligand for the
active oxygen could stabilize the FeO structure according to the following meso-
meric forms:

Fe?* +0— -  Fe¥ 0%~ «>$ Fe!V_0~ «—s-_Fe!l-0 (14)

This may be a reason for the unique role of sulfur in the hemoprotein cyto-
chrome P450. In order to explain the N-demethylation activity of ferric microsomal
cytochrome P450 in the presence of hydrogen peroxide, Ullrich et al.>®) have for-
mulated the following reaction:

s™ re!l' + H,0, E_—*S—Fev -OH+—>S-Fe!V_OH (15)

The resulting complex would exhibit a good oxidizing but no oxygenating activ-
ity. The chloride activation of chloroperoxidase in the presence of hydrogen perox-
ide could also be explained by a similar mechanism®9).

s~ FelV_OH + C1I™ + RH—>$™ Fe3* + RCl + H,0 (16)

An experimental approach to study directly the structure of the active oxygen
at cytochrome P450 has been unsuccessful so far, probably because of the short
life-time of the complex. By rapid spectrophotometry Guengerich et al.!'%) have
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detected two intermediates in the reaction of dioxygen with the reduced heme sul-
fur protein LM 2 from rabbit liver of which one was assigned to the oxy complex
and the second to the active oxygen species. In view of the fascinating catalytic prop-
erties of this complex it would be desirable to know more about its electronic and
chemical properties.

6.5 Product Formation

From the studies with ligand-type inhibitors and their competition with substrates

it was concluded that the substrate binds near the heme iron, so that a close prox-
imity to the active oxygen is guaranteed. No indication for an activation of the sub-
strate molecule exists which would also be unlikely in view of the low free enthalpy
of the binding processgo). All products formed can be explained by an insertion of
the oxygen atom into the various positions of the substrates. Whereas the specific
monooxygenases form only one main product, the microsomal monooxygenases
react with almost any lipophilic organic compound and lead to a variety of products.
The possible pathways, which all have been verified with many compounds, are sum-
marized in the following scheme:

Allphuhc‘ Hydroxylation

(': Epoxidation
]

X = pc Desulfuration ’
I //1>/‘\TH Shift"”

N [Actlve Oxygen -~ é’m éf
v |
e

S

P [ \ Aromatic Hydroxylation
R-X-CHz -R' t R-X-H
R-X
X=NH,S, Dealkylation  y. NS leidation X=SN N, S-Hydroxylation
R-X-H
+ R-CHO R-X—0 R-X-0H

Fig. 9. Scheme of cytochrome P450-catalyzed reactions

In some cases an insertion of the oxygen atom into a substrate leads to the for-
mation of an unstable intermediate which stabilizes by electrophilic attack at mole-
cules of the surrounding media; e. g. semi-acetals formed by an insertion into the
C—H bonds of a-carbons at heteroatoms undergo heterolytic cleavage yielding the
corresponding aldehydes. If with epoxides, arene oxides or hydroxylamines the sta-
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bilization occurs by reaction with nucleophilic centers at proteins or nucleic acids,
a covalent binding will result which may be the primary event leading to toxic reac-
tions. Because of the importance of such toxifications in drug and environmental
research Chap. 6.6 will be devoted to this problem.

In most cases the products resulting from the attack of the active oxygen com-
plex are stable alcohols, phenols or epoxides. They either fulfil a certain function
in cell metabolism or regulation or can be excreted directly or after conjugation
with sulfate, glucuronic acid or glutathione. Each substrate has a characteristic quan-
titative pattern of metabolites, which may however differ with the source of micro-
somes. Typical examples are given in Table 5.

Characteristic for the chemical properties of the active oxygen complex are the
high ratios of attack at tertiary/secondary and secondary/primary CH bonds. Aro-
matic monosubstituted compounds with first order substituents are hydroxylated
mainly in 2- and 4-position, supporting a strongly electrophilic behavior of the active
oxygen. The following experiment (Nastainczyk, Mansuy, Ullrich, unpubl.) clearly
demonstrates the reactivity and unspecificity of microsomal monooxygenases: When
the substrate 7-ethoxycoumarin was incubated with liver microsomes from 3-meth-
ylcholanthrene pretreated rats the reaction yields to about 95% the O-dealkylated
product 7-hydroxycoumarin and only to 5% the 6-hydroxy-7-ethoxycoumarin. If
now 7-methoxycoumarin was incubated under the same conditions the percent of

Table 5. Quantitative patterns of metabolites from substrates of the microsomal monooxygenase
system

Substrate Source of microsomes Products % Ref.
Acetanilide Rat, benzpyrene 4-OH-acetanilide 85 48)
Induced 3-OH-acetanilide 3
2-OH-acetanilide 12
Toluene Rat, phenobarbitat 4-OH-toluene 28 48)
Induced 3-OH-toluene 13
2-OH-toluene 59
Naphthalene Rat, benzpyrene 1+2-Naphthol 20 48)
Induced 1,2-Dihydrodiol 80
n-Heptane Rat, control Heptane-ol-1 9.5 116)
Heptane-ol-2 73.8
Heptane-ol-3 11.1
Heptane-ol-4 5.6
Methylbutane Rat, control 2-methyl-butanol-1 117)
+3-methyl-butanol-1 6.7
3-methyl-butanol-1 23.8
2-methyl-butanol-2 69.5
Methylcyclo- Rat, control 1-OH-MeCH 23.1 117)
hexane (MeCH) 2-OH-MeCH 8.8
3-OH-MeCH 44.7
4-OH-MeCH 22.7
w-OH-MeCH 0.7
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dealkylation and ring hydroxylation changed to 55% and 45%, respectively. Obvi-
ously the higher activation energy required for the attack of the primary CH bond
in the methoxy derivative favored the ring hydroxylation. Because of the same rea-
sons microsomal monooxygenations exhibit a large kinetic isotope effect in the order
of 10—12, when two exactly equivalent CH and CD bonds are compared in one sub-
strate molecule! 181290 This would be in accordance with a direct cleavage of the
CH bond in the trandition state of the reaction. A radical abstraction would be agree-
ment with such a large isotope effect'??). In contrast, no primary isotope effect was
observed when cyclohexane and dodeca-deutero cyclohexane were used as substrates®?)
This can easily be explained by a common rate-limiting step for both substrates con-
sisting of the electron transfer to the hemoprotein. To a radical abstraction mechanism
also points the fact that not a complete retention of the configuration at the hydroxyl-
ated carbon atom is observed 29,

The most likely sequence of events leading to product formation could thus be
described as follows:

|
—S—FJ"—Q-+—$—H———’—S—FJ"

|
—OH+—C -
|
l cage reaction a7

|
—S_Fe“1+—?—0H

The essential step would consist in the subtraction of a hydrogen atom from the
CH bond, whereas the subsequent hydroxylation is probably a cage reaction and ex-
tremely fast. It therefore may be of minor importance whether the hydroxylation
proceeds by a homolytic cleavage of the Fe—OH bond or by a previous oxidation
of the C-radical to a carbonium ion with simultaneous addition of the hydroxyl ion.
Since the retention of the carbon atom configuration is largely retained, the lifetime
of this intermediate transition state must be extremely short.

+ RH 3t
Fe I —_— Fe m
- RH :
RH
ROH
:
. 2+
Fe0]3 [ Fel
RH RH
-OH'LH‘ +021-02
Fello27] Fe 02
i “T ! Fig. 10. Reaction scheme postu-
RH RH lated for cytochrome P450
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As a last step in the reaction sequence the product is released from the active
site, which is facilitated by the increased hydrophilic properties of the oxygenated
product. After the product has left the active site the hemoprotein is converted back
into its low spin state and can enter a second cycle. The complete sequence of reac-
tions can be summarized as in Fig. 10.

In some cases the product may not readily be released, but may form a ligand
complex with the ferric hemoprotein or after its reduction also with the ferrous cyto-
chrome P450. In principle this can occur with alcohols or phenols, but these heme-
hydroxyl complexes are very unstable and can be easily displaced by an excess of
substrate.

This is different when free amines are formed as a result of an N-demethylation
reaction. Free amines bind rather strongly to the oxidized and reduced hemoprotein
and thus may cause product inhibition121), Very stable complexes of different nature
with the reduced hemoprotein have been reported after incubation of certain N-alkyl-
ated amines of the amphetamine type with liver microsomes*?? . Recent studies on
the mechanism of formation of these complexes support a mechanism of N-hydroxyl-
ation leading to aliphatic nitroso compounds which form tight complexes with the
ferrous heme-sulfur protein 23 129,

Another type of complexes is formed with benzodioxoles!?*). Monooxygenation
and subsequent reduction of liver microsomes anaerobically by NADPH or by sodium
dithionite give rise to the following spectr383) (Fig. 11). These complexes are very
tight and resistant to exchange by other ligands. They inhibit the monooxygenation
of other substrates, but this inhibition can be released by irradation with light. The
photochemical action spectrum resembles the spectrum of the reduced hemoprotein-
benzodioxole complex, which indicates that this complex may contain a Fe—C bond,

454
A
+0.08 1, \
427 §
+0.08 i \ —_ Microsomes (Pb-ind.)
I\ o ‘
+0.04 l'! / \ +10"°M Pip. but.
3 ! | ) (sample)
c
]
g *0.02 —-— + NADPH , aerobic
§ 0 (both cuvettes)
q"O 02J350 """ +Na2520|+
' (both cuvettes)
-0.041
-0.06

Fig. 11. Difference spectra of liver microsomes with piperonyl butoxide. From83)
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which is known to be sensitive to irradation®®). We therefore have postulated the
following mechanism involving the formation of a carbene complex (Fig. 12).

Such carbene complexes may also be formed reductively by cytochrome P450
of liver microsomes from geminal polyhalogenated hydrocarbons. In the case of
halothane a complex with a Soret absorption band at 470 nm is formed which was
explained by a carbene formation according to the equations given in Fig. 13129),
By an independent method using 1,1,1-trifluorodiazoethane the same difference
spectrum was obtained which strongly suggests the carbene nature of the halothane
ligand.

With polyhalogenated methanes similar ligand spectra under reducing conditions
could be observed. As a product of this reductive pathway chloroform!27?) and car-
bon monoxide'?®) were detected. Since with 1*CCl, the resulting CO was found
to be labeled the intermediate formation of a dichlorocarbene seems likely (Fig. 14).

H
| +e +H* [ | +se+H* [ |
Fac-C-Cl 22270 |Fic-C-clf & FaC~Cl
0 “HBr L3 F “HCL 3
Br
Halothane 1 +Me
H
| + Me }i'
F3C-C=N3 F3C-C=Me

Metal- Carbene
Complex

Fig. 13. Proposed mechanism of carbene complex formation with liver microsomal cytochrome
P450 and halothane
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-CCly HCCl3
- Cl@!7 te T + H®
«cCl3 8. 2cel;
“P450"| -CI®
H20 1 Fig. 14. Reductive dehalogenation of carbon tetra-
~———— Fe=CClp chloride by liver microsomal cytochrome P450 under

-2HCI l

carbene complex formation

The reductive dehalogenation by liver microsomal cytochrome P450 is a reac-
tion competing rather effectively with the dioxygen reduction, especially when the
oxygen pressure is low!2?)_ It is interesting that it also proceeds in full analogy to
the dioxygen activation:

Fe?t + 0y — [FeOzl—ti_p— {(Fe=0Q]+ OH™
(| *H (18)
-0y oxenoid complex
2+ +e -~
Fe“" + CClq — FeCClz3 — [Fe=CCl;} + (]
| (19)

-CCl3 carbenoid complex

6.6 Reactive Intermediates

As a general rule the products of the microsomal monooxygenases are less toxic than
the parent compound, since this system has developed as a inactivation mechanism
for endogenous steroids and a detoxification mechanism for xenobiotics. Due to

its unspecificity, however, with some drugs or foreign compounds the monooxy-
genation may proceed by formation of reactive intermediates. They show an elec-
trophilic behavior in general. They may stabilize by further reaction with water or
glutathione as outlined in the preceding chapter. If the electrophilic attack occurs,
however, with sulfhydryl or amino groups of proteins or nucleic acids a covalent
binding will result139). By the use of labeled substrates it has become clear that co-
valent binding of metabolites is a rather common event although it usually is a minor
pathway of metabolism. Nevertheless, depending on the target molecule, very dra-
matic effects on the organism may be the consequence. There is ample evidence that
mutagenesis and carcinogenesis are mainly caused by the activation of environmental
chemicals by the microsomal monooxygenase system in liver, lung, skin or intestine 130
Therefore, the toxification mechanisms for such chemicals have gained broadest in-
terest in recent years.
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Well established is the activation of polycyclic hydrocarbons to arene oxides'3?).
3,4-benzo(a)pyrene forms several arene oxides from which a secondary metabolite,
the 9,10-dihydrodiol-7,8-epoxide has been proved highly carcinogenic 133) 1t pre-
ferentially binds to deoxyguanosine and deoxyadenosine in DNA and by a series
of further still unknown events leads to the formation of cancerous cells. The micro-
somal epoxide hydrase converts arene oxides and epoxides to inactive dihydrodiols
and therefore competes with the covalent binding process'3¥.

A different activation mechanism is responsible for the carcinogenic properties
of a series of nitrogen compounds. The primary activation step seems to be the for-
mation of N-hydroxy derivatives in which the hydroxyl group either directly or after
conjugation with sulfate or glucuronic acid serves as a leaving group!3%), N-acetyl-
aminofluorene is a well investigated example of this group of chemicals.

An entirely different mechanism is involved in the toxicity of certain polyhalo-
genated compounds. As mentioned in Chaps. 6.3 and 6.5 two one electron reducing
steps can lead to radicals and carbenes as reactive intermediates, which probably are
responsible for lipid peroxidation and covalent binding to lipids and proteins fol-
lowed by cell necrosis or even cancer!3%.

Another class of potentially toxic compounds are catechols which may be formed
either from phenols by secondary hydroxylation or by dehydrogenation of di-
hydrodiols resulting from enzymatic or spontaneous arene oxide hydration. The

reactive species from catechols could be quinoid or semiquinoid oxidation prod-
ucts!37, 138)

Many of the toxification pathways have merely been postulated on the basis
of covalently bound labeled metabolites without establishing the chemical mechanism.
This seems to be an interesting challenge for chemists and toxicologists.

6.7 Uncoupling Reactions

The normal reaction cycle converts one mole of substrate under consumption of
stoichiometric amounts of reduced pyridine nucleotide and dioxygen to one mole
of product and water. Specific monooxygenases usually show this stoichiometry
but in liver microsomes hydrogen peroxide can be formed (Chap. 6.3) which in-
creases the relative NADPH and O, consumption.

In the absence of exogenous substrates liver microsomes oxidize NADPH almost
exclusively to hydrogen peroxide, due to an autoxidation of the cytochrome P450
and to a minor part also the NADPH-cytochrome P450 reductase!96). A special si-
tuation arises when a lipophilic organic compound triggers the reduction, followed
by oxygenation and active oxygen complex formation, at the cytochrome but fails
to incorporate the oxygen atom because of chemical or sterical reasons. Chemical
reasons apply when no functional group can accept the oxygen atom as with ali-
phatic perfluorinated compounds86: 13%). The C—F bond is too strong to be cleaved
and no products are derived. Sterical reasons may apply if the compound binds
tightly to the active site but has no hydroxylatable position reaching the catalytic
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site. Androstendione binding to steroid-21-monooxygenase of adrenal microsomes
would be an example for this kind of “dead-end” inhibitors!*?_ For bacterial flavin-
dependent monooxygenases this phenomenon has first been described as “uncou-
pling”, which later has been used also for microsomal monooxygenaseswg). Sur-
prisingly, the flavin-dependent monooxygenases yielded hydrogen peroxide as a
product of uncoupling!4!), whereas with perflucron-n-hexane as an uncoupler in

the microsomal system no hydrogen peroxide was found (Kuthan, H., Ullrich, V.,
unpubl.), but a stoichiometry of two NADPH per one dioxygen molecule. Thus,

the active oxygen complex was further reduced to water and not liberated as hydro-
gen peroxide, which is an indication of a different mechanism of oxygen activation
in flavin-dependent monooxygenases compared with heme-sulfur monooxygenases.
It is also in agreement with an [FeO]>* structure of the cytochrome P450-active
oxygen complex, which is unlikely to attack water under formation of hydrogen
peroxide. It was interesting to find that uncouplers of the microsomal system cause
a more rapid co-oxidation of NADH®®). Evidence was presented that NADH via cyto-
chrome bs reduces the uncoupled active oxygen complex faster than NADPH via
cytochrome P450 reductase and thus saves electrons needed for the monooxygenase
reaction®® . This phenomenon can explain, at least in part, the more than additive
stimulation of the monooxygenase reactions (“‘synergistic effect”s")) in the presence
of both pyridine nucleotides.

It seems wise to differentiate the uncoupling reaction from the earlier described
autoxidation of reduced cytochrome P450, which forms hydrogen peroxide via
O3 radicals as the reduction product of dioxygen. Both reactions, however, can
occur in vivo and are physiological side reactions due to the unspecificity of the
microsomal monooxygenase system.

The origin of the side-reactions in the liver microsomal monooxygenase system
is summarized in Fig. 15.

MICROSOMAL OXYGEN ACTIVATION

RH
Foll o N\ » Pl ... BEIOXGTE o 6
2 Hy0 RH reaction" 272
ROH /
J / " +0,H
“uncoupling "oxidase
2H* reaction"
? ;emo 2e ’;eHn *OzH
* RH
Hzojl 1/02 +HY
2H*
FelOZ| « Fe0, « — FeTO;
RH N\ RH RH

Fig. 15. Complete scheme of dioxygen activation by microsomal cytochrome P450
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7 Regulation of Enzyme Activity

The description of cytochrome P450 dependent monooxygenases would be incom-
plete without mentioning the regulation of the enzyme activity in the cell. From
the mechanism of action it is evident that the monooxygenase activity is directly
proportional to the concentration of the heme-sulfur protein. In addition, however,
since the electron transfer is rate limiting in all systems, the concentrations of the
electron transport proteins are a second parameter. A higher activity of the iron-
sulfur proteins or the flavoproteins, respectively, will increase the turnover of the
hemoprotein and hence increase the monooxygenase activity.

Details of the regulatory mechanisms are not yet known, but the expression of
the bacterial camphor-5-exo-monooxygenase seems to be under substrate control.
A variety of closely related camphor derivatives can also act as inducers*?. The genes
for the monooxygenase are carried by plasmids and one could speculate that a de-
pressor protein is synthetized which is inactivated in the presence of the inducer.

Much more complicated are the regulatory mechanisms involved in steroid bio-
synthesis. The conversion of cholesterol to glucocorticoids, mineralocorticoids, andro-
gens or estrogens is under hormonal control and often mediated by cyclo AMP!4?)
Specific receptors and feed-back control are further factors in the regulation of these
important monooxygenases, without which no higher organism can survive.

Different again is the regulation of the xenobiotic monooxygenase system in
higher organisms. The steady state levels of the various multiple forms of the heme-
sulfur proteins seem to be controlled by the influence of the xenobiotics on the bio-
synthesis and degradation of the hemoproteins. When administered to the organism
some compounds cause the increase of the cytochrome P450 level and to a lesser
extent also of the specific content of the microsomal cytochrome P450 reductase.
The increase of the cytochrome P450 does not occur uniformly for all forms but
some compounds specifically induce only one or two forms. Such specific inducers
are 3-methylcholanthrene or 3,4-benzo(a)pyrene'*® whereas phenobarbital'** or
polychlorinated biphenyls'*%) are less specific and induce several cytochrome P450
species. The efficiency of such inducers can be demonstrated very clearly for the
monooxygenase system in the intestine. The activity present in normal animals can
be almost completely suppressed after feeding a diet for 3 or 4 days which was ex-
haustively extracted with n-hexane to remove all potentially inducing agents
(Ulirich, V., unpublished). This indicates that only exogenous compounds present
in the environment are inducers of this system. The liver still contains about half
of its original activity after this procedure suggesting that for this organ also endo-
genous inducers like steroids or bile acid precursors exist. The molecular mechanism
of induction by xenobiotics is also not fully understood, but the presence of cyto-
solic receptors for lipophilic drugs was strongly suggestedl%).
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8 Other Monooxygenases

To fully evaluate the role of heme-sulfur containing monooxygenases it should be
briefly discussed which other prosthetic groups exist for dioxygen activation in
different monooxygenases. As already mentioned a variety of bacterial monooxy-
genases are known which contain flavin as the oxygen reducing factor'*”). The re-
duced flavin probably forms a peroxide intermediate capable of hydroxylating aro-
matic compounds!4?). A similar role could be played by tetrahydropteridine as a
cofactor in phenylalanine hydroxylation“”). However, more recently iron was
found to be necessary for the process”s), 50 that an activation of dioxygen by a
ferrous complex is more likely and tetrahydropteridine would merely serve as an
electron donor. Iron also is involved in other monooxygenases for amino acids, like
4-hydroxy-phenylpyruvate monooxygenase or prolyl-4-monooxygenase'49). The
latter enzyme uses a-ketoglutarate as an electron donor according to the equation:

COOH CO0
O, + prolyl-peptide + [ — | +CO;
Fe
CH, CH,
| | +4-OH-prolyl-peptide (20)
CH, CH

CO-COOH COOH

Other enzymes of the same type hydroxylate lysyl residues in a peptide chain,
y-butyrobetaine, thymidine in the 7-position and pyrimidine deoxyribonucleosides
in the 2’ position149). Hayaishi!5? uses the term “dioxygenase” for these enzymes,
although only one oxygen atom is introduced into the substrate and the other is
used for the decarboxylation and appears in the succinate. Since this decarboxyl-
ation occurs with a favorable free energy it drives the reaction towards hydroxyl-
ation. These enzymes are therefore analogous to the water-forming monooxygen-
ases and hence should be named correspondingly.

Another type of iron-containing monooxygenase was first described by Bern-
hardt et al.!51 and contains a two iron-two-acid-labile-sulfur cluster. It was isolated
from bacteria and catalyzes the O-demethylation of 4-methoxybenzoate!® D The
corresponding electron transport chain involves NADH, a flavoprotein and a second
iron-sulfur protein'*?). It seems that many more bacterial monooxygenases belong
to this type rather than to the heme-sulfur-containing category.

Finally, the group of copper-containing monooxygenases should be mentioned.
The most wellknown example is dopamine-g-monooxygenase. Without doubt Cu*
is the dioxygen activating component'$? but two copper ions seem to be neces-
sary'3® . Ascorbate serves as an electron donor. A second example of the copper-
type is phenol-ortho-monooxygenase, which was one of the first monooxygenases
studied® 135, The peculiar property of this enzyme is that the product of the reac-
tion, a diphenol, serves as a reductant for the cupric ions formed during the reaction.
This short survey of other monooxygenases should point out that nature has devel-
oped other dioxygen activating mechanisms, although most of them involve iron and
all require a two electron reduction of dioxygen.
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9 Model Systems for Monooxygenases

The ease and specificity by which monooxygenases catalyze hydroxylations or epoxi-
dations of organic compounds has fascinated chemists from the beginning. Model
systems were first developed to understand the mechanism of dioxygen activation,
but a direct application for organic synthesis either in a semipreparative or even in

a technical scale has always been considered.

9.1 Udenfriend Systems

The first model proposed for the drug monooxygenase system in liver microsomes
was described by Udenfriend et al.156) and since then referred to as the “Udenfriend
system”. It consists of ferrous iron, EDTA and ascorbate which are incubated aerobi-
cally in an aqueous buffer of pH 5—8. Aromatic compounds were hydroxylated in
this mixture to phenols and the substitution pattern pointed to an electrophilic mech-
anism. Breslow and Lukens!S” argued that the Udenfriend system was not dif-
ferent from the Fenton system'*®) since the autoxidation of ascorbate provides
hydrogen peroxide, which by the reduction with ferrous ions forms hydroxyl radi-
cals as hydroxylating agent:

o
Ascorbate _, Dehydroascorbate + H50, (21)
H,0, + Fe?'—— OH +Fe* +oH™ (22)

Later, by studying carefully the product patterns in the Udenfriend system and
in a system in which hydrogen peroxide was reduced by the Fe2* /EDTA complex
in the presence of ascorbate, it was postulated by Staudinger and Ullrich159- 160)
that besides hydroxyl radicals a second hydroxylation mechanisms must be present,
which was characterized by a random distribution of phenolic products in contrast
to the electrophilic pattern observed with OH radicals. This mechanism, called the
“oxenoid” mechanism, was found in all systems consisting of autoxidizing metal
ions, but hydroxyl radicals were usually the predominant hydroxylating species.
Only the system stannous phosphate/dioxygen showed a random pattern of products
and was clearly different from that observed with OH radicals!®?) (Table 6).

The stoichiometry of these hydroxylations involved one stannous complex, one
dioxygen molecule and one product. By the use of the stable oxygen isotope 189
the incorporation of molecular oxygen into the substrate was demonstrated. Thus,
this oxenoid mechanism fulfilled exactly the stoichiometry of the monooxygenases,
but did not hydroxylate in an electrophilic pattern. It was concluded that the active
oxygen in this system must be a more powerful oxidant than in cytochrome P450-
dependent reactions, but at the same time the existence of this mechanism demon-
strated that a two-electron reduction of dioxygen by a metal complex could form
a potent hydroxylating oxenoid species.

All further attempts to find a real model system with electrophilic properties
of the oxenoid species proved unsuccessful. As a closest approach to the structure
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Table 6. Hydroxylation pattern of organic compounds in a modified Fenton system and in the

stannous phosphate-dioxygen system1°7)
Compound Product % of total products
Fe2* EDTA/ascorbate/  Sn?*/HPOZ /0,
Hy02/N;
Acetanilide 2-OH 46,5 34
3-OH 2,5 44
4-0H 51,0 22
Anisol 2-OH 66 36
3-0H 0 47
4-OH 34 17
Toluene 2-OH 59 46
3-OH 10 37
4-OH 31 17
2-Methylbutane prim. alc. 0 24
sec, alc. 0 20
tert. alc. 0 56

of cytochrome P450 an iron II-2-mercaptobenzoic acid complex was reacted with
dioxygen in aqueous acetone 'Y The pattern of alcoholic and phenolic products
was very similar to those observed with cytochrome P450, but the migration of sub-
stituents to the adjacent ring position of the phenolic group could not be demon-
strated. Recent work with five-coordinated heme-thiolate complexes also did not
succeed, but this was not to be expected since an active oxygen generated in the
presence of a mercaptide would immediately react and would not be available for
hydroxylation reactions.

9.2 Peracids

A completely different approach started out from a suggested peroxo structure of
the active oxygen and used trifluoro peracetic acid as an oxidizing agent!%?+ 163,
Indeed, aliphatic and aromatic hydroxylations with strongly electrophilic product
patterns were observed'®. A migration of substituents also occurred but the H/D
kinetic isotope effect was only 2—3, compared to 10—12 in the enzymatic reaction.
This was in agreement with the postulated polar reaction mechanism of the peracid %%
in contrast to the radical hydrogen abstraction assumed for the heme-sulfur-oxenoid
complex. So again, the peracids can be considered as models for an oxenoid mecha-
nism. However, a peracid structure is not identical with the active oxygen complex,
although such a hypothesis has been put forward by Hamilton!69),

A more promising approach could be the interaction of ferric heme-sulfur com-
plexes with oxene donors like 3-chloroperacetic acid, cumene hydroperoxide or iodoso-
benzene, since cytochrome P450 seems to react with these compounds by formation
of the active oxygen species. Attempts in this direction have been made, but so far
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were unsuccessful because of the rapid oxidation of the mercaptides by the oxene
donors (Ullrich, V., unpubl.).

This points to an important function of the heme and the protein in cytochrome
P450 monooxygenases: the mercaptide as the fifth ligand has to be completely sep-
arated from the active oxygen, otherwise a rapid oxidation of this ligand would take
place. In terms of this property of the enzyme, which will be also a critical require-
ment for a true model system, more sophisticated heme sulfur complexes with shielded
mercaptide ligands have to be synthesized.

10 Outlook

Much progress has been made in the last ten years to elucidate the structure and
mechanism of cytochrome P450-dependent monooxygenases. Much of it is indirect
evidence but direct proof will require the X-ray structure of one hemoprotein, which
probably will be the protein from Ps. putida. The most interesting feature still is

and will be the oxygen activation process for which a very likely mechanism has
been proposed, but also here a direct characterization of the active oxygen complex
is necessary. Very often enzyme mechanism are merely of academic concern but in
this case pharmacologists and toxicologists, as well as chemists, will profit from any
progress made in this respect.
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J. Reden and W. Diirckheimer

1 Introduction

Aminoglycoside antibiotics play a central role in the therapy of infectious diseases.
Streptomycin, the first member of this class, was isolated from the culture filtrate
of Streptomyces griseus by S. A. Waksman® in 1944. Since then a great number of
new aminoglycosides have been discovered and their structures elucidated. For many
years they were considered unfavorable for therapeutic use as antibacterials, because
of their oto- and nephrotoxicity and their lack of enteral absorption.

The discovery of Gentamycin? and its successful utilisation for the treatment
of serious gram-negative infections has contributed in the last years to increasing clini-
cal use and to a rapid development of the chemistry and biochemistry of aminoglyco-
side antibiotics. Also of importance in the further exploration of this class of com-
pounds are the new chemical and physico-chemical methods, e.g. H- and 3C-NMR-
spectroscopy, mass spectroscopy, X-ray analysis and the different chromatographic
methods. Synthetic efforts and studies of the inactivation mechanism have provided
a preliminary insight into the relationship between structure and activity.

There are already several comprehensive reviews of the chemical, biochemical
and medicinal aspects of aminoglycosides3~!%?). This report mainly describes the
progress made in chemistry and medicinal chemistry since 1970. Previous work will
be discussed only when it appears necessary for better understanding.

Table 1. Therapeutically important aminoglycoside antibiotics

Chemical name Structural Year of Trade name
type discovery
Streptomycin 1 1944 Solvo-Strept **S™ #, Strepto-
‘ thenat?

Dihydro-streptomycin 1 Solvo-strept?

Neomycin B 2b 1949 Bycomycin® Framycetin®
Myacyne?

Paromomycin 2b 1959 Gabbromycin? Humatin?

Kanamycin A 2¢ 1957 Resistomycin?, Kanabristol?,
Kanamytrex

Kanamycin B 2¢ Kanendomycin

Gentamycin 2c 1963 Refobacin?, Sulmycin?,
Garamycin

Tobramycin 2¢ 1967 Gernebcein?

Sisomicin 2c 1970 Extramycin b, Pathomycinb

Amikacin 2¢ 1970 Biklin®, Amikin

Spectinomycin 3 1960 Stanilo®

2 Rote Liste, Editio Cantor, Aulendorf/Wiirttemberg (1975).
Die Liste Pharmaindex III/76, . M.P. Verlagsgesellschaft mbH, Neu-Isenburg.
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Aminoglycoside Antibiotics

II Basic Structure, Structure-Elucidation and Physico-Chemical Properties

Aminoglycoside antibiotics contain as a fundamental structural feature an aminocyc-
litol moiety, which has a glycosidic link with one or more sugars or amino-sugars. Gen-
erally the glycosidic linkages are of the a-configuration. Depending on the aminocyc-
lito] present and the site of the linkages, the aminoglycosides can be divided into the
following types:

Type 1: Streptidine-containing antibiotics

OH
HO R!
0] OH
O,
® NH—ﬁ-NH2
R3-H,C 1‘25 NH
OH O NH
OH
OR? Fig. 1. Structural t 1
HZOH 1g. L. structurail type
R! R2 R3 R* RS Ref.
1 Streptomycin ~NHC(=NH)NH; CHO H H CHj; n
2 N-Demethylstreptomycin ~ -NHC(=NH)NH, CHO H H H 11)
3 Hydroxystreptomycin —NHC(=NH)NH, CHO OH H CH; 12)
4 Mannosidostreptomycin -NHC(=NH)NH CHO H ?  CHj3 13)
5 Mannosidohydroxystrepto- —NHC(=NH)NH, CHO OH 2 CHj, 14)
mycin
6 Dihydrostreptomycin ~-NHC(=NH)NH,; CH;OH H H  CH; 15)
7 Bluensomycin -OCONH, CH;OH H H  CHy 16)
a CH,OH
HO H
HO
Type 2: Deoxystreptamine-containing antibiotics
Type 2a: 4-Substituted deoxystreptamine
—R!
., CH 1 2
Rt L0 R R Ref.
HO r NH & Neamine NH, OH 17)
H,N fo) 2 9 Paromamine OH OH 18)
34 Seldomycin
HO NH, factor 2
OH (XK-88-2)
=4-Deoxyneamine NH; H 34)

Fig. 2. Structural type 2a
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Type 2b: 4,5-Disubstituted deoxystreptamine

cn,~R
HO Q
R! -
HN NH,
HO R t 5
N .
» R2 S 1 NH,
Ri0-> Q 0 OH
3
HO R 172 Fig. 3. Structural type 2b
NH, OH
o}
R R! R? R3 R* Ref.
10 Neomycin B NH, OH H CH;NH, H 19)
11 Neomycin C NH, OH CH;NH, H H 19)
12 Paromomycin 1 OH OH H CH,NH, H 20, 19b)
13 Paromomycin i1 OH OH CH,NH, H H 21, 19b)
14 Lividomycin A OH H H CH,NH, @ 22)
(Quintomycin B)
15 Lividomycin B OH H H CH,NH, H 22)
(Quintomycin D)
16 Quintomycin A OH OH H CH,NH, 2 22)
a CH,OH
HO 5
HO
R]
NH,
R2
—NH,
HO OH
HO
Fig. 4. Structural type 2b
R R! R2 R3 R4 Ref.
17a Hybrimycin A4 NH, H OH H CH,NH, 23)
b Hybrimycin Ay NH, H OH CHNH; H 23)
¢ Hybrimycin B, NH, OH H H CH,NH, 23)
d Hybrimycin B NH, OH H CHyNH, H 23)
e Hybrimycin C; OH H OH H CH,NH, 23)
f Hybrimycin C OH H OH CH,NH, H 23)
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+ CHR
RI
HO -
H
BN | NH,
o
HOH, 0 NH-R?
o OH'
3
Fig. 5. Structural type 2b
R* OH
R R! R? R3 R4 Ref.
18 Ribostamycin NH, OH H H OH 24)
19 Xylostasin NH, OH H OH H 25)
20 Butirosin A NH, OH a OH H 26)
21 Butirosin B NH, OH a H OH 2:)
22 4'-Deoxybutirosin A NH, H a OH H 27)
23 4’-Deoxybutirosin B NH, H a H OH 27)
24 LL BM408a OH OH H H OH 28)
25 BU-1709E, OH OH 2 OH H 29)
26 BU-1709E, OH OH a H OH 29)
3 = CO-CHOH-CH,—CH,NH,.
Type 2c: 4,6-Disubstituted deoxystreptamine
CH,-R
HO
Rl
¥ " NH
R2 2
0
HO NH,
0 1
&:IZOR3 Fig. 6. Structural type 2¢
HO - OH
NH,
R R! R? R3 Ref.
27 Kanamycin A NH, OH OH H 30)
28 Kanamycin B NH, OH NH, H 31
29 Kanamycin C OH OH NH, H 32)
30 Tobramycin NH, H NH, H 33)
(Nebramycin factor 6)
31 Nebramycin factor 4, NH, OH NH, CONH, 33)
32 Nebramycin factor § NH, H NH, CONH, 33)

59 Nebramyecin factor 2 Apramycin, see Fig. 10
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+ CH—R
RL

HO

" NH,

H,N
0
HO 1 NH,

(o}

Fig. 7. Structural type 2¢

R R! R? R3 Ref.

33 Seldomycin factor] OH OH OH OH 39
(XK-88-1)

34 Seldomycin factor 2 See structural type 2a
(XK-88-2)

35 Seldomycin factor 3 NH, OH OH OH 349
(XK-83-3)

36 Seldomycin factor 5 NH, H NH, OCH; 3%
(XK-88-5)

34)

Fig. 8. Structural type 2¢

R4 RS R® R7 Ref.

o
=
=
~N
o
W

37 Gentamicin C; CH; NHCH; H H NH, OH CH3 NHCH; 3%,36)

38 GentamicinC; ~ CH3 NH, H H NH, OH CHj NHCHy 3% 36)

39 GentamicinC;, H  NHj H H NH, OH CHj NHCH3 3% 36

40 Gentamicin C2,2  CH3 NH; H H NH, OH CH; NHCH; 36379

41 Gentamicin Co.q® H  NH; H H NH, OH CH; NHCH; 3¢

42 Sagamicin H  NHCH; H H NH, OH CH3 NHCH3 37
(XK-62-2)

Gentamicin Cyy
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R R! RZ R3 R4 RS R6 R? Ref.
43 Gentamicin A H OH OH OH NH; H OH NHCH; 38)
44 GentamicinA;, H  OH OH OH NH, OH H NHCH, 39)
45 GentamicinA, H  OH OH OH NH, H OH OH 40)
46 GentamicinA; H  NHj OH OH OH OH H NHCH;3 39)
47 GentamicinA4 H  OH OH OH NH, H OH N(CHO)CH3 39
48 Gentamicin X, H  OH OH OH NH, OH CH; NHCH; a1
49 Gentamicin B H NH, OH OH OH OH CH; NHCH, 41)
50 Gentamicin B, CH; NH, OH OH NH; OH CH; NHCH3 41)
51 G418 CHy OH OH OH NH, OH CHj3 NHCHj; 42)
52 JI-20A H NH, OH OH NH; OH CH; NHCH, 43)
53 J1-20B CH3; NH, OH OH NH, OH CH; NHCH3 43)

2 Stereoisomer of Cyat C-6°

Stereoisomer of Cy, at C-5'
For some other gentamicin related antibiotics, produced by gentamicin C producing Micromono-
spora species in a minor amount see Ref.49),

R R! R? R3 Ref

54 Sisomicin H H OH CHy 49
NH, 55 Verdamicin CH; H OH CHz 94246
56 G-52(Sch17726) H  CH3 OH CHy 47
Ny, 766408 H H H OH 4
oy ! ? 58 66-40D H H OH H 14
o}
HO RJ
4
/NH RZ Fig. 9. Structural type 2c
CH,

Type 3: Different structures

CH,OH
H,N Ref.

HO

59 Apramycin 33,49)

(Nebramycin factor 2)
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4
on K
HO R* CH,OH
/
0 0 CH
“NH,
R2
RS
0 CH,OH
HO
OH Fig. 11.
HN NH
/ RS \
R R!
R Rr! RZ R3 R* RS RS Ref.
60a Destomycin A CH; H OH H OH H H 50, 50a)
b Destomycin B CH; CHy H OH H OH H 50)
¢ Destomycin C CH; CH; OH H OH H H 50b)
d Hygromycin B H CH,3 OH H OH H H 51)
e $8356C H H OH H OH H OH 52)
I 8S-56 D (A-396-I) H H OH H OH H H 52)
H,C NH,
v
GH R CH,
\/ H,C NH,
NH N \C/H
2
HN | on o
HO
H
OCH, 0 NH,
61b
6la, ¢ HO—
H.C—N
| OCH,
R
Fig. 12,
R Ref.
6la Fortimicin A  —~CO-CH,NH, 53, 53a)
(XK-70-1)
b FortimicinB H 53, 53b)
(XK-70-2)
¢ Fortimicin C 53e)

—CO-CH,NH-CONH3
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?HH H R R! Ref
H,C—HN } O._ ..CH,
HO o 62 Spectinomycin (hydrate foorm) OH OH 54)
HO / 62a Dihydrospectinomycin H OH 54b)
P R R!
H,C Fig. 13,
CH,OH
R Ref.
HO
HO
OH 63a ValidamycinA  H 5%)
NH b Validamycin E CH,0H 55)
HO 0
HOH,C Ho
HO OH HO
0 o CH,OH
OH
C—C
? 64 Hygromycin A. Ref.5 6)
C-C NH
w :©/ \CH{ OH
Fig. 15.
2
CH:;NH2
H,N
OH
OH
(0]
HO NH
HC),HC OH 1
( 10), \CH2 o ?_O
Ho~(C~=HN—C—NHm=C—=H 65 Minosaminomycin. Ref.57)
COOH CH,
HN
g
IT H
H Fig. 16.
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o, NH:
HOOC—C—HN
NH
HO OH 66 Kasugamycin. Ref.58)
o}
HO~/
OH Fig. 17.
OH
CHOH  GHNH, R Ref.
R Q H-—c—oH
HO H-C—OH 67a Sorbistn A;  ~NH—COCH,CHj 59)
OHo-—(':—H b Sotbistin A, —NH—COCH,CH,CHj3 59)
¢ Sorbistin B —NH-COCH3 59)
H—?—NHl d Sorbistin D —NH, :Z;
e Sorbistin C —OH
H-C-OH 68a AM 3la —NH, 60)
CH,OH b AM31g ~NH—COCH,CH3 60)
Fig. 18. ¢ AM3ly ~NH-COCH;, 60)

Many physico-chemical properties of the aminogly cosides are similar because of
close relations in the structural units of the compounds. The aminoglycosides are stable,
colourless, amorphous basic compounds, readily soluble in water and slightly soluble
or insoluble in organic solvents. In acidic solutions and at elevated temperatures, de-
gradation to smaller molecules occurs by cleavage of the glycosidic linkages. Selective
cleavage of the glycosidic linkages can be achieved under carefully controlled reaction
conditions.

Due to the presence of several asymmetric centres all aminoglycosides are opti-
cally active. The specific rotation [a]p, is dependent on the structural type”a).

Structural type 2b [a]p = 40— 80°
2¢ [a]p =120-160°

Elucidation of the structures of newer aminoglycosides becomes easier due to the
extensive practical experience developed in working with this class of compounds
and because of the application of modern analytical methods.

The most difficult step is usually the careful purification, the separation of simi-
lar or isomeric minor components and the preparation of crystalline derivatives. Pre-
viously the formation of slightly soluble salts like helianthates and reineckates were
used for the purification of the aminoglycosides. Today this method has been mostly
replaced by chromatography with ion exchange resins. Cation exchange resins
and adsorbents like silicagel, alumina and the dextran gels, are also very important
for preparation and purification on a technical scale. For analytical determination
of the aminoglycosides, paper chromatography, adsorption- and exchange-TLC, elec-
trophoresis and gaschromatography are used®'~®%_ A comprehensive survey is given
by G. H. Wagman and M. J. Weinstein®®.
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Microbiological assays have been developed for the quantitative determination
of microgram amounts of the aminoglycosides in biological materials (blood, tissue).
The serum concentration is directly related to the inhibition zone diameter after
microbiological procedures(’s“""). Enzymatic methods for determining aminoglyco-
side antibiotic concentrations in serum are faster and more exact, namely acetyltrans-
ferases of R-factor carrying E. coli strains convert aminoglycosides in the presence of
14C.acetyl-coenzyme A into a specifically acetylated radioactive derivative, which
can be determined after separation on phosphocellulose paper’®~72,

An analogous method uses the enzyme AMP-transferase, which adenylates hyd-
roxy groups of the aminoglycosides in the presence of !*C-ATP or 3H-ATP73~79),
Radioimmunoassay techniques are also useful for the quantitative determination of
aminoglycosides 7.

In structure-elucidation studies manifold use of physical methods such as IR-
and NMR-spectroscopy8°—83), Reeves’s Copper complexing method®®, and X-ray
crystallographic analysis®®) are employed, supplemented by circular dichroism®®,
13C.NMR (CMR)-spectroscopy®’~92), and mass spectroscopic studies?>~29). Chem-
ical work mainly serves the purpose of preparing suitable derivatives or definite frag-
ments via methanolysis and mercaptanolysis, of the molecules.

In particular, the development of NMR-spectroscopy, e.g. INDOR-technique
and CMR-spectroscopy, have facilitated the elucidation of structure and conforma-
tion of the carbohydrates. One of the main advantages of the CMR-technique is the
large range (up to 200 ppm) over which the chemical shifts may be observed, thus
making possible a better resolution than in PMR-analysis. The chemical shifts of
C-atoms with similar environment in different glycosides are remarkably constant, per-
mitting assignment for novel compounds through comparison of chemical shifts of
known and unknown compounds. The measurement of off-resonance decoupled
spectra provide additional useful data. The chemical shifts also indicate changes in
conformation in the molecules.

Mass spectral determinations require that the compound under analysis should
be sufficiently voiatile and stable. For the aminoglycosides the volatility is increased
by derivatisation e.g. N-acetyl-O-trimethylsilyl-, N,O-trimethylsilyl-, N-acetyl-N,O-me-
thyl and N-salicyliden compounds.

To obtain a molecular ion, mild ionisation techniques are employed, i.e. electron
impact (E.1.) with low ionization energy, chemical ionisation (C.1.) or field desorption
methods (F.D.). The manner in which the various physical methods have been em-
ployed to elucidate the structure of the most important aminoglycoside antibiotics

has been reviewed in detail by S. Umezawa®.

III Characteristic Biological Properties and Methods for Their
Improvement

Aminoglycosides are bactericidal antibiotics with a broad spectrum of antimicrobial
activity®”®. In particular, the pseudotrisaccharides of structural type 2¢ (Kanamy-
cin B, DKB, Amikacin, Tobramycin, Gentamicin C-complex, Sisomicin and Verda-
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micin) having a deoxystreptamine moiety show high activity against gram-negative
bacteria such as Pseudomonas, Proteus, E, coli, Enterobacter, Serratia and Kleb-
siella, which cause potentially fatal infections®”). Rickettsiae, viruses, fungi, yeasts
and protozoa are, however, resistant to aminoglycosides. Bacteriological in vitro
data from different laboratories (MIC in mcg/ml) have been published®®. Because
of their strong dependence on the experimental parameters, the MIC values are only
comparable if the experimental conditions are standardised. Some of the important
parameters to be standardised are nutrient media of known composition with respect
to alkali- and alkaline-earth ions, pH values and concentrations of serum®7® 99-106)

A survey of MIC values and pharmacological data of aminoglycosides has been
published by G. G. Grassi”). For the comparison of antibacterial activity of the dif-
ferent aminoglycosides, a cumulative graphical representation has often been used.
The percentage of inhibition of clinically relevant strains is plotted against increas-
ing antibiotic concentrations.

Figure 19 is an example of this kind of representation for tobramycin, genta-
micin and amikacin. The order of potency of these compounds can vary depending
on the number and sensitivity of the strains used.
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Fig. 19. (a) Serratia marcescens (50 strains); (b) Proteus mirabilis (56 strains); {c) Klebsiella (50
strains); (d) Pseudomonas aeruginosa (50 strains); Bodey, G. P., Stewart, D.: Antimicrob. Agents
Chemoth. 4, 186 (1973). A = Amikacin, G = Gentamicin; K = Kanamycin; T = Tobramycin

Tobramycin possesses a two- to fourfold higher activity than gentamicin and si-
somicin against strains of Pseudomonas aeruginosa but a reverse order has been
shown against Serratia and indole-negative Proteus species. The other gram-negative,
pathogenic strains of bacteria have comparable sensitivity against these anti-
biotics?8¢ 197), Several research groups have published additional biological data
on other aminoglycosides: lividomycin'®® butirosin!®and ribostamycin!'?. Des-
pite similarities in the structures of the most potent compounds, there are significant
differences in sensitivity of strains belonging to the same bacterial species. Before
aminoglycoside therapy is commenced, it is therefore necessary to test the sensiti-
vity of the causative organisms against the different compounds!!?. Combinations
of penicillins or cephalosporins with aminoglycosides show synergistic effects’®® 12)
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There are some reports of renal damage in cases of such therapeutic combinations,
e.g. gentamicin and cephalothin®?.

Streptomycin and dihydrostreptomycin are used only in special cases, €.g. in
combination with isoniazid for the treatment of tuberculosis or in combination with
tetracycline in the case of brucellosis'!¥.

In spite of the broad antibacterial spectrum of aminoglycosides and their effec-
tive utilisation in cases of severe bacterial diseases, world-wide attempts have been
made to develop new aminoglycosides with improved properties and reduced side
effects. A main goal in the development of new semi-synthetic products has been
the selective protection and modification or elimination of the numerous hydroxyl-
and amino groups, the exchange of specific aminosugars or aminocyclitols and the
introduction of amino acids as in butirosin.

This work has contributed to an improvement in our knowledge of structure-
activity relationships and mode of action.

What were the specific aims of these studies?

1. To enhance the inhibitory action (MIC value) in order to attack less sensitive mic-
roorganisms.
2. To overcome secondary resistance which has increased due to the frequent sys-
temic and local administration of aminoglycosides.
. To exclude or at least diminish side effects.
4. To attain enteral absorption (all aminoglycosides have to be administered by the
parenteral route) and to optimise pharmacokinetic properties.

w

III.1 Total Syntheses

The successful clinical application of aminoglycoside antibiotics has stimulated
worldwide intensive investigations into the possibilities of their synthesis. Due to
the complicated stereochemistry and the numerous functional groups, it required
many years before the first total synthesis of aminoglycosides was accomplished.
Fundamental studies have been performed by S. Umezawa® and his research groups
in Japan. The total synthesis of a natural product provides not only the final proof
of its structure, but also shows new ways for the synthesis of structurally similar
compounds, usually inaccessible by biosynthesis. Furthermore the provision of in-
termediates for antibacterial testing permits a clearer insight into the structure-ac-
tivity relationships. All new, clinically important aminoglycoside antibiotics have
been obtained by fermentation, with the exception of Amikacin and DKB (3',4-
dideoxykanamycin B), which are semi-synthetic derivatives of kanamycin A and B.
The total synthesis of an aminoglycoside can be divided into the following steps:
1. Synthesis of monosaccharides or pseudodisaccharides, selective protection of func-
tional groups and activation for the condensation reaction.
2. Formation of the a-glycosidic linkage and separation of possible isomeric by-pro-
ducts.
3. Deprotection, if necessary selectively in several steps, and eventually further con-
densation reactions.
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Amino groups are often protected by ethoxycarbonyl-, benzyloxycarbonyl-, for-
myl-, acetyl- and 2 4-dinitrophenyl groups or by Schiff-bases. Azido groups are suit-
able precursors for amino groups. Hydroxyl groups can be protected by acetyl-, ben-
zyl-, or trityl groups. Vicinal hydroxy groups form cyclic acetals (e.g. isopropylidene
or cyclohexylidene). Vicinal OH, NH, groups may be converted to cyclic carbamates
(oxazolidinones), which can be selectively cleaved. Numerous examples with biblio-
graphical data are given in Section I11.2.

One of the difficulties in the total synthesis of aminoglycosides lies in the for-
mation of the glycosidic link. Stereochemical controls to receive definite regiospe-
cific structures (especially the a-glycoside) are difficult and often result in poor
yields. A comprehensive survey on problems of O-glycoside synthesis has been pub-
lished by G. Wulff and G. Rohle!! ¥, Since the successful studies of Koenigs and
Knorr*'%) | 1-halosugars have been mainly used in different solvents in the presence
of acid and water scavengers (Ag, 0, Ag,CO3, AgClO4, Hg(CN),, HgBr, and dri-
erite). These methods are not stereospecific and they result in a mixture of anomers.
Lemieux et al.!!® found an efficient glycoside synthesis, which utilizes the cis-direct-
ing effect of a C-2-nitroso group in a 1-halosugar. Dimeric nitroso sugars of type (I),
obtained through cis-addition of nitrosylchloride on acetylated glycals, condense
even with complicated sugar derivatives (ROH) via the intermediate (II) with high
stereoselectivity to compound (III) (Fig. 20). Following this procedure the propor-
tion of trans glycoside formation is small. The cleavage of oximino compound (III)
can be achieved with acetaldehyde/HCl or titanium chloride. The keto function is
reducible with NaBH, or BHy.

ROH
—

11 Fig. 20.

III.1.1 Total Synthesis of Aminoglycosides with Two Carbohydrate Units and an
o-D-Glycosidic Linkage

Several compounds of this type result directly either by fermentation (e.g. neomy-
cin A = neamine) or by the acidic cleavage of higher condensed aminoglycosides.
Some of them, such as neamine and paroamine, are weakly effective and not useful
for practical application.

Basic studies concerning their total synthesis have been undertaken by S. Umeza-
wa and co-workers®. All the 0{amino-deoxy-a-D glucopyranosyl)-2-deoxystrept-
amines listed in Table 2 have been synthesized by a modified Koenigs-Knorr conden-
sation or via the nitrosy] chloride method mentioned above.

The total synthesis of kasugamycin, a two-unit type aminoglycoside, produced
by Streptomyces kasugalusis, has also been described.It is a potent inhibitor of Peri-
cularia oryzae, a plant pathogen'!”).
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Table 2.
Name Structure Ref.
CH,OH
H,N
69 4-0-(4-amino-4-deoxy- ¥ 118)
a-D-glycopyranosyl)-2- HO NH, No antibact. act.
deoxystreptamine HO
HO NH,
OH
CH,OH
70 6-0-(4-amino-4-deoxy- N 118)
o-D-glycopyranosyl)-2- HO OH No antibact. act.
deoxystreptamine OHO OH
HoN NH,
CH,0H
71 5-0-(2-amino-2-deoxy- HO 4)
:-D-glytcop)trran.osyl)-Z- HO NH, p. 148, 149
eoxystreptamine NH,| HO
o
NH,
OH
CH,OH
HO Q
72 4-O~a-D-glucopyranosyl- 118, 119)
2-deoxystreptamine HO NH, |
OH
O
HO NH,
OH
CH,OH
73 6-0-a-D-glucopyranosyl- HO
] . 118,119
2-deoxystreptamine HO OH )
OH
o OH
H,N NH,
CH,OH
HO
74 5-O-a-D-glycopyranosyl- 119)
2-deoxystreptamine HO NH,
OH| HO
0
NH,
OH
CH,NH,
Hi
75 Neamine 0
neomycin A) HO NH, 120)
( y NH,
(o
HO NH,
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Table 2 (continued)

Name Structure Ref.

76 6-0-(3,6-diamino-3,6 HO CHNH, 121)

dideoxy-a-D-glucopyra- No antibact. act.
nosyl)-2-deoxy-streptamine H QH

2

OH OH
H,N NH.
CH,O0H
77 6-0-(3-amino-3-deoxy- HO 122, 123)
-D-glucopyranosyl)-2-
deog>1( i 'y ‘ HN QH
y-streptamine
OH/, OH
H,N NH,
CH,OH
HO Q
78 Paromamine No antibact.
HO NH, ¢, 124, 125)
NH: act.
]
HO NH2
OH
CH,0H
79 6-0-(2-amino-2-deoxy- HO 0] 125)
-D-glucopyranosyl)-2-
deoxystreptamine HO NH QH
%0 OH
HN NH,
CH,NHR
80 4-0-(6-amino-6-deoxy- HO 126)
-D-glucopyranosyl)-2- HO NHR
deoxystreptamine and OH R
tri-N-acetyl derivative O /
R =H, CH,;CO- OH
R=H —s antibact. act.
CH,NHR
81 6:0-(6-amino-6-deoxy- 1O Q
-D-glucopyranosyl)-2- HO - OH 126)
deoxystreptamine and OH o)
tri-N-acetyl derivative 0 RHN NHR
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III.1.2 Total Synthesis of Aminoglycosides with Three Carbohydrate Units

Kanamycin A, the oldest compound of this type, has been synthesised by two Ja-
panese research groups. S. Umezawa and co-workers'?” linked the protected
6-0-(3-amino-3-deoxy-a-D -glucopyranosyl)-2-deoxystreptamine (Table 2, 77) with
the blocked glycosylchloride, prepared from 6-amino-6-deoxyglucose. Nakajiama
and co-workers'?®) have reported the synthesis of kanamycin A from the protected
4-0(6-amino-6-deoxy-a-D-glucopyranosyl)-2-deoxystreptamine (Table 2, 80) and
the tri-0-benzylglycosylchloride, obtained from 3-acetamido-3-deoxy-glucose.

Kanamycin B has also been synthesized by S. Umezawa et al.'2%) by coupling
a suitably protected neamine (Table 2, 75) with 3-amino-3-deoxy-D-glucose. The
synthesis of kanamycin C has been accomplished by the same researchers!3® through
the glycosylation of 4’, 6 -isopropylidine-1,3,2"-tri-N-benzyloxycarbonylparomamine
(Table 2, 78) with tri-0-benzylglycosylchoride, obtained from 3-acetamido-3-de-
oxyglucose.

Tobramycin (3'-deoxykanamycin B) has been prepared from kanamycin B, start-
ing with the protected 3'-tosyl derivative!3!) (Sect. 111.2).

Ito and co-workers!32) have reported the synthesis of ribostamycin from 3',4'-
dibenzyl-tetra-N{benzyloxycarbonyl)-neamine and 2,3,5-tri-0-benzyl-D-ribofurano-
sylchloride (Sect. II1.2.). An alternative synthesis of ribostamycin and biologically
inactive isomers starts with 4-acetyl N ,N’-dicarbo-benzoxy-2-deoxystreptamine,
which reacts with 2,3,4-tri-0-benzoyl-D-ribofuranosyl chloride in the presence of
AgCl0,4-Ag,CO;4 to the tricyclic 5-0--D-ribofuranosyl-2-deoxystreptamine !3%.
Butirosin has been synthesised by S. Umezawa and co-workers'3# from protected
ribostamycin (Sect. I111.2.3).

The glycosylation of the appropriately protected neamine, 3'-deoxyneamine
and 3',4’-dideoxyneamine with the glycosyl chloride accessible from desosamine
leads to biologically interesting aminotrisaccharides'3%- 139, Some further amino-
glycosides related to kanamycin have been synthesised (Fig. 21):

a. NK 1001 (I), an antibiotic, formed by mutants of Strepromyces kanamyceticus
b. 4,6-di-0(6-amino-6-deoxy-a-D-glucopyranosyl)-2-deoxystreptamine (I1)!37.
¢. 4,6-di-0-0-D-glucopyranosyl-2-deoxystreptamine (II1)3%).

137)

Rl
CH/

HO Rl RZ
HO
HO NH, 1 NH, OH
0 I NH, NH,
HO NH, I OH OH

O

O CH,—R?
HO OH Fig. 21.

OH

Recently, a total synthesis of neomycin C, starting with ribostamycin, was re-
ported‘39) . '
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The most difficult total syntheses in this class of pseudotrisaccharides were those
of streptomycin and dihydrostreptomycin. About 35 years after their discovery and
the elucidation of their structure, S. Umezawa and colleagues'*® succeeded in syn-
thesising these compounds. The glycosyl derivative (I), prepared through several steps
from streptobiosaminide, was condensed with the protected streptidine (11), to yield
dihydrostreptomycin, after deprotection. Subsequent oxidation with DMSO/dicyclo-

hexylcarbodiimide (DCC) produced streptomycin' 49,
G, ci r2
HL 0 HO OH
0} R2
0 0
O
R'O
SH,C Fig. 22.
R'O NH
o% 0
o N—C—OCH,—C Hs
I R!'=CH,CO- 11 2= _I\II_C_NHZ
Ac

Streptomycin and dihydrostreptomyecin are inactivated by R-factor-carrying
E.coli or Pseudomonas strains through O-phosphorylation or O-adenylation in the
3"-position. 3"-Deoxystreptomycin is the first modified streptomycin in which this
type of resistance does not develop'4?).

Thus, the treatment of D-N-acetyl-di-N-benzyloxycarbonyl-4,5-0-cyclohexyli-
dine-streptidine with the glycosyl chloride from 2-0-(2-acetamido-4,6-di-0-acetyl-
2-dideoxy-N-methyl-L-glucopyranosyl)-3,3'-0-carbonyl-dihydrostreptose (17 steps)
in dichlormethane, containing mercuric cyanide and a molecular sieve, gave after
chromatography and deprotection 3" -deoxydihydrostreptomycin.

HIL.2 Chemical Modifications of Aminoglycosides

The aminoglycosides readily accessible by fermentation or by degradation of natural
products are the best starting materials for partial synthesis. The protection and/or
the activation of the numerous amino- and hydroxyl functions, which show only
little differences in reactivity, cause many problems for controlled chemical modi-
fication. The amino groups of gentamicin and neamine, for example, possess simi-
lar basicity due to their chemical environment. After alkylation- and acylation reac-
tions, mixtures of mono- or poly-substituted products very often arise, which are
often difficult to separate. Therefore, the right use of specific reagents, protecting
groups and reaction conditions is a basic requirement for controlled partial synthe-
sis.
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Vicinal hydroxyl groups can be protected advantageously by conversion into
cyclohexylidene derivatives according to Bissett'*?). This reaction has been used by
Umezawa'*? for the differentiation of the hydroxyl groups in neamine and for the
synthesis of 3',4'- and 5,6-modified neamine derivatives:

CH,NHCbm
0 0]
Ve
(0]
NH NHCbm
/ 0
Cbm
HO NHCbm
l H
CH;NHCbm CH,NHCbm
HO 0 HO
HO HO 83
NHO NHCbm  — NH NHCbm
/ O
bm Cbm
HO NHCbm 0 NHCbm
OH 0
82
CH,NHCbm
0 Q
0
NH NHCbm
- / O
Cbm = -CO,CH,4 . Cbm

NHCbm

Fig. 23.

of

1,2-aminoalcohol structures have been protected through cyclisation to oxazol-
idinones using N,N'-carbonyldiimidazole according to K. Miyai and P. H. Gross'*%.

o O
—HC” O\ _ N
Ph H(I: Ph Hﬁ: CH,

H,
O
_—
HO OCH,Ph  CO(Im), o OCH,Ph
NH, yNH

Fig. 24. o

As shown by S. Umezawa'“®) | this reaction can be conducted in water-contain-
ing solvents, so that only the amino alcohol function reacts, whereas the other hy-
droxyl groups are not altered.
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Q

N, 2 —
HO Cl-C-OPh (0]
_—
HO NH, HO
OH (o)

NH
NaHCO, \\g
ClCO:lk‘ Ase

NHCO,Ph
HO

HO NHCO,Ph
Fig. 25. OH

The discovery that benzyloxycarbonyl protected amino groups with adjacent
hydroxyl functions cyclise in the presence of NaH has led to a broad application of
the technique'4®. The oxazolidinone ring can be selectively cleaved with barium
hydroxide to give the free amino alcohol group:

_NaH _ — + PhCH,—0| Na*
NH DMF NH NH

O—CH,Ph - ¥ol-cph 0

‘A(Oﬂ)z
Q/NH;

Fig. 26. OH

This reaction is of importance for the 1-N-acylation of type 2a,b-aminoglyco-
sides.

An alternative method for the selective acylation of the 1-amino group has been
described in a patent for xylostasin, ribostamycin and kanamycin A and B'4?. These
aminoglycosides, performylated with p-nitrophenylformate, react within a few days
with aqueous ammonia to provide by selective cleavage the free 1-amino groups,
which can then be selectively acylated. The synthesis of numerous deoxy derivatives
can be achieved following the procedure of A, Cohen and R. S. Tipson!8: 149); the
vicinal di-0-mesyl and di-0-tosyl derivatives have been converted to the appropriate
alkenes with sodium iodide/zinc dust in dimethylformamide, which can then be hy-
drogenated. The removal of vicinal mesyloxy groups using naphthalene-sodium to
afford the eno compound has also been described 5. The following scheme shows
further routes for the preparation of monodeoxy- and aminodeoxy derivatives:
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1. NaJ/anZ J NaN3

Fig. 27.

III.2.1 Streptidine Containing Aminoglycosides

A great number of attempts have been made to improve the pharmacological and
antibacterial properties of streptomycin. Most of the synthetic work dates from the
years 1960—1968. Since then only a few new streptomycin derivatives have been
described 'SV,

The most important variations (Fig. 28) are: redox (1)- and condensation reac-
tions (2) with the aldehyde group, degradation- and synthetic reactions with the
guanidine groups (3) and reactions with the methylamino group of L-hexo-
samine (4)!5).

M, @ oH i

\ HO NH—-C—NH,
0 OH haN 3)
HO NH—C—-NH, «—

OH O /CH3

NH -— @
OH

OH
Fig. 28. H,OH

From all the streptomycin derivatives, only the dihydrostreptomycin 6, which
technically has been prepared by fermentation, is of importance. Bluensomycin plays
no important role in therapy.
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111.2.2 4-Substituted Deoxystreptamine Antibiotics — Neamine

Neamine 8, a common structural element in aminoglycoside antibiotics, can be ob-
tained easily through acidic hydrolysis of neomycin B. The modification of its func-
tional groups (Table 3) has a great influence on chemotherapeutic properties.

Table 3. CH,—R?
R? Q

R2
H,N NH,
0
R¢ NH—R!
RS

R! R2 R3 R4 RS R® Ref
86 3'-Deoxyneamine H H OH NH, OH OH 159
87 3',4'-Dideoxyneamine H H H NH, OH oOH 4%
88 3'-Epi-4'-deoxyneamine H OH? H NH, OH OH 159
89 3',4’,5,6-Tetradeoxyneamine H H H NH;, H H 158, 158¢)
90 5,6-Dideoxyneamine H OH OH NH, H H 1589
91 3'-Deoxy-6-methylneamine H H OH NHCH; OH OH 153
92 3'-0-Methylneamine H OCH; OH NH, OH OH 143
93 4'-0-Methylneamine H OH OCH; NH, OH OH 43
94 3'-Mercaptoneamine H SH OH NH, OH OH 157
95 4'-Mercaptoneamine H OH SH NH, OH oH 157
96 Acylneamine (HABA and  ACYL OH OH NH, OH OH 161,162,

Analogue) 164, 166)

97 Acyl-3'-deoxyneamine ACYL H OH NH, OH OH 168
98 Acyl-3',4’-dideoxyneamine ACYL H H NH, OH OH 164-166)
3  epimer.

The synthesis of 3'-deoxyneamine 86'%% and 3’ 4'-di-deoxyneamine 8743 is
shown in the following scheme:

/ 83 \
CH,NHCbm CH,NHCbm
MsO Q HO
MsO MsO &4
NH NH!
/o 7Ho-
85 lem lem
CH,—NH, CH,—NH,
O HO 86
NH, NH, NH, NH, '
87 o v (¢
_ HO NH, HO NH,
Fig. 29. OH H
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The mesylation of 83 to 85 followed by iodination and catalytic hydrogenoly-
sis gives 87. Compound 86 has been synthesised via controlled mesylation or tosy-
lation at the 3'-position, iodination and reduction. A patent from Meiji!®® describes
the conversion of the 3'-tosyl derivative into the 3',4-epoxy compound and the
catalytic reduction to 86. 3"-Epi-4’-deoxyneamine, 88, is prepared using NaBH, for
the reduction%. The preparation of 3',4’-epoxyneamine derivatives 100,
101'54-156) and 3'- and 4'-mercaptoneamines 94, 95'57) is shown in the following
figure:

CH,NHCbo CH,NHCbo CH,NHCbo
HO R!
— \
HO R?
H NH|
G- NS 4.0
Cbo Cbo 0
99 \
99|R' R2
O CH,NHCbo CH,NHCbo
b|OMs OBz .
H NH
Lo 2o
0 Cbo
100 101
HS  CH,NHCbo CH,NHCbo CH,NHCbo HO 1 NHCbo
HO HS 0
+ - +
HS HO
N
OH (/Ho--- Mo Mo su THo-~
bo Cbo Cbo Cbo
Fig. 30. 94 95

3'4' 5 6-Tetradeoxyneamine 89'%® and 5 6-dideoxyneamine 9029 have been
synthesised from the N-protected and mesylated neamine through reaction with so-
dium iodide/zinc and subsequent hydrogenolysis.

3'-Methoxy-92 and 4'-methoxyneamine 9342 are less active than neamine and
inactive against resistant strains of bacteria. The 3'-deoxy derivatives show antibac-
terial activity against such resistant bacteria, which are known to inactivate amino-
glycosides by O-phosphorylation at the 3'-position.

The observation that butirosin 21 is more effective than ribostamycin 18, pro-
vided the impetus to introduce the (S)-2-hydroxy-4-aminobutyric acid substituent
into other aminoglycosides. Starting from 1-N-HABA neamine!%% 169 obtained by
acidic hydrolysis of butirosin, several hydroxyaminoacyl groups of different confi-
gurations have been introduced %" by the following steps: Protection of the free
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CH,—NHCbm
HO 0
MeO 3'—Methoxy—neamine 92
/ HN L
;O
83 Cbm 1.
\ 2.
CH,—NHCbm
MeO Q 4'—Methoxy—neamine 93
HO 1. separation, 2. removal of protecting groups
HN .
[/ 0"
Fig. 31. Cbm

amino functions by the phenylsulfonyl group, removal of the HABA moiety under
basic conditions and acylation of the liberated 1-amino function, followed by the
removal of the protecting groups.

E. Akita!®? acylated neamine trifluoroacetate using the N-protected S(-)-2-hy-
droxy-4-aminobutyric acid (HABA) in the presence of DCC.

The O-acylated derivative underwent a O = N acyl migration from the 6-0 to
the 1-amino group by treatment with hydrazine. Similarly the 3',4’-dideoxy com-
pound has been prepared ', More often Umezawa’s method '%8) was used for the
controlled 1-N-acylation.Compound 702a which is easily obtained by cleavage of the
oxazolidinone ring with Ba(OH), can be modified at the 1-amino function!%4—166)

CH,NHCbo o
w_~F
Q 1.R'—Z CH,NH,
R’ X R Q
—_—
HN o NHCbo 2. removal R’
C{ao of protecting H,N o NH,
HO NH, groups
OH ' HO NH—-ﬁ—R"
OH
0
102a, b
Fig. 32.

II1.2.3 4,5-Disubstituted Deoxystreptamine Antibiotics

1I1.2.3.1 Ribostamycins, Xylostasins, Butirosins. Numerous semi-synthetic deri-
vatives of ribostamycin, xylostasin and butirosin A and B have been prepared. Table 4
represents a survey of these derivatives.
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Table 4
CH,/R
Rl
R2
NH
HN 2
Ré—CH
L0 NH-—R?
R OH
RS OH
R Rl R2 R3 R4 R5 RS Ref
104  3'-Deoxyribosta- NH, OH H H H OH OH 169
mycin
105  3'.4'-Dideoxyribo- NH, H H H H OH OH ')
stamycin
106 3',4',5"-Trideoxyri- NH, H H H H OH H !"D
bostamycin
107 3'.4'-Dideoxyxylo- NH, H H H OH H oOH 70
stasin
108  1-N-acyl-3',4-dide- NH, H H ACYLx H OH OH 166
oxyribostamycin
109  1-N-acylribostamy- NH, OH OH ACYL* H OH OH !47,159)
cin (-xylostasin) (OH) (H) 164, 167)
110 6-N-acylribostamy- NH-ACYL* OH OH H H OH OH 59
cin (-xylostasin) (OH) (H)
111 3-Deoxybutirosin B NH, OH H HABA H OH OH !68)
112 3',4-Dideoxybutiro- NH, H H HABA OH H oOH 179
sin A
113 3'.4-Dideoxybuti-  NH, H H HABA H OH OH 179
rosin B
114  5"-Amino-5"-deoxy- NH, OH OH HABA OH H NH, 176
butirosin A
115  5"-Amino-5"-deoxy- NH, OH OH HABA H OH OH 176
butirosin B
116  5"-Amino-3",5"- NH, OH H HABA OH H NH, 179)
dideoxybutirosin A
117 5"-Amino-4',5"- NH, H OH HABA OH H NH, 177
dideoxybutirosin A
118  5"-Amino-3',4',5- NH, H H HABA OH H NH, 178179
trideoxybutirosin A
119 Deneosaminytlivie  OH OH H H H OH oH 180

domycin

ACYL* = HABA and analogues
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To synthesise butirosin and its analogues, 6'-N-protected ribostamycin was acy-
lated via the active ester with the following acids R—OH or R'—OH 5%

- NH, R: ~CO—CH,~NH,

0
—CO-CH—(CH,),~NH,, L(-), DL
O NH-R I
’ OH OH
-co—cl:H—(CH,),-NH,, L(-)
OH
_co-CH,—cIH_CHz-NH,, DL
OH
—CO—(IIH—(CH,),—NH—Icl—NH, ,L(#H)
NH, NH
—CO—(I:H—(CH,),—NHZ. L(+)
NH,
_NHR’' R’:—CO-CH,—NH,
CH,
HO —CO—(CHy),—NH,
HO —co—clu-(criz),-rsm2 L)
HIN O--- OH
—CO—Cll-l—(CH,).,—NH,, L(+)
NH,

Fig. 33.

6'-N-acylated compounds with low antibacterial activity were among the pro-
ducts formed when ribostamycin was acylated. A comprehensive study of the in-
fluence of HABA and its analogues on the antibacterial activity of the aminoglyco-
sides has been published by T. H. Haskell'6”), A large number of 1-N-acylated buti-
rosin derivatives was synthesised in the following way (Fig. 34):

Butirosin is converted to the N-protected derivative 120 by reaction with dime-
done. Treatment with Ba(OH), gives a protected ribostamycin with a free 1-amino
group 121, from which 1-N-butirosin derivatives 109 can be obtained by acylation
with various amino acids, followed by removal of the protecting groups. The deriva-
tives with 2-hydroxy-w-aminoacyl moieties containing two to three C-atoms show
the best activities. The change of the asymmetric centres of the amino acids from
the S- to the R-configuration causes a decrease in activity. (For further details re-
garding the structure-activity relationship, see Chap. IV).

Another possibility for the direct synthesis of 1-N-acylated ribostamycins (i.e.
butirosin derivatives) via the 3,2’,6"-triformylribostamycin has been described in
Chap. 112447,
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L

Butirosin(21) +

HOH2

HO H
120 = —CO—('?H—(CH,),—NHR
OH
0
+ Ba(OH), R=
121 R'=-H
+R'"-C-X
Il
Fig. 34. 109 R'=-CO-R"

The previously mentioned method of Umezawa et al.'*® can be used success-
fully for the synthesis of 3'-deoxy- and 3’ 4'-dideoxybutirosin A and B from ribo-
stamycin or xylostasin respectively.

:
o Route la
122 —» —_— —
o NH NH—ﬁ—CH—CHz—(]',‘Hz Fig 36
’ O% §bu  Am,
0

Fig. 35. 123a

O---

Starting with the protected ribostamycin 122 (Fig. 36), into which the HABA-
moiety can be introduced via the cyclic carbamate, (Fig. 36) 3’ 4'-dideoxybutirosin B
113 can be prepared following a route analogous to la and 3'-deoxybutirosin B 111
can be synthesised by a route similar to 1516%),

The synthesis of the mono-, di- and trideoxy derivatives of butirosin and ribo-
stamycin via dehydroxylation is summarised in Fig. 36.

3'-Deoxyribostamycin 104'%), 3' 4'-dideoxyxylostasin'’?, 3' 4'-dideoxyribo-
stamycin 105 and 3',4',5" -trideoxyribostamycin 1067" as well as 3'-deoxybutiro-
sin A172 | 3'-deoxybutirosin B 1711'%®), 3' 4'dideoxybutirosin A'7¥, 3' 4'-dideo-
xybutirosin B 173'7% and 5"-amino-3',5"-dideoxybutirosin A17%) have been syn-
thesised in a similar manner. The course of the reaction is the same for butirosin A
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CH,NHCbo R R

H Cbo
Ac Cbo
Ac HABA

NHR'

H,;NH—Cbo
" NHCbo
R

0 0 124, 124a H Cbo mNHCbo
125,125a Ac R"—H,C g
4 p{
' 130 OH
CH,NHCbo ij 131 OMs
HO
\A 126, 126a
HO
HN NHCbo H,—NHCbo
/ O
Cbo \
Ac—H,C 0 NHR'
0 OAc NHCbo
mNHCbo
0

Route / é \lioutelb

CH;—NHCbo

127, 127a

‘HN

¢

CHzNH2

HOHC

_R
105 H
113 HABA

O

HO

W

—NHCbo
HO 0
" 128, 128a OTs
I HN 129, 129a
/ O
y Chbo
CH,NH, H,NH

2

o
NHRI HOCH2 Om(NHR’ H,!C mNHz
OH

KO} / OH

HO OH OH OH
Rl

104 H 106

111 HABA

Fig. 36.
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and B or ribostamycin and xylostasin, although the intermediates are different due
to the different chirality at the C-3" position (Fig. 37).

ROH,C . §™ otz O~

g

4 5 Butirosin B OR Butirosin A

@ Fig. 37.

Since the removal of the 5"-hydroxyl group in ribostamycin led to a decrease of
activity, the 5”-hydroxyl group in butirosin A and B'7®) and in 4'-deoxybutirosin
A'"7 was substituted with an amino group. In these products the activity was en-
hanced.

R R! g2 R3

CH,—NHR?
HO 133 OH OH H F3C-C-
HO
HN NHRS H OH 0
/ O 0 OH NHR?
g [l 1 I 134 OTs OH H F3C-C-
R—H.C 0 NH—-C—CH-CH,-CH, H OH Il
1.0 OH o
1
R 135 NH; OH H H
Fig. 38. 135b H OH
R? OH

A further improvement of the efficacy against resistant strains was reported for
the 5"-amino-3' 4',5" -trideoxy derivatives, the syntheses of which has been publi-
shed by two different groups (W. K. Woo et al.!”®) and H. Saeki et al.!7®). W. K. Woo
et al. protected the 3',4"-hydroxy! groups of 135 via a cyclohexylidine group, ace-
tylated the unprotected hydroxyl functions and removed the cyclohexylidine groups.
The liberated 3',4'-hydroxyl groups were mesylated. Subsequent iodination and re-
duction yielded 5"-amino-3’ 4',5"-trideoxybutirosin A 118.

H. Saeki et al. use 136, as starting material, which is an intermediate in the syn-
thesis of 3' 4'-dideoxybutirosin A. Following the removal of the 3",5"-cyclohexy-
lidene group, the 5"'-position is tosylated and converted to the azide, which gives
the 5" -amino function after reduction. The dehydroxylation is accomplished accord-
ing to the Cohen-Tipson procedure.

CH,NHCbo
MsO O
MsO NHCb
o]
HY 5 136
oo NH—C~CH—CH,—CH
o™ o one Il L
O-O O OAc NHCbo
OAc Fig. 39,
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II1.2.3.2 Neomycins, Paromomycins, Lividomycins. Although the tetra- and pen-

tacyclic aminoglycosides have been known for some time (neomycin 1949, paromo-
mycin 1959, lividomycin 1967), only a few chemical modifications have been car-
ried out. Not until after the discovery of the enzymatic inactivation mechanisms

were several deoxy compounds and acylated derivatives (HABA, etc.) prepared.

Table §
CH,” R
HO
Rl
H.N NH
R, O :
N
H, NH—-R?
RS 0 H
HO
HN OH
R R! R2 R3 R4 RS RS Ref.
137 6-N-alkylneomycinB  ALKYLNH OH H OH H CH,NH, H 189)
138  6'-N-aralkylneomycin  ARALKYL-
B NH OH H OH H CH,NH, H 186
139  6'"-N-alkylneomycin  NH; OH H OH H CHy,NH, H 186
B(-paromomycin I) (OH)
140 6'"'-N-aralkylneomycin NH, OH H OH H CH,NH, H 186
B (-paromomycin I) (OH)
141  1-N-HABA-neomy- NH, OH HABA OH H CH,NH, H 199
cin B
142 1-N-acylparomomy-  OH OH ACYL OH H CHy;NH, H 199
cinI
143  6'-Deoxyparomomycin H OH H OH H CH,NH, H 191
1
144 6',5"-Dideoxyparomo- H OH H H H CHyNH, H !9V
mycin I
145 5"-Amino-5"-deoxy-  OH OH H NHy, H CH,NH, H 199
paromomycin
146  6'-Amino-6'-deoxy- NH, H H OH H CHyNH, H 190
lividomycin B
(=3'-Deoxyneomycin B)
147  6'-Methylamino-6" CH3NH H H OH H CH3;NH, H 190
deoxylividomycin B
(=6'-N-methyl-3'-deoxy-
neomycin B)
148 6-(2-Hydroxyethyl)) HOCH,CH, H H OH H CH;NH, H 190
amino-6'-deoxylivi- I
domycin B (=6'-N- NH

hydroxyethyl-3'-de-
oxylividlomycin B)
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Table 5 (continued)

R Rl R? R3 R* RS RS Ref.
149 5"-Deoxylividomy- OH H H H H CHNH, H 192
cinB
150  5"-Deoxylividomy- OH H H H 2 CH,NH, H 199
cin A '
151 5"-Amino-5"-deoxy~-  OH H H NH, 2 CH,NH, H 193
lividomycin A
152 ¢',5",6""-Triamino-
6',5",6"" "-trideoxy- NH, H H NH, ® CH;NH, H 200
lividomycin A
153 6',5"-Diamino-6',5"-  NH, H H NH, H CHyNH, H 200
dideoxylividomycin B
154 1-N-HABA-lividlomy- OH H HABA H 3 CH,NH, H 199
cin A 196)
155 6-Amino-1-N-HABA-  NH, H HABA OH @ CH,NH, H 197
6'-deoxylividomycin A
3 CH,OH b CH,NH,
HO Q
HO i i
HO HO

The poly-N-alkyl-1®1) and hexa-N-acyl derivatives'®% 183) of neomycin and paro-

momyecin fail to show activity, but the hexa-N-methane-sulfonates'®¥ and -sulfina-
tes'®) are claimed to be active and less toxic. 6~ and 6''"-N-alkyl- and N-alkylaryl-
neomycins and -paromomycins have been prepared from the Schiff’s bases by reduc-
tion with NaBH, 8% Some of the alkylaryl compounds show a slightly improved
activity; the alkyl derivatives are ineffective. The hexa-N-benzylneomycins187), pre-
pared from neomycin, aromatic aldehydes and NaBH,, as well as the correspond-
ing paromomycins, synthesized by means of catalytic reduction of the Schiff’s bases,
have reduced antibacterial activity. The Schiff’s bases of paromomycin show in vitro
the same activity as the parent compound, obviously because of the ease of hydro-
lysis.

The controlled synthesis of 2'-N-aralkylparomomycin succeeded through the
conversion of paromomycin to the 1,3,2"',6""-tetra-N-acetyl derivative, followed
by reaction with an aldehyde and reduction of the resulting Schiff’s base with
NaBH, %9,

3'-Deoxyneomycin /46 (=6"-amino-6"-deoxylividomycin B) was prepared by the
controlled replacement of the 6'-hydroxyl group of lividomycin B by an amino
group®? (Fig. 40). The 4'- and 6'-hydroxyl groups in per-N-benzyloxycarbonyl-
lividomycin B was protected by a benzylidine group followed by the acetylation of
the remaining hydroxyl groups. Sequential removal of the benzylidine group, con-
trolled tosylation in the 6'-position, introduction of the azido group and reduction
gave the 3'-deoxyneomycin. This compound has higher activity against Pseudomo-
nas sp. than lividomycin B and it has a broader antibacterial spectrum than neomy-

136



Aminoglycoside Antibiotics

cin B. Starting with 6'-tosyllividomycin B, the 6'-N-methyl-3'-deoxyneomycin B 147
and 6'-N-(2-hydroxyethyl)-3'-deoxyneomycin B 148 have also been prepared in a si-
milar way.

6'-Deoxy- and 6'-5""-dideoxyparomomycin 143, 144 were prepared from the pen-
ta-N-benzyloxycarbonylparomomycin by reaction with tosylchloride, after separa-
tion of the two intermediates 6'-tosyl- and 6',5"-ditosylparomomycin and subsequent
reduction'®?. The importance of the 5"'-hydroxyl group within the ribose contain-
ing aminoglycoside antibiotics (see ribostamycin) has been demonstrated by suitable
modifications of lividomycin.

The protection of the 4'- and 6'-hydroxyl groups by treatment with benzalde-
hyde dimethyl acetal and subsequent tosylation of the §"-hydroxy! group led, accord-
ing to a known route (Fig. 27) to 5"-deoxylividomycin B 149%?. 5" .Deoxylivido-
mycin A 150 has been prepared similarly via the 4',6':2"""", 3""":4""" 6'""-triisopro-
pylidene derivative /58. From the 5" -tosylate 157, it is also possible to obtain 5"~
amino-5"-deoxylividomycin A 151'°%. Recently the 5"-amino-5"-deoxyparomomy-
cin has been prepared by a synthesis analogous to that of 15199,

CHz—fg R! R? R R* R

155
NH NHCbo 1 Cj
/0
tho mwcm |
v

OR3 OH OH Ac OAc H

RO Q OTs OH Ac OAc H
R0 146 NH, OH H OH H
é NH OR?
N2 oo 156—>157 O_ O H OTs H

NH
\
Cbo [ ij

149 OH OH H H H

158 0 0O H onv__‘,o\H
2

H,¢” “CH,

150 OH OH H H ]
Fig. 40. 151 OH OH H NH, It

The 1-N-HABA derivatives of lividomycin, neomycin and paromomycin havé
been synthesised according to Umezawa via cyclic carbamates as well as by 1-N-acy-
lation of the 6'"-benzyloxycarbonyl protected compounds. Thereby it was noted
that the HABA moiety does not have the same advantageous influence on these
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aminoglycosides as on the tricyclic aminoglycosides. 1-N-HABA-lividomycin
A 154195:198) a5 well as 6'-amino-1-N-HABA-6'-deoxylividomycin A 15577, show
no improved activity. 1-N-HABA-neomycin B 141 and C!°®) and 1-N-HABA-paro-
momycin / 42199 which have about the same activity as the parent coumpounds,
have been synthesised by acylation of the corresponding 6’6"’ -benzyloxycarbonyl-
neomycin or 6"'-benzyloxycarbonylparomomycin through the active ester of (S)-4-
amino-2-hydroxybutyric acid.

Lividomycin A has been converted into lividomycin B by oxidative cleavage of
the mannosy] moiety with periodate?>". Lividomycin B can be converted in a simi-
lar manner to deneosaminyllividomycin B 119139 (Table 4).

II1.2.4 4,6-Disubstituted Deoxystreptamine Antibiotics

l1.2.4.1 The Kanamycins. Among the aminoglycoside antibiotics compounds of
structural type 2¢ play an important role in antibacterial chemotherapy. Great efforts
have, therefore, been made to get new potent compounds of this class by fermenta-
tion or by chemical modification.

The 4,6-disubstituted deoxystreptamine aminoglycosides can be divided into
kanamycins (Table 6) and gentamicins (Table 8), depending on the structure of the
sugar moiety linked to the 6-position of the deoxystreptamine ring.

The persubstituted N-methanesulfonates'®¥ | N-methanesulfinates®%® and
Schiff’s bases2®") of kanamycin A show the same MIC values as the parent compound
due to their ability to hydrolyse under physiological conditions. The NaBH, reduc-
tion of suitably substituted Schiff’s bases affords tetra-N-phenylalky! derivatives of
kanamycin A2%? | which show activity only in some cases. The first attempted mo-
difications have been the reactions at the 6" -hydroxyl group of kanamycin A.
Through protection of the amino groups by preparations of Schiff’s bases, acetates
or carbamates, the 6"'-hydroxyl group is modified to lead to the derivatives, shown
in Table 7.

6" -Deoxykanamycin A 159 and 6" -chloro-6"-deoxykanamycin A 160%°% are
prepared via the 6'-tosylate. This tosylate affords 6"-amino-6"-deoxykanamycin
A 161 by treatment with sodium azide and subsequent reduction, while the reaction
with hydrazine gives 6''-hydrazino-kanamycin A 1622%%. The corresponding 2-“man-
no”-compounds are synthesizes from the 2'',6""-ditosyl derivative 197299

\\0 ‘\O
X = NH,
CH,OTs NH, CH,X NH—NH,
TsO OH NH,—NH, OH
NH NH
Os/ HO /

\i =0

Ha oy CH, Fig. 41.

The synthesis of kanamycin A-6"'-phosphate 163 is achieved by the reaction of
N-protected kanamycin A with diphenylchlorophosphate and hydrolytic removal of
the phenyl groups2°®. The conversion of the alcoholic function in 6" -position to a
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Table 7
~ o R R
159 —CH, —OH
O R
HO " 160 —CH,~Cl —OH
161 —CH,—NH, —~OH

NH, }Also as “‘manno’™link
162 —CH,-NH-NH; -OH

163 —CH;-—O—f(OH): -OH

0
164 —COOCH, —OH
165 —COOH —OH
166 —CONH, —OH
167 —CH,0 -0

carbonylic function in the kanamycin molecule is accomplished through the follow-
ing steps: tritylation of the 6''-hydroxyl group, acetylation of the remaining hydro-
xyl functions, removal of the trityl group, oxidation with potassium permanganate
and deprotection?°”), The antibacterial activity is reduced by a factor of 5—10 in
the sequence —CQ,H > - CO,CH; > CONH,.

4" .6"-0-benzylidene-kanamycin A 168 has no antibacterial activity

The importance of the 3'- and 4'-hydroxyl groups for the inactivation in resis-
tant organisms gave impetus to many variations of these positions. 3'-Amino-3'-
deoxykanamycin A /71 and 3'-amino-3'-deoxy-2'-mannokanamycin A 172 are pre-
pared from tetra-N-acetylkanamycin A as follows2%%; Oxidative cleavage of the
6'-aminoglucose moiety to yield the dialdehyde 792, and subsequent cyclisation
with nitromethane to compound 793. Reduction with Raney Nickel catalyst leads
to the isomers 194 and /95.

208)

CH,—NHAc CH,—NHAc HO CH,—~NHAc
HO joy HGE~A _—~0  CcH,-NO, Raney—Ni
a1l - Y
HO 0 Hﬁ
HO | . o & O,N oo o
192 193
CH,—NHAc CH,—NHAc
HO . HO Q
H,N H,N
| HO .- o
Fig. 42, 194 195
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3’ Deoxy- and 3'-0-methylkanamycin A 169, 170%'% 2!1 are synthesised via
glycosylation of the substituted deoxystreptamine derivatives through the appropri-
ate 3'-deoxy- or 3'-0-methylsugars. For the synthesis of 3'-deoxykanamycin B 174
(identical with the microbiologically produced tobramycin), the starting material is
penta-N-ethoxycarbonylkanamycin B 796, which is converted into the 3' 4': 4" ,6"-
di-O-cyclohexylidene derivative 197 according to Bissett’s procedure 142) Controlled
cleavage of the 3',4'-cyclohexylidene group and reaction with p-toluenesulfonyl-
chloride in pyridine affords the 3'-tosyl compound 198 and the 3',4'-ditosyl deriva-
tive. The tosylate 7198 is converted into 3'-deoxykanamycin B2 12} which displays
a substantial improvement in activity when compared to kanamycin B.

CH,—NHCbe CH,~NHCbe
RO HO
RO NHCb R
HN e
e © — W
HO NHCbe Cbe
0
0 CH,0—R
HO OR’
NH
/
Cbe R"”
‘]98 OTs
R_FR 174 H
‘196 H H
197 E i
199 '
H,C CH, Fig. 43.

The synthesis of 3',6""-dideoxykanamycin B 175, identical with 6" -deoxytob-
ramycin, is achieved by conversion of penta-N-acetylkanamycin B into the 3',6"'-
diiodokanamycin B and reduction?!?).

4'-deoxykanamycin A 173 is readily obtained using glycoside synthesis or
by chemical modification of kanamycin A2!¥. The dehydroxylation, starting with
6'-N-benzyloxycarbonylkanamycin A, is accomplished in two wayszls): protection
of the amino groups with an ethyloxycarbonyl residue, hydrogenolytic removal of
the 6'-benzyloxycarbonyl group, protection of the 4'- and 6'-position by treatment
with phenylchloroformate, protection of the remaining hydroxyl functions to yield
200, cleavage of the 4’ ,6'-cyclic carbamate to give 201, and sequential mesylation
(202), iodination (203), elimination and hydrogenation to yield the 4'-deoxykana-
mycin A.
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H
o
X N~cn, CH,—NHCbe
0 0 R
o o
0O NHCbe- x(o
) - . o
HO NHCbe
)
0
0 NH
/
Cbe R
201 OH
202 OMs
203 3
‘
Fig. 4. V173 H

The alternative way started with an acetylation of 6"-N-benzyloxycarbonylkana-
mycin A, during which the hindered 5-hydroxy group remained unchanged. After
deprotection of the 6"-amino group by hydrogenolysis, an O = N acetyl migration
from 4'-OH to 6'-NH, occurred. The liberated 4-hydroxyl group is removed as pre-
viously described. Recently the 4'-deoxykanamycin B 173 was prepared through a
modified synthesis?!5%.

3'4'-Dideoxykanamycin B (Dibekacin, DKB) 176 is synthesised using the Tip-
son-Cohen procedure?!®. The intermediate 199 (Fig. 43) is benzoylated in the 2''-
position and the 3'- and 4'-hydroxyl groups are deprotected. Subsequent 3’ 4'-di-
mesylation, iodination and reduction give DKB in about 5% yield. A modified proce-
dure for the synthesis of DKB has been published recently?'%%. DKB is effective
against such kanamycin-resistant organisms which phosphorylate the 3"-hydroxyl
group of the kanamycins. To prevent a second inactivation mechanism, viz. the 6'-
N-acetylation, Umezawa has converted kanamycin B and DKB into the 6'"-benzyl-
oxycarbonylderivatives, which by reduction with LiAIH, afford 6'-N-methylkana-
mycin B 177 and 3',4'-dideoxy-6'-N-methylkanamycin B / 78%'7. The 6'-N-methyl
compounds are more potent against resistant strains,

For the introduction of the HABA moiety in kanamycin advantage can be taken
of the small differences in the reactivity of the amino groups?'®). Acylation leads in
varied amount to isomeric compounds, which are separated by chromatography on
acidic exchange resins.

1-N-HABA-kanamycin A 179 (Amikacin, BB-K8) is prepared from kanamycin A
in 10% yield*'® 2199 py treatment of 6'-benzyloxycarbonylkanamycin A with the

active ester of 2-hydroxy-4-(benzyloxycarbonylamino) butyric acid 204 or with
2044229 followed by deprotection.
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r~ ~
+ Cbo—NH—CH,—CH,—("H—COO-N
OH

o
6'~N—Cbo—Kanamycin A < 204 S —» Amikacin

+ Cbo—NH~CH,~CH,~CH-COO—N
Fig. 45, ~ OH 4 -
204a

The reaction of 204 with kanamycin A and subsequent deprotection affords
6'-N-L-(-)-HABA-kanamycin A (BB-K6) 1/82. If the 6'- and 1-positions are previ-
ously protected the 3-N-L-(-)-HABA-kanamycin A (BB-K29) is isolated. Following
the additional protection of the 3-position, the reaction with the active ester leads
to 3"-N-L-(-)-HABA-kanamycin A (BB-K 11)2!®), These isomers are thirty to a hun-
dred times less active than BB-K8 (Amikacin).

Amikacin is more potent than kanamycin A and superior to BB-K19 (D,L-HABA)
and BB-K31 (D(+)-HABA). Amikacin is the only important semisynthetic aminogly-
coside on the market. In this connection two possibilities to synthesise the HABA
moiety should be described. One of these syntheses starts with butyrolactone and
uses the steps shown in Fig. 46a. Another method utilizes the 1,3-dipolar addition
of the nitrone ester 205 to ethyl acrylate (Fig. 46b).

0
N NK
. OH
1. PBry/Br, I
-
& 2.KL05 2. HCl
0" ™0 3. Ha o7 Yo
*
N—CH,~CH,—CH—COOH —— H,N—CH,~CH,~CH—COOH
OH H
Fig. 46a. 0 208
o- CO,CH,
N 100°C
BN+ HC-CH-COCH, — = Y LA
OEt £
N
205 - 206

N=CH—CH,—CH-CO,CH; ——= H,N—CH,~CH,—~CH—COOH
EtO OH OH
Fig 46b, . 207 208
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For the synthesis of kanamycin B derivatives such as 1-N-HABA-kanamycin B
181, 1.N-HABA-3' 4'-dideoxykanamycin B 183212+ 169) and 1.N-HABA-3'-deoxy-
kanamycin B 184 (identical with 1-N-HABA-tobramycin?2?)), one has to bear in
mind that kanamycin B has one more amino group than kanamycin A. Treatment
with benzyloxycarbonylchloride or tert-butyloxycarbonylazide protects first the
6'-amino group and subsequently the 2"-amino function. Reaction of the 2',6'-N-
protected kanamycin B derivatives with the protected active ester of HABA leads
to the 1-acylated compounds??3.

The compounds 181, 183 and 184 are very effective against such kanamycin
resistant strains, which produce phosphotransferases I and II and nucleotidyl-trans-
ferase. The following isomeric HABA-3',4’-dideoxykanamycin B derivatives have
been synthesised?2¥: 3-,2- and 3"-HABA-DKB and 1,2- or 3,2'-bis-HABA-DKB.
1,2"-bis-HABA-DKB is a little less active than 1-N-HABA-DKB, whereas the other
derivatives have very low activity.

Since it was known that the HABA moiety causes a substantial improvement
in activity, a great number of HABA analogues have been prepared and introduced
in different aminoglycosides.

D,L-, L- and D-isoserylkanamycin A?2% show about 80% of the activity of
BB-K8. A comparison of propionyl- or valerylkanamycin A (BB-K101 or BB-K23)
with propionyl- or valerylkanamycin B (BB-K122 or BB-K33) shows that the elonga-
tion of the side chain to more than 4 C-atoms leads to a decrease of activity?2%»232),

1-N-HABA-6'"-N-alkyl-kanamycin A 187 (=6'-N-alkylamikacin)?*?” and
1-N-HABA-3' 4'-dideoxy-6'-N-methylkanamycin B 118%2® contain additional mo-
difications, which are supposed to prevent enzymatic inactivation.

1-N-HABA-6'-N<(methyl or ethyl)-kanamycin A is prepared from 6'-N-tert. butyl-
oxycarbonyl-BB-K8, an intermediate of the BB-K8 synthesis. Subsequent benzyloxy-
carbonylation in 3'- and 3"-position and removal of the 6'-N-protecting group is fol-
lowed by a reductive alkylation by formaldehyde or acetaldehyde and sodium boro-
hydride. The controlled acylation of 6'-N-methylkanamycin A and B in 1-N-position
using the active ester of HABA is also described?%?),

1-N-acyl-3’,4’-dideoxy-6'-N-methylkanamycin B 189 is obtained through thel-N-
acylation???) of 3’ 4’-dideoxy-6'-N-methylkanamycin B 1782!7). The acyl groups in
these cases are HABA and the corresponding propionyl- and valeryl moieties. All the
derivatives are very potent and also active against organisms which are inactivate in
the 3',6'- and 2"-positions of the aminoglycoside antibiotics.

CH,~NH,
Q

HO NH, H NH,

(0] BH, O
—
HO NH—IC'—CIH—(Cﬂz)..—NH, HO NH~CH,~CH—(CHy),-
0 O OH Q (I’H
CH,OH
0 z 190
HO OH

209 NH,
(n=2: Amikacin) Fig. 47.
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The reduction of the described 1-N-[(S)-w-amino-2-hydroxyacyl]-kanamycin
derivatives by treatment with diborane leads to the corresponding 1-N-[(S)-co-ami-
no-2-hydroxyalkyl]-kanamycins / 90230, 1-N-[(S)-4-amino-2-hydroxybutyl]|-kana-
mycin A has been shown to possess activity similar to that of amikacin® 30a)

Instead of the utilization of compound 209, kanamycin can also be acylated
in 1-position with HO, C—CH(OH)—(CH,),_; —CONH, to give 270. Compound
210 was then reduced to the desired amino derivative.

0 0
—— Reduction
HO NH, HO NH—(I,‘—(fH—(Cﬂz),,_,—CONHZ 2educlion 190
0 0

|
O OH

—_ 210

II1.2.4.2 Gentamicins and Related Compounds. Gentamicin C, a mixture of
the three components C,, C,, C,,, is by far the most important aminoglycoside in
modern therapy. A great number of modified gentamicins have been prepared using
chemical or biological (Chap. II1.3) methods. The results of these efforts afford
an insight into the structure-activity relations of the aminoglycosides.

Gentamicin C, and C, react with 5 moles of an aromatic aldehyde to give te-
traarylidene-oxazolidine compounds (242), which are similar in activity to the par-
ent compounds, have lower serum levels but longer half-lives. The reaction of these
Schiff’s bases with sodium borohydride furnished the inactive tetrabenzylgentami-
cin C, and C,, 243. The oxazolidine ring is opened by the reduction?33 234,

R R
\ \
CH-N=CHAr CH—NH—CH,Ar
ArCH=N N=CHAr : HN NH—CH,Ar
o NaBH, / O
—_— CH,
HO N=CHAr [ * HO NH—CH,Ar
0 Ar o]
O
HO CH, HO CH,
242 H3C 4 243 HyCH [
R=H,CH, / R=H,CH,
H Ar
Fig. 49.

6'-N-arylmethylgentamicin C,, and —C, are prepared in a similar manner, start-
ing with a N-protected gentamicin bearing a free 6'-amino group235).

T. R. Beattie?36) has described several modifications in 2"- and S-position (211~
222) of the gentamicins Cy, C, and Cy,, all of which are synthesised by treatment

146



Aminoglycoside Antibiotics

*313 unpIWeUagd
(€52 $¢ 1 2ss A -Axoap-g-outweddy-s gz ~
(€52 oye unueyuadady-s /€7 =
(st HO HO FPHOHN B YHN “HN H 1D uonuejued-dy-§ 967
(svz HO HO IgN TAOV  %HN £HOHN H uprwedes|Ae-N-1  §€2
Wt HO HO 'HN VHVH THN £HOHN H uomuedes-ygyH-N-1 = p£2
VAVH ou
vz HO HO E£HOHN H -HN CHOHN  fHD -Twewod-VAVH-N-T ££2
(zre HO HO fHDHN 1AV UHN THN  EHD D uniwnusdAoe-N-T  7€2
(3v2 *HN H
‘2pT CCHN)  (CHD) EIDYCOY1D
- HO HO €HDHN VEVH THN fHOHN  FHD upmwnusl-yavH-N-1  1€2
ur
sz HO HO  IHN H HN EHDOHN H -weSeS[AUISWIP-N-, £  0£7
Iy udtuie)
(0sz HO HO IHN H %N THN  €HD -UOBIAWOWSP-N-£°9 62
(THN) )iy uw pgzz
(osz HO HO LHN H ZHN fHOHN fHD -muoSiApowep-N-,€  §77 sd
25 uponweluadourwe ¢ &
(66T ¢ JAyiow- z-ouruel4 HO ot
‘gez FHOHN HO H H %N ZHN  CHD -ywop-, -AX03Q-,T LZZ o
(eee H HO SHOHN T ¢ € ¥ ]
‘et H HN HN HD womreuadAxoeq-,z 922
(32 HO HO FHOHN H N EHOHN  fHD 'Dupweuaddy-z ¢z &l:z\ng
Lo}
(tez HO H FHOHN H N EHOHN  FHD upwRuadixodd- ¥  pzz ‘HN &
(€D)%1) udnu OH
(sez HO HO F€HOHN H HN  IV-PHO-HN (HOY'H -wIudB[AawiAre-N-9 £7Z 0 ) OH
fife e )le) HO-s zzz &\ /m
(952 6 31qe], 235 upIweIuLg ﬂ
paypows HO-T 1IZ
o od ¥ v 3 A it .

8 A[qrElL



J. Reden and W. Diirckheimer

Table 8a.
R R!
\/
CH
\
R? NH,
o]
HO NH-R?
o]
0
RS CH,
R4
RS
R R! RZ R3 R5 RS Ref.
239  1-N-acylsisomicin H NH; NH, ACYL NHCH; OH OH 249)
240  1-N-acylverdamicin CH; NH, NH, ACYL NHCH; OH OH 249
241  1-Ethylsisomicin H NH, NH, CHg NHCH; OH OH 256)

(Sch 20569, netilmicin)

of benzyloxycarbonyl-protected gentamicins with the appropriate acylating reagents
(Table 9). There are no available data on the antibacterial activity of these com-

pounds.
Table 9
R\2 : Gentamicin C; C, Cia
1
b NHR :
o R! CHj, H H
R CH3 CH, H
H,N NH,
O . R3 R4
R? NH,
o 211 ~OH —OCH3
212 —OH =0
o 213 -OH —080,CH; (Epi ~)
R* cu, 214 —OH ~NH, (Epi ~)
HN 215 —~OCONHC,Hs —OH
/. OH 216 —OCONH, —OH
CH, 217 —0S0,CH; —OH
218 —OH —OCONHCH4
219 —OH —OCONH;,
220 ~OCHj3 -H
221 —OCONH, —~OCONH,
222 —OH ~Epi—OH
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4""-Deoxygentamicin C, 224 is obtained by reduction of penta-N-benzyloxycar-
bonyl-tri-O-acetylgentamicin C,; with sodium in liquid ammonia237), Compound
224 is inactive. Gentamicin C, and gentamine C; are isolated as by-products.

o o
Na/NH

o} a/NH, 0

AcO CH, HO CH,
_ NH
Cbo | OAc |
H, CH,
224

Fig. 50.

P. J. L. Daniels et al.23®) synthesised 2"'-epi-gentamicin C; 225 and 2"-deoxy-
gentamicin C, 226. Penta-N-acetylgentamicin C, is mesylated at the 2"'-hydroxyl
group. Through solvolysis of the mesylate by participation of the vicinal trans acet-
amido group, epimerisation at the 2'-C atom takes place.

N N
/| OH o \ OH
] < BNG H c><) CHa
CH, CH>on- TN
H
. O
2![ C'_l3
N
OH /\OH
o
o
Fig. 51. CH,

The synthesis of 3'-epi-seldomycin 5 from seldomycin S (36) is achieved by a
reaction sequence similar to that shown in Fig. 51. Reaction of the N-protected sel-
domycin 5 with O-nitrobenzene-sulfonylchloride gives in one step the epicyclic car-
bamate 244, which is then hydrolyzed to the 3'-epimer?% (Fig. 52). The synthe-
sis of 3'-deoxyseldomycin 5 is accomplished by known deoxygenation proce-
dures®5S). Both compounds show, as expected, an improved antibacterial activity
against resistant strains which phosphorylate the 3'-hydroxyl group.

The synthesis of 2"'-deoxygentamicin C, 266 is shown in Fig. 53. During the
isolation of 245 a rearrangement takes place to the epi-imino compound 246. Re-
duction leads to the inactive main product 2"”-deoxy-3"-demethylamino-2"-methyl-
aminogentamicin C, 227, together with 2''-deoxygentamicin C, 226. An alterna-
tive method for the synthesis of 226 from 245 is described in a patent application
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CH,~NHCO,Et CH,—NHCO,Et
36 —» —» —_—
RS0,00
NH| NH |
o 4 N/ ©
5 “N
A
© OFt Eto) Lo-n
CH,~NHCO,Et
— —— — 3-Episeldomycin 5
NH |
O\C/ 0
No
Fig. 52. 244

The alkylthio compound 247 is used as an intermediate, which is converted into
226 through desulfurisation with Raney-Nickel. While the removal of the 2'-hy-
droxyl group did not affect the activity, epimerisation at this position caused a loss

of activity.

“o -
H
iy LM 0 H CH,
— MsO
(R=CH,) - CH, :oﬁi;i OIH
/ OH (|:H
CH, 3
245 246

l N

o0 ™0 >0
o 0 0
Alkyl—S$ CH, CH, CH,
HN
N Jy HN
CH,

/ OH NH OH
CH, \
CH,
Fig. 53. 247 226 227

The synthesis of 6'-amino-6'-deoxygentamicin A 248 from gentamicin A 43
demonstrates of the influence of the 6"-amino group?*® to provide an increase in
activity. 248 is synthesised by O-acetylation of 6'-trityl-penta-N-benzyloxycarbonyl-
gentamicin A, detritylation and conversion of the 6'-hydroxyl group via the tosylate
and the azido compound into the 6’-hydroxyl group via the tosylate and the azido
compound into the 6-amino derivative.
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A mixture of 1-N- and 2'-N-HABA-gentamicin C, %! is obtained by treatment
of gentamicin C, with the active ester of HABA. In a similar way 1-N-HABA-genta-
micin C; 231, 1-N-[(S)-3-amino-2-hydroxypropionyl]-gentamicin C, 232 and 1-N-
[(S)-5-amino-2-hydroxyvaleryl}-gentamicin C2 232%%2) are also synthesised. For the
synthesis of 1-N-HABA-gentamicin C, the 6'-amino group is first protected?43, The
synthesis of 1-N-HABA-sagamicin (XK-61-2) 234%*% or 1-N- [(S) 3-amino-2-hydroxy-
propionyl]-sagamicin 235%4%) succeeds after protection of the 2'-amino function. With-
out blocking the 2"-amino group, a mixture of different and manifold substituted
HABA-sagamicin derivatives is obtained4®), The synthesis of 1-N-HABA derivatives
of the other gentamicin analogues 37—41, 43—58 (Fig. 8, 9) through acylation of
the protected parent compound is covered in a patent application®4”). An improved
synthesis of 1-N-HABA-gentamicin C; and 1-N-[(S)-amino-2-hydroxypropionyl]-
gentamicin C, is described by P. J. L. Daniels et al.>*®). Daniels utilises the different
reactivities of the amino groups of gentamicin C,, which react with trifluoroethyl-
acetate in the following order: 2" >3 > 1> 6' > 3". According to this order, the
1-amino groups is acylated after protection of the 2'- and 3-amino function as tri-
fluoroacetamides.

Since the selectivity of the N-acylation is pH-dependent?*®), optimal reaction
conditions can be found through controlled protonation of the amino groups, which
can be achieved by controlled addition of triethylamine to the solution of a neutral
gentamicin salt. The active ester of HABA, for instance, reacts selectively with the
1-amino group after the addition of one equivalent of triethylamine to a gentamicin
salt.

The 1-N[(S)-cw-amino-2-hydroxyacyl]-gentamicins so far known display lower
activity compared to gentamicin, but are good for resistant strains of bacteria.

3".N-demethylgentamicin C, 228, -C, 228a and 6',3" -N-demethyl-gentamicin
C, 229 are prepared by oxidative demethylation, e.g. with iodine as oxidant?5%).
Reaction of sagamicin (antibiotic XK-62-2) 42 under similar conditions leads to 3"'-
N-demethylsagamicin 230 and gentamicin C,, 39*5%). Gentamicin C,, can be con-
verted into sagamicin by the treatment with carbon disulfide to yield 6'-N-dithio-
carbamylgentamicin C,,, followed by reduction?%? Variations in the deoxystrep-
tamine moiety of numerous representatives of the gentamicin-type compounds have
been described in a patent applicaﬁon“”. The suitably protected starting com-
pound was converted into.the 5-epicompound 237. Subsequent reaction with sodium
azide and reduction led to the 5-epi- amino-5-deoxyderivative 238.

NH,

~0
237
solvolysis NH,
“ NH-R //////' HO ¢
"0
MsO. NH—R
0
j;EE\\‘ 238
. 2. red. NH,
Fig. 54. 9
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Until now sisomicin and verdamicin have been relatively little modified. The
1-N-acyl derivatives could be obtained under controlled pH conditions. They show
activity comparable to that of the parent compound?*. 1-ethyl-sisomicin (netil-
micin) 241 was obtained through reaction with an excess of acetaldehyde and so-
dium borohydride25®. Netilmicin shows an improved antibacterial spectrum. The
hydrogenation of sisomicin gave 5'-epi-gentamicin C,, 236 (dihydrosisomicin)?*7.
This simple conversion caused a substantial loss of activity.

The chemical modifications of the compounds shown in the Figs. 11—18 will
not be reported. These compounds and their derivatives will play, if at all, a minor
role in the therapy.

II1.3 Biosynthesis and Biochemical Modifications of the Aminoglycosides

A comprehensive review on the biosynthesis of aminocyclitol antibiotics was pub-
lished by K. L. Rinehart and R. M. Stroshane®). Most of the biosynthetic studies
have been directed to the largest and most important group, the deoxystreptamine-
containing antibiotics. The biosynthesis was followed by 4C- or !3C-isotope labell-
ing of subunits and determination of the level of activity in isolated intermediates
and in final products by degradation, NMR-spectroscopy and mass spectrometry.

Glucose and glucosamine are precursors of aminocyclitol antibiotics. The speci-
fic labelling in some of the intermediate compounds suggests a complicated mech-
anism of biosynthesis, involving intermolecular rearrangements of the molecule in
some cases. Nitrate is the best nitrogen source for kanamycin production. Amino
acids, with the exception of glycine, are poor nitrogen sources25%),

The sequence in which the subunits are joined to pseudodisaccharide, pseudo-
disaccharide, pseudotrisaccaride or higher pseudooligosaccharide is still unclear. Some
information is available on the final biosynthetic steps for neomyecin and the genta-
micin-complex. Phosphoamido neomycins have been isolated and their enzymatic
conversion into neomycins has been studied. The location of the phosphoamido
group is unknown?4% 261

The components of the gentamicin complex contain C-methyl and N-methyl
substituents, the source of which seems to be mainly due to methylation by L{—)
methionine. The level of labelling does not completely support this argument. Re-
versible enzymatic reactions such as transmethylation, transamidation and deoxy-
genation are assumed?%2),

The biosynthesis of paromomycin, ribostamycin, butirosin, kanamycin and siso-
micin proceeds in a manner similar to that of neomycin from deoxystreptamine, but
it differs in some details?5®),

Some mutants have been used during biosynthesis to incorporate modified deo-
xystreptamine derivatives. In such so called “mutasynthesis”?%®) or “mutational bio-
synthesis”2%¥  new aminoglycoside antibiotics can be prepared. A series of analo-
gues of 2-deoxystreptamine has been used in different 2-deoxystreptamine-negative
mutants to determine whether they are converted to antibiotics. Only limited sub-
stitution at the 2-position (streptamine, epi-streptamine, 1-N-methyldeoxystrepta-
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mine) leads to bioconversion to active antibiotics, indicating a rigid requirement for
the 1,3-diamino function and the hydroxyl group configuration as in 2-deoxystrep-
tamine26% 265).

A 2-deoxystreptamine-requiring mutant from Streptomyces fradiae converts
streptamine and epistreptamine into the hybrimycins I 7a— f (Fig. 4)23). A mutant
from Micromonospora inyoensis produces new sisomicin analogues, the mutamycins,
from streptamine and 2,5-dideoxystreptamine 266,

CH,0H
—="~0 HO O
HO
HN H,N NH;
2 2 0
NH, NH,
0]
(0]
CH,4 HO OH
HN HN
/ OH - /
Fig. 55. R* Mutamicin 2a CH;
R R! R2 R3 R4
Sisomicin OH H H H CH;,
Mutamicin 1 OH H OH H CH;
Mutamicin la OH H OH H COCH3
Mutamicin 1b OH H OH H H
Mutamicin 2 H H H H CH;
Mutamicin 4 OH H H OH CH,
Mutamicin § NH, H H H CHj;
Mutamicin 6 H OH H H CHj

The addition of 2,5-dideoxystreptamine or streptamine instead of 2-deoxystrep-
tamine to a deoxystreptamine-requiring mutant of Bacillus circulans provides 5-deo-
xybutirosamine 249 or 2-hydroxybutirosin 250267,

CH,NH,
HO Q
HO
HN NH,
0o R!
R NH—-C—CH—CH,—CH,
OH | |
O OH NH,
249:R,R'=H 250: R = Pentosyl, R! = OH Fig. 56.
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In the same way, from Micromonospora purpurea mutants, gentamicin analogues
are synthesised with variations in 2- and 5-positions26%> 269,

R! NH-R? R! R? R3 R4

GH o 2HydroxygentamicinC; ~ CH3 CH3; OH OH
C; CH; H OH OH

HzN NHZ
0 R 5-Deoxygentamicin C; CH; CHy; H H
R4 NH, C'z CH3 H H H
O Cta H H H H
0
HO CH,
HN
. / OH
Fig. 57. CH,

A new antibiotic (streptomutin A) is produced by addition of 2-deoxystrepti-
dine to a streptidine-requiring mutant?%%_ The “biotransformation” of 2-deoxy-
streptamine-containing pseudodi- and trisaccharides into other active aminoglucosides
has been reported?6%: 270 271) The bioconversion of paromamine, neamine and pseu-
dotrisaccharides (gentamicin A, A,, X, antibiotic 66-40B and JI 20A) into sisomi-
cin has been demonstrated, utilising a2 mutant of Micromonospora inyoensis, which
requires 2-deoxystreptamine for the sisomicin production””.

Further examples of biochemical modifications of aminoglycosides are: enzy-
matic production of 3-N-carboxymethylribostamycin?7?, selective microbial hydro-
lysis of a- or -glucoside linkages of validamycins?”® and synthesis of aminoglyco-
side-3'-phosphates?”®. The latter compounds have been used as starting materials
for the preparation of 3'-deoxyaminoglycosides via the 3'-chloro derivatives.

IV Structure-Activity Relationships
IV.1 Serum Protein Binding, Complex Formation

In the first instance some physical and chemical properties which influence the effi-
cacy of the aminoglycoside antibiotics will be mentioned. Solubility, stability, lipo-
philicity, hydrophilicity and chelation properties are important factors for their
absorption, transport and bioavailability.

The reversible binding of aminoglycosides to macromolecular structures in blood
and tissues is important for biological activity, pharmacokinetics, toxicity and ex-
cretion” 275279 Binding equilibria of this type are difficult to analyse quantita-
tively, except for binding to plasma protein, for which several imethods of determi-
nation (e.g. dialysis, ultrafiltration) exist??”). Reported figures for serum binding
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of gentamicin obtained by a variety of methods vary over a wide range. Vogt and
Lebek?”® observed values of about 45%. Black et al.2”®) and Weinstein et al 289
found a binding from 25—30%. Later R. C. Gordon et al.?3!), P, Naumann and W.
W. Anwirter?®?) | and H. Rosenkranz et al.28% found no detectable binding of genta-
micin to human serum protein over a wide range of concentrations. These large dif-
ferences are probably caused by experimental errors due to binding of aminoglyco-
sides to membranes, filtration materials and vessels283 289

Very low protein binding by human serum was found for kanamycin, sisomi-
cin and tobramycin”> 281-284) According to Ramirez-Ronda et al.28%) the extent
of protein binding can change under pathological conditions: in the absence of Ca?*-
and Mg?* -ions, aminoglycosides are strongly bound (70—80%) to serum proteins.
With normal Ca2*- and Mg?*-levels no binding is observed.

These findings can be explained by the great tendency of the hydroxy- and
amino groups to chelate with metal ions. Chelation can be observed by the occur-
ence of several effects: a drop in pH values, changes of spectra and color, change
of solubility and decrease of metal ion concentration in solution?%%).

The first study of aminoglycoside chelates with Cu-, Ni-, Co-, Mg- and Zu ions
has been reported by Foye et al.?8¢), They found a 3:1 ratio for the copperchelate,
which exhibited more prolonged blood levels in guinea pigs, but also greater toxici-
ty. These chelates are stable at basic pH and are readily dissociated at or below pH 5,
where most of the amino groups are protonated. S. Yamabe?8” noticed the forma-
tion of metal chelates with kanamycin. The Cu-chelates with kanamycin and neo-
mycin and their UV-spectra have been studied by A. S. Kershner3®. The compo-
nents of gentamicin C-complex chelate with metal ions (3 :2 ratio for the copper
complex) with the following order of stability:

Cu(II) > Ni(II) > Co(II) > Mn(II) > Mg(II)

This order agrees with the results of H. Irving and R. J. P. Williams?®®) for com-
plexes in which the donor atoms are nitrogen and oxygen. Co(III)-complexes, pre-
pared by reaction of gentamicin C;, C, and C,, with CoCl, in the presence of oxy-
gen, show interesting propertieszsg). Although their pharmacokinetic properties are
altered marginally, they display surprisingly the same high activity as the free genta-
micins. In an in vivo study more than 80% of the activity was found in the urine
after 6 hours. The administered Co(Il)-complex was recovered unchanged. The ap-
propriate neomycin-, neamine-, and kanamycin-complexes also possessed good bac-
teriostatic efficacy.

V.2 Structure Modifications

Due to the great number of functional groups and asymmetric centres, only a small
portion of the possible structural variations has been synthesised and tested until
now. The structural variety of antibacterial aminoglycosides makes it difficult to
present a comprehensive picture for the structure-activity relationships.
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It has been known for a long time that the removal of both the amidino groups
in streptomycin and the acylation of the amino groups destroys the antibiotic acti-
vity, whereas the reductive amination, the reduction to dihydrostreptomycin, the
monosubstitution of an amidino function by a carbonyl group as in bluensomycin
and the demethylation of the N-methylamino group do not affect the effectiveness
of streptomycin. The differences in the activity of kanamycin A and B and the neo-
mycins have shown that the number and the position of the amino groups are of
importance for their efficacy.

Substantial progress towards the improvement of the activity of the aminogly-
cosides was made by the clarification of the enzymatic inactivation mechanisms of
aminoglycoside by resistant organisms. The formation of those enzymes which in-
activate aminoglycosides is determined by episomal genes. This type of resistance is
therefore called episomal resistance or R-factor mediated resistance, which can be
transferred between bacteria cells, but not by spontaneous mutation.

The genetic mechanisms of resistance and especially the R-factor mediated resis-
tance have been surveyed in numerous reviews, for instance by S. Mitsuhashi'®- 2%
2912) T Watanabe>*'?, S. N, Cohen?*'9), E. Reinhard?°® and N. Tanaka®.

The studies of the biochemical resistance, i.e. the studies of the enzymatic inac-
tivation steps have been pursued intensively by H. Umezawa®» 29 and

J. Davies??3=29%) and their co-workers. A summary of their results is compiled in
Table 10:
Table 10.
Enzymes Substrates
3"-O-Phosphotransferase Streptomycin
3'-O-Phosphotransferase Neomycin, kanamycin, ribostamycin, butirosin
5"-0O-Phosphotransferase Lividomyecin, ribostamycin
2'-N-Acetyltransferase Gentamicin, tobramycin, lividomycin a.o.
not: kanamycin A, amikacin
6'-N-Acetyltransferase Kanamycin, gentamicin C; tobramycin, ribosta-
mycin, sisomicin
3-N-Acetyltransferase Gentamicin, sisomicin, kanamycin
3""-O-Adenyltransferase Streptomycin, spectinomycin
2"-0O-Nucleotidyltransferase Gentamicin, kanamycin, tobramycin

The enzymes listed in Table 10 have been discovered in resistant strains of dif-
ferent bacteria. These enzymes catalyze the transfer of a phosphoryl-, acetyl-, or ade-
nyl-moiety to an aminoglycoside to make it inactive.
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Due to the knowledge of the enzymatic inactivation process, a great number
of chemical transformations has been accomplished with the object of preventing
these inactivating reactions. Full details of the chemical modifications have been
given in Chap. IT1.2. These variations are summarised with respect to structureactivity
relationships (Ref.).

There are several ways of prevénting an enzymatic reaction with an hydroxy-,
amino-, or guanidino group:

1. removal of hydroxy- or amino groups

2. establishment of steric hindrance for reduced interaction with the enzyme

3. substitution on the hydroxyl- and amino functions or their exchange for func-
tional groups which cannot be attacked by the enzymes.

4. Replacement of a complete sugar moiety by another carbohydrate with different
stereochemistry and/or other substituents.

The removal of the 3'-hydroxyl groups causes in general an enhanced activity
against resistant organisms with retention of effectiveness against sensitive strains,
(3'-deoxykanamycin A (169), 3'-deoxykanamycin B or tobramycin (30, 174), 3'-
deoxyneamine (86) and 3'-deoxybutiroscn B (111)).

4’-Deoxykanamycin A (/ 73), in contrast to kanamycin A, is not phospharyl-
ated by 3'-O-phosphotransferase II, while the 3'-Q-phosphotransferase I producing
strains show resistance. Therefore, the 4-hydroxyl group must be involved in the
binding with the enzyme phosphotransferase II. By a study of the effect of the 4'-
deoxygenation with neamine, 1-N-HABA-neamine, ribostamycin and butirosin, it
could be established that the inactivating reaction of the phosphotransferase I can
only be prevented, if the 1-amino function is substituted by an amino acid side chain
(HABA).

The 3',4"-dideoxy compounds show in respect of activity and behavior against
resistant strains a spectrum similar to that of the 3'-deoxy derivatives (3',4'-dide-
oxyneamine (87), 3’ 4'-dideoxykanamycin B (I 76)). The advantageous effect of a
combination of the deoxygenation and 1-amino-HABA substitution was shown for
3’ 4'-dideoxyribostamycin (105) and 3' 4'-dideoxybutirosin A (112) and B(Z113)!"9,

Attempts to prevent the 3'-O-phosphorylation by protection of the hydroxyl
groups (3'-O-methylneamine (92), 4'-O-methylneamine (93) and 3'-O-methylkana-
mycin A (I 70)) led to inactive compounds. The studies of H. Umezawa et al.2!?
indicate that the protection of the 3"-hydroxyl group causes a steric hindrance of
the binding of the antibiotic to the bacterial ribosomes. These compounds only
marginally inhibit the poly-phenylalanine synthesis in a poly-U-ribosome system.

Phosphotransferase I phosphorylates not only the 3'-hydroxyl group, but also
the 5'"-hydroxyl function of lividomycin and 3',4'-dideoxyribostamycin. The ex-
clusive attack at the 3'-position of ribostamycin indicates that this position is steri-
cally better located for the phosphate-transferring center of the enzyme than the
5"-hydroxyl group. A 5"-Q-phosphotransferase that reacts also in this position of
ribostamycin has been isolated from Pseudomonas. The interesting point of these
5".0-phosphorylations is that the 1-amino-HABA moiety in butirosin obviously
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weakens the substrate-enzyme binding, so that the 5'-O-phosphorylation does not
occur. The removal or the protection of the 5”-hydroxyl function leads to different
results. 5”-deoxylividlomycin A (150) and B (149), 5'"-deoxy-5"'-aminolividomycin
A (151) and 5"-O-methyllividomycin possess only weak antibacterial activity. Thus
the 5"'-hydroxyl group seems to be essential for the activity'*%. It is also the rea-
son for the decrease of activity if the 3',4’-dideoxyribostamycin (105) is converted
into 3',4',5"tri-deoxyribostamycin (106)'7V. For 6’ 5" -diamino-6',5" -dideoxyli-
vidomycin B (153) and 5”-amino-3',4',5 -trideoxybutirosin 4 (118)*"® 17 on

the other hand, a strong activity against sensitive and resistant organisms has been
observed.

Oxidation of ribostamycin to ribostamycin-5’'-uronic acid and its derivatives
destroys the antibacterial activity.

Modifications of the 6'-amino function, which are believed to prevent a reac-
tion with the 6'-N-acetyltransferase were confirmed mainly so far to alkylation reac-
tions. The antibacterial activity of 6'-N-methylkanamycin B (177) and 3’ 4'-dideoxy-
6'-N-methylkanamycin B (1 78) is comparable with that of the parent compound.
They are active against some 6'-N-acetyltransferase-producing bacteria. The 2"'-hy-
droxyl group in kanamycin- or gentamicin-type compounds is attacked by different
resistant organisms with adenylation. Thus 2"-deoxygentamicin C, (226) shows
good activity against these organisms but against other gentamycin resistant bacteria
it is as inactive as 2''-deoxy-3""-demethylamino-2"'-methylaminogentamicin (227).
The epimer, 2"'-epigentamicin C; (225) is not a substrate for the gentamicin adenyl
synthetase. Nevertheless, it shows only a low antibacterial activity2382,

Kanamycin derivatives with a changed configuration in C-2"-position such as
2"-manno-kanamycin A, 6'-amino-6"-deoxy-2"-manno-kanamycin (161) and
6"-deoxy-6"-hydrazino-2"-manno-kanamycin A (62) have a decreased activity
compared with the parent compounds.

The changed stereochemistry obviously prevents not only the interaction with
the active center of the inactivating enzyme, but also the reaction with the bacteria
ribosomes.

The kanamycin- and gentamicin-type antibiotics need an equatorial 2"'-hydroxyl
group for a maximal activity against a broad spectrum of organisms. From the model
of the kanamycin molecule, the 1-amino group of the 2-deoxystreptamine moiety is
seen to be close to the 2"-hydroxyl groups at which the nucleotidyltransferase reacts.
Through the modification of the 1-amino function, a steric hindrance of the enzyme
reaction can be achieved by which active derivatives have been obtained. Thus, the
known 1-amino-HABA substitution inhibits not only the shown attack of the phos-
photransferase, but also the reaction of the 2"-hydroxyl nucleotidyltransferase. Ex-
tensive studies have been carried out on the structure activity relations of the
1-amino derivatives (HABA and others) of neamine!61), ribostamycin (butirosin ana-
logues)*¢”) and kanamycin A (amikacin analogues)?3?). It was established unam-
biguously that the hydroxyl- and amino functions must be present in the acyl side
chain to obtain high antibacterial activity. 2,4-diaminobutyrylneamine, 2,3,4,6-tetra-
hydroxy-5-aminohexanoylribostamycin and 3-aminopropionylkanamycin A, for in-
stance, show no activity. The a-hydroxy-w-amino acids with 3—5 C-atoms (prefer-
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entially 4c atoms) and an S-configuration of the hydroxyl group give optimal effects.
The conversion of the w-amino function into a stronger basic function (guanidino
group) causes a loss of activity. Substitution of the 1-amino function with unsub-
stituted acyl groups or alkyl moieties also decreases the antibacterial activity.

On the other hand, the 1-N-acetyl derivatives of sisomicin and verdamicin pos-
sess activity against sensitive organisms comparable with the parent compounds and
even enhanced activity against sisomicin-resistant strains carrying 3-N-acetylating
and 2""-O-adenylating enzymes?*?. In contrast 1-N-[(S)--hydroxy-cw-aminoacyl]-
derivatives of sisomicin, verdamicin and gentamicin C; are much less effective than,
for instance, amikacin. This seems to be a general property of amino glycosides with
a 2'-amino group.

1-N-ethylsisomicin (netilmicin) (241) possesses excellent activity over a broad
spectrum and low toxicity?56?.

Hanessian et al.2%® investigated the structure activity relations of isomeric 2-
deoxystreptamine derivatives which were prepared by oxidative degradation of paro-
momyecin (251) or via O-glycoside synthesis (252).
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The 6-ribofuranosyl derivative is much less active than 251.

Products of the oxidative degradation (253, 254), in which the 4—0 attached
aminoglycosyl moiety is removed, show less or no activity?®”). K. Fujisawa et al.! 58
studied the structure-toxicity relations of 25 natural and semi-synthetic aminogly-
cosides. They evaluated the acute, intravenous toxicity [LDsg] with the assumption
that the acute toxicity is related to the oto- and nephrotoxicity, which are the limit-
ing side effect in clinical use. The results are summarized in Table 11 1853,
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Table 11.
Aminoglycoside LDs in mg/kg/Mouse
8 Neamine 125 (121-129)
34 4'-Deoxyneamine 195 (181-209)
89 3',4',5,6-Tetradeoxyneamine 60 ( 44— 76)
96 1-N-HABA-Neamine 260 (247-273)
4'-Deoxy-1-HABA-Neamine 330 (318—342)
10 Neomycin B 24 ( 21- 27)
11 Neomycin C 44 ( 37— 51)
12 Paromomycin I 160 (145-175)
15 Lividomycin B 140 (130-150)
14 Lividomycin A 280 (252—308)
18 Ribostamycin 260 (250-270)
19 Xylostasin 280 (265-295)
4'-Deoxycylostasin 280 (260—-300)
20 Butirosin A 520 (502-538)
22 4'-Deoxybutirosin A 520 (515-526)
25 Bu 1709 E; 890 (656—944)
27 Kanamycin A 280 (269-291)
28 Kanamycin B 132 (124-140)
29 Kanamycin C 225(198-252)
30 Tobramycin 79 ( 74— 84)
176 3',4'-Dideoxykanamycin B 71( 67— 75)
37 Gentamicin C 88 ( 78— 98)
38 Gentamicin C, 70( 65— 75)
39 Gentamicin Cy4 70 ( 59— 81)
179 Amikacin 300 (285-315)

V Mode of Action and Side Effects of Aminoglycoside Antibiotics

Aminoglycoside antibiotics inhibit the protein biosynthesis in sensitive organisms.
The reaction takes place at the ribosomes. (Reviews see Refs.%» 113, 298.299) y The
reaction with the ribosomes causes two effects:

1. Inhibition of the translation step in proteinbiosynthesis.

2. Misreading of the nucleotide code and formation of altered sequences.

As shown for streptomycin, the aminoglycosides bind at the 30 S subunit of the
ribosome. The formation of the initiation complex is not inhibited. The translocation
of the formylmethionine or peptidyl-t-RNA from the acceptor to the peptidyl site is
disturbed. The bound t-RNA shifts the ribosome during the translocation from the
decoding site to the condensing site and no more aminoacyl-t-RNA is bound.

Concerning the binding of the agents at the ribosomes and the molecular mech-
anisms which cause the abovementioned effects, see Refs.300309)

Comprehensive studies on the mode of action, in particular of the misreading
of aminoglycosides, have been carried out by D. Lando et al.39%), Corresponding to
their different modes of action, the aminoglycosides can be divided into three groups:
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1. Kasugamycin produces no misreading, but inhibits the commencement of trans-
lation.

2. Streptomycin and dihydrostreptomycin inhibit the initiation step of translation,
and there are also slight “misreading” effects.

3. Neomycin, gentamicin, kanamycin and their derivatives produce considerable mis-
reading effects. Neomycin inhibits on a small scale the initiation step of transla-
tion, while gentamicir and kanamycin do not show this effect.

Little is known about the molecular mechanism which is responsible for the toxic
side effects39% 307,

For clinical use, the toxic side effects, which appear after long treatment with
therapeutic doses, play a more important role than the acute toxicity caused by very
high doses (Chap. 1V.2).

The ototoxicity causes serious irreversible damage of the hair cells in the inner
ear398), The area where the first damage is observed is characteristic for the type of
the aminoglycoside used and is related to its specific pharmacokinetics. Due to the
fact that aminoglycosides are excreted faster from the serum than from the inner
ear a cumulative effect in the perilymph is observed. By an exact adjustment of the
daily dose and its subdivision into small doses over shorter periods of time according
to the specific pharmacokinetics in the patient, toxic levels of the antibiotic in the
perilymph can be avoided.

The nephrotoxicity is often reversible but it can potentiate the ototoxicity by a
slow excretion of the drug in the impaired kidney.

Many attempts have been made to reduce the toxicity of aminoglycosides. The
combination of D-glucaro-5-lactam decrease the nephrotoxicity>®®). The application
of 2,3-dimercaptopropanol during the therapy reduces the ototoxicity.
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