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SCOPE OF THIS REVIEW 

This review is concerned primarily with functions of ascorbate that have been 
studied at the level of specific enzymatic reactions using in vitro systems. This 

approach excludes detailed consideration of many functions that become dis­
turbed in the scorbutic animal if they have not also been studied in cell or organ 

culture systems or using isolated enzymes. In oudinal discussion we consider 
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366 ENGLARD & SEIFfER 

whether, after all, the most important functions of ascorbate reside in other 
kinds of metabolism, as yet nondescript, for which none of the enzymatic 
reactions reviewed may be critical. In this article we also list other possible 
functions of ascorbate, referring only to reviews and a few primary articles. 
Several more general books and reviews on ascorbate are included in the 
bibliography (33,39, 111, 120, 150, 152, 155, 180,249,284). 

Although this article does not review the literature on the biosynthesis and 
metabolism of ascorbate per se, these subjects are discussed briefly to provide 
some background and perspective. 

BIOSYNTHESIS AND REQUIREMENTS 
OF ASCORBIC ACID 

Among vertebrates from reptiles through mammals ascorbic acid is probably 
synthesized by this pathway: 

a-o-glucose � � � � UDP-o-glucuronate � o-glucuronate � L-gulonate � 
L-gulono--y-Iactone � 2-keto-L-gulonolactone � L-ascorbic acid. 

The flrst phase of ascorbate synthesis is part of a common pathway for 
converting glucose to UDP-glucuronate (34). The latter is also used for synthe­
sis of certain glycosaminoglycans and for conjugation reactions in which 
glucuronides are formed. Diversion of the pathway toward speciflc synthesis of 
ascorbate would seem to be at the point where UDP-glucuronate is converted to 
D-glucuronate. The nature of that conversion is not known in animals,  although 
liver UDP-glucuronyl transferases that catalyze the formation of glucuronides 
in the presence of a suitable glucuronyl acceptor may possibly hydrolyze 
UDP-glucuronate in the absence of an acceptor. 

The C-l aldehyde function of D-glucuronate is then reduced enzymatically 
with NADPH to a C-l primary alcohol group giving L-gulonate. L-Gulonate 
lactonizes to form L-gulono-,),-lactone, which is then oxidized by L-gulono-,),­
lactone oxidase to form ascorbate. 

Humans and other primates, flying mammals, guinea pigs, and passer­
iformes birds do not synthesize ascorbate because they do not express a gene (if 
they have one) for synthesis of the last enzyme in the pathway, L-gulono-,),­
lactone oxidase (39, 241). Although rats are known to synthesize ascorbate, a 
mutant strain of Wistar rats has been established that does not contain L-gulono­
,),-lactone oxidase and must be administered ascorbate in order to develop and 
grow (184). The actual requirement for ascorbate (vitamin C) in a given species 
unable to synthesize it is almost impossible to determine, especially since the 
need may change with physiological status, daily variations,  stress, and dis­
ease. Indeed some evidence exists that animals capable of synthesizing ascor-

A
nn

u.
 R

ev
. N

ut
r.

 1
98

6.
6:

36
5-

40
6.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

01
/0

5/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ASCORBIC ACID FUNCTIONS 367 

bate can undergo induction of synthesis resulting in increased production (40). 
Thus, some drugs and anesthetics can induce increased synthesis. That circum­
stance strongly suggests that species requiring ascorbate in the diet also have a 
variable need for the vitamin, and that must be considered in the setting of 
recommended daily allowances. Depending on the margin of safety adopted, 
different recommendations have been made. In Great Britain the recommended 
daily allowance for ascorbate in the diets of adult humans is 30 mg, while in the 
United States it is 60 (227). Recently, despite the recommendation of a panel 
that the allowance be lowered, the National Academy of Sciences reaffirmed 
the amount at 60 mg of ascorbate (176). 

A recent development that should be noted for its obvious interest and 
potential is the production by recombinant DNA technology of 2-keto-L­
gulonic acid (6), which could be a key intermediate in the chemical synthesis of 
L-ascorbic acid. 

METABOLISM OF ASCORBATE 

The main features of metabolism of ascorbate, particularly in vertebrates, are 
briefly summarized as follows: 

-Ie, -2H: -Ie 
L-ascorbic acid < L-ascorbate �====� 

+le, +2H+ free radical +le 

L-xylose L-threonic acid + oxalic acid 

�/ L-dehydroascorbic--�) 2, 3-diketo-L ) L-xylonic and L-lyxonic. 
acid gulonic acid Acid acid 

Ascorbate can be converted to L-dehydroascorbate by removing two electrons 
and two protons. Evidence suggests that this occurs in two stages, with a free 
radical formed intermediately by removal of one electron and two protons (18, 

270). Semidehydroascorbate can then give up a second electron to yield 
L-dehydroascorbate. The free radical can also undergo disproportionation, in 
which two molecules form one of ascorbate and one of dehydroascorbate (18, 
240). 

In some plants, ascorbate is converted to L-dehydroascorbate irreversibly by 
an ascorbic acid oxidase that is a copper-requiring enzyme. In many cells of 
different species, including mammals, the conversion is reversible to some 
degree, and is catalyzed by a different enzyme, dehydroascorbate reductase. 
That enzyme uses reduced glutathione as a cosubstrate, and the products are 
ascorbate and oxidized glutathione. Should the reaction operate in reverse, 
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368 ENGLARD & SEIFfER 

oxidized glutathione would be reduced. In some of these cells another enzyme, 
, glutathione reductase, utilizes NADPH for reduction of oxidized glutathione; 
one can then construct a cycle in which glutathione and NADPH are used in the 
overall reconversion of dehydroascorbate to ascorbate, allowing the last two to 
exist in equilibrium. IfNADPH is then syphoned off for use in other reductions 
(for instance, in the reduction of folate to tetrahydrofolate or biopterin to 
tetrahydrobiopterin), one can visualize how ascorbate, can be used as a source of 
electrons and protons. 

The existence of the intermediate L-ascorbate free radical is incorporated into 
mechanisms proposed for certain hydroxylation reactions that appear to depend 
on ascorbate; for instance, such a mechanism has been proposed for the 
hydroxylation of dopamine to norepinephrine. 

Other aspects of the above scheme apply to' species that are able to open the 
lactone ring of L-dehydroascorbate to form 2,3-diketo-L-gulonate. This com­
pound then can go through several possible degradation pathways, as shown 
above (34, 155, 170, 171, 270). The enzyme involved is a lactonase. If a 
species were to lack that enzyme, dehydroascorbate could either be reconverted 
to ascorbate, if mechanisms exist to perform that reaction, or be excreted in the 
urine. Species that apparently lack the lactonase are humans, other primates, 
and fishes (270). Significantly, the lactonase is present in the livers of guinea 
pigs. In theory, the presence or absence of lactonase in species such as the 
human and guinea pig, both of which cannot synthesize ascorbate, could 
influence'the dietary requirement for the vitamin. 

In considering the metabolism of ascorbate, one must recognize that it must 
be transported into cells and subcellular compartments where it performs its 
functions. Under physiological conditions ascorbate exists as a monoanion that 
cannot traverse most membranes readily. However, the subject of transport of 
ascorbate is only beginning to be studied. We refer to this matter further under 
our discussion of chromaffin cells of the adrenal glandS in synthesis of norepi­
nephrine. 

ACTIONS AND FUNCTIONS OF ASCORBATE 

Actions and functions of a vitamin can be studied at two levels. First, using a 
dependent organism one can produce a deficiency disease and examine the 
disaffected functions and then determine whether these are restored to'normal 
by administration ofthe vitamin. Second, one can identify specific biochemical 
reactions in which the vitamin or a cofactor form may act, isolate the enzymes 
involved, and determine the functions of the Nitamin/cofactor in the reactions 
catalyzed by the enzymes . .  Reconciling the first and second approaches is 
frequently difficult. In vivo, observed functional changes may be secondary or 
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ASCORBIC ACID FUNCTIONS 369: 

even remote to the specific vitamin deficiency. The complexity of pellagra due 
to· niacin defiCiency is a case in point. In vitro, participation of the vitamin 
in a given reaction does not rule out that another factor operates in vivo. 
That is a possibility in some of the activities of ascorbate in isolated enzymatic 
reactions. 

Although many physiologi'aal and biochemical processes appear to be in­
fluenced by ascorbate, the discrete biochemical reactions shown in Figure 1 are 
chief among those that have been studied sufficiently to warrant consideration 
here. Even in these reactions; one cannot say that the function of ascorbate is 
uniquely specific at the in vitro level, becauset.other.reductants such as glu­
tathione, cysteine, tetrahydrofolate, tetrahydrobiopterin, dithiothreitol, and 
2-mercaptoethanol frequently can be used in place of ascorbate. Still, ascorbate 
is most effective. If in the whole organism ascorbate is needed to produce 
another reductant that actually is used in an enzyme reaction, a decline in 
enzyme activity in scurvy would.not be proof of direct participatiofi of ascorbate 
in the reaction. Furthennore, in vivo, ascorbate could serve other functions to 
keep the enzyme in its optimal state of activity without directly participating in 
the mechanism of the reaction. We illustrate this possibility in our discussion of 
ascorbate and the activity of the prolyl hydroxylases:. 

Figure 1 is organized to present the known enzymatic reactions influenced by 
ascorbate according to the following conceptual division. First, the figure 
shows two monooxygenase reactions (reactions 1 �md.2). Both require copper, 
molecular oxygen, and a reductant such as ascorbate. The ascorbate probably 
acts at the level of the metal to activate the oxygen and not directly on the 
substrate (dopamine in one case and a glycine-tenninating peptide in the other). 
Second, a single reaction governed by.a dioxygenase (reaction 3) is presented in 
which both atoms of a dioxygen 'molecule are incorporated into a single 
product, homogentisate. In that respect the enzyme involved, 4-hydroxyphen­
ylpyruvate dioxygenase, differs from the other dioxygenases listed sub­
sequently. Those dioxygenases (reactions 4-11) use a-ketoglutarate as a' 
cosubstrate and incorporate one atom of oxygen into succinate and one into the 
product of oxidation of the specific substrate. All of the dioxygenases appear to 
be similar in requiring iron in the ferrous state. As we consider below, ascorbate 
may be required for maintaining iron in the ferrous state should it become 
adventitiously oxidized; in that case ascorbate would not participate directly in 
the mechanism of oxidation of the substrates. 

A general mechanism for the a-ketoglutarate-dependent dioxygenases can 
be written as follows: 

O2 + a-ketoglutarate + specific substrate reductant 
succinate + CO2 + hydroxylated substrate. 

A
nn

u.
 R

ev
. N

ut
r.

 1
98

6.
6:

36
5-

40
6.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

01
/0

5/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



370 ENGLARD & SEIFTER 

1. ,J?-"'""' 

OH 
l,4-DIHYDRDXYPHElYlETHYlAMINE 

(DOPAMINE) 

2. 

MONOOXYGENASES 

OH 
I 
CH-CH2NH2 

DOPAMINE {J- HYDROXYLASE, 0 IEC 1.14.17.1) 
HaY 

OH 
NOREPINEPHRINE 

o H 0 H o H 0 H 
II I I I R-C-N-C-C-N-C-COi 

I I I I 
PEP TlDVlGlVCINE a -AMIDATING, R- �-N-t-�-NH + o-t-co MONOOXVGENASE I I I . 

3. 

H R' H H 

PEPTIDE 11TH '-TERMIUL GlYCIIE 

OH 

DIOXYGENASES 

4-HVROXVPHENYLPVP.UVATE 
HVDROXYLASE 
IEC 1.13.11.27) 

OH 

H R' H 

,-TERMINAL AMIDATED 
PEPTIDE 

4-HYDROXYPHUnPYRUVATE HOMOGENTISATE 

4. 

5. 

6. 

OC�.o N I I NHR' C·O 
{ 

PEPIIDYL k -PROLINE 

CHZNH; 
I 

H-C-H 
I 

(CHzlz 
I 

RC-NH-CH-C-NHR' 
II II 
o 0 

P[PIIOYL k· LYSINE 

PRom 4 -HYDROXYLASE. IEC 1.14.11.2) 

HQ 

Oc�.o N I 

C'O NHR' 
{ 

PEPTlOYl4-TRA.S-KYOROXY-�-PROlI.E 

PROLYL 3-HYDROXVLASE 
IEC 1.14.11.7) 

. .oH 

OcP 
N I 
I NHR' C'O 

{ 
PEPIIDYL 1- TRANS -HYDROXY-� -PROLINE 

l VSYL HYDROXYLASE 
IEC 1.14.11.4) 

CH2NH; 
I 

OH-C-H 
I 

(CHZ)Z 
I 

RNH-CH-C-NHR' 
II 
o 

PEPTIDYL 5-ERYTKRO- KYDRDXY - � - LYSINE 

GlYDXYlATE 

Figure 1 Classification of specific enzymatic reactions in which ascorbate has been implicated. 
Reaction 3 is a dioxygenase, different from those shown in reactions 4-1 1 in that a-ketoglutarate is 
not required as a cosubstrate. Reactions 4-11 do require a-ketoglutarate. Reactions 4-6 are 
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8. 

9. 

10. 

11. 

ASCORBIC ACID FUNCTIONS 371 

DIOXYGENASES (Continued) 

THYMINE 7-HYDROXYlASE 
IE( 11411.6) 

THYMINE 5-HYOROXYMETHYlURACll 

HN� 
O�N) 

�-<d 
HO 

DEDXYURIDINE 

C02 
o I 

H3N-�-H 
CHZ 
I 

(H2 
I 

CH2 
I 

CH2 
I 

ON ICH3)3 

PYRI MID INE 
DEOXYRIBONUCLEOSIDE 

2' -HYDROXYLASE 
IEC 1.14.11.3) 

DEOXYURIDINE IURID I NE) 
l' -HYDROXYLASE 

6-�-TRIMETHYL- � -LYSINE 
HYDROXYlASE 
IEC 1.14.11.8) 

6-!-TRIMETHYl-� -lYSllE 

�02-

1H2 
(H2 I 
(H2 I 

+NICH3)3 
4 -. - IRIMI IHILIMI.a!UIIRAII 

-Iy- BUIIROBEIIINII 

y - BUT YROBETAINE 
HYDROXYlASE 
IEC 1.14.111) 

HN� 
�N 

HO - C�z/o, I 
WOH 
HO 

° �Oi 
H3N-�-H 

HO-C-H 
I 

CHz 
I 

CH2 
I 

CH2 
I 

+N ICH3)3 

fRYTHRO-l-HTDROXI-6-!­
TRIMETHTL- � -LTSINE 

� Oi 
�H2 

HO-C-H 
I 

CHZ 
I 

+ N  ICH31J 
l- HYDROIT -4-N -TRIMETHYl­

AMINOBUIIRAII 
IHARN ITINI I  

5-fORMYlURACll 

URACIL 

URACIL -5-
CARBOXYLIC ACID 

HO-CHVO� 
+ \..-.I ( 

HO 

DEOXYRIBOHOLACTI 

involved in posttranslationaI hydroxylation of procollagen chains in animal species. Reactions 7-9 
are involved in pyrimidine and pyrimidine nucleoside metabolism in fungi. Reactions 10 and 11 are 
involved in the biosynthetic pathway of carnitine. 
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372 ENGLARD & SEIFfER 

DOPAMINE �-HYDROXYLASE 

This enzyme catalyzes the final and probably a rate-determining reaction in the 
conversion of tyrosine to norepinephrine (reaction 1 in Figure 1). It occurs both 
as soluble and membrane-bound forms in catecholamine storage vesicles in 
nervous tissue, and specifically in granules of the chromaffin cells of the 
adrenal medulla. The enzyme was first purified from bovine adrenal medulla 
and its action studied (72, 148, 149). It is now known to consist of four identical 
subunits arranged as dimers joined by disulfide bonds. It has been reported to 
contain variously from 2 to 12 atoms of copper as Cu2+ per tetramer (9, 119, 
129,232,274), with 8 most probable. All of the above features of the enzyme 
are reviewed elsewhere in great detail (119, 152, 232, 255). 

Ascorbate is considered to be a reductant in the dopamine J3-hydroxylase 
reaction, and indeed the most effective agent when the enzyme is studied in 
vitro (72, 119, 148, 149). Belief that it may be the physiological reductant is 
strengthened by the fact that the adrenal medulla contains a very high concen­
tration of ascorbate, exceeded only by adrenal cortex and pituitary in mamma­
lian tissues ( l00, 121, 152, 177). Furthermore, in the enzymatic assay ascor­
bate is used stoichiometrically in relation to consumption of oxygen and 

formation of norepinephrine (72, 119): 

dopamine + ascorbate + O2 --�. norepinephrine + dehydroascorbate + H20. 

The overall conversion of ascorbate to dehydroascorbate occurs with transfer 
of two electrons to a suitable acceptor. However, in the dopamine 13-
hydroxylase reaction some evidence has been obtained showing that the two 
electrons are donated one at a time in discrete steps, which requires that the 
ascorbate free radical (semidehydroascorbate) be an intermediate (52, 53, 255, 

256,274). It has been suggested that semidehydroascorbate in this mechanism 
could be acted on by a reductase to regenerate ascorbate (54), but a problem 
exists since that reductase occurs in the mitochondria and the hydroxylase is 
located in the chromaffin granules. Recent studies using mechanism-�ased 
inhibitors (44) and analysis of kinetic isotope effects ( 182) have probed the 
chemical mechanism of dopamine j3-hydroxylase, but the function of ascorbate 
in reduction of the copper was not considered. 

In the adrenal medulla, a further complication exists because the hydroxylase 
is inside the chromaffin granules (17, 122, 139, 143,212) and most, but not all, 
of the ascorbate is found outside in the cytoplasm of the chromaffin cells (55, 

108, 151, 266). This could be very important for understanding the function of 
ascorbate in the physiological reaction. The matter was discussed in great detail 
by Levine & Morita (152), who summarize several possibilities. For instance, 
ascorbate could be transferred from the extragranular to the intragranular space 
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ASCORBIC ACID FUNCTIONS 373 

to replenish the ascorbate being consumed in the hydroxylation reaction or, 
alternatively, the granule membrane could contain an electron carrier system 
that specifically transports reducing equivalents from ascorbate outside the 
granules to an electron acceptor in the granules. In the latter case, ascorbate 
need not participate in the hydroxylation reaction per se, but could serve instead 
to generate another reductant for the reaction. Thus far no evidence exists for a 
system of active transport of ascorbate into the granules (269). However, some 
studies appear to support the concept that the action of ascorbate is related to the 
transfer of reducing equivalents into the granules, and Levine and his col­
leagues favor the idea ( 152, 153). 

PEPTIDYL GLYCINE a-AMIDATING MONO OXYGENASE 

If one examines the structures of a number of peptides active as hormones, 
hormone-releasing factors, and neurotransmitters, one notes the frequency with 
which the carboxyl-terminal residue is amidated. Recently the nature of the 
amidation reaction was discovered (30, 31, 107, 128, 142). The process is 
catalyzed by a copper-requiring enzyme that oxidatively cleaves the carboxyl­
terminal residue using molecular oxygen (62, 79, 80, 82, 173). This is not a 
simple hydrolytic cleavage of a peptide bond, because the amino group coming 
from the terminal residue is retained in the penultimate residue as a terminal 
amide group, while the remainder of the oxidized terminal residue leaves as an 
aldehyde (30). Most of the substrates studied in this class of reactions contain a 
carboxyl-terminal glycine residue, but other amino acid residues have been 
used in that position ( 128, 142). When a glycine-extended peptide is the 
substrate, one can write the reaction as shown in reaction 2 of Figure 1. 

The peptides that may be ami dated by this enzyme include bombesin (human 
gastrin-releasing peptide) (259), calcitonin (110), cholecystokinin (octapep­
tide) (5 1,  87), corticotropin-releasing factor (273), gastrin (25, 264, 286), 
growth-hormone-releasing factor (88), a- and 'Y-melanotropin (81, 195), 
metorphamide (278), neuropeptide Y (183), oxytocin ( 140), pancreatic 
polypeptide (24, 265), substance P ( 196), vasoactive intestinal peptide (09), 
and vasopressin ( 141). The parent precursor proteins of some of those peptides 
have been studied by molecular biological methods and, as noted in the listed 
references, their mRNA's reveal a sequence identical to that of the non­
amidated peptide extended by a glycine residue. 

Bradbury et al (30) proposed a mechanism in which two hydrogen atoms are 
abstracted from the peptide imino group and the a carbon of the glycine residue 
so that a double bond forms between the nitrogen and carbon atoms. They 
considered that the bond then was cleaved hydrolytically with formation of the 
carboxamide of the penultimate residue and release of glyoxylate. 

With studies using a preparation from pituitary glands, Eipper et al (62) then 

A
nn

u.
 R

ev
. N

ut
r.

 1
98

6.
6:

36
5-

40
6.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

01
/0

5/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



374 ENGLARD & SEIFfER 

showed that addition of ascorbate to the incubation medium caused a five-fold 
increase in amidation over the intrinsic activity. That was compared with a 
two-fold increase obtained with the best of other reductants used in place of 
ascorbate. That finding was of special significance since many of the peptides 
amidated are formed in tissues containing high concentrations of ascorbate, 
notably the pituitary glands, adrenal glands, and perhaps other nervous tissues. 

A partially purified peptidyl amidating enzyme has been prepared from 
pituitary glands, and requirements for its in vitro assay have been determined 
(80). The intrinsic amidating activity, that is the activity without added ascor­
bate, can be diminished by treatment with plant ascorbate oxidase, which 
suggests that residual ascorbate is present in the preparation and that ascorbate 
is somehow required (82). On the other hand it has been found necessary to add 
catalase to the system, which indicates that hydrogen peroxide is formed that 
can inhibit the enzymatic action (62, 82). The function of catalase, as in the case 
of other oxygenases, would appear to be largely to protect the enzyme from 
oxidation by destroying hydrogen peroxide (20). 

A nonenzymatic model system for amidation of peptides has been studied 
(13). This uses molecular oxygen, Cu2 + ions and ascorbate. However, catalase 
added to the system inhibits the chemical reaction, which suggests that hydro­
gen peroxide is a requirement. The investigators proposed a mechanism for the 
model chemical reaction in which ascorbate is a direct reactant. Comparison of 
the enzymatic and nonenzymatic reactions therefore has at least one significant 
difference, the generation and use of hydrogen peroxide. This is a matter yet to 
be resolved. 

Thus in addition to its importance in the formation of catecholamines, 
ascorbate is given considerably broader significance in the nervous and endo­
crine systems. 

4-HYDROXYPHENYLPYRUVATE DIOXYGENASE 

This enzyme catalyzes the conversion of 4-hydroxyphenylpyruvate to homo­
gentisate as part of the pathway for completely oxidizing tyrosine to carbon 
dioxide and water. It has been purified from the livers of birds (275) and 
mammals (144, 194, 230) including humans (157). It has also been prepared 
from Pseudomonas sp. P.I. 874 (166). In its action the enzyme uses both atoms 
of dioxygen to catalyze the coupled oxidations within the same molecule as 
depicted in reaction 3 of Figure 1. One atom of oxygen is used for the oxidative 
decarboxylation of the sidechain pyruvate residue, thus leaving a sidechain 
acetate residue ( 156). The second oxygen atom of molecular oxygen is in­
corporated into a para hydroxy group as the acetate group moves to the ortho 
position; this occurs within a framework of the so-called NIH shift (156). The 
enzyme is truly a dioxygenase (156), and the similarity of its action with those 
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of the a-ketoglutarate dioxygenases has been noted (3, 91), with a significant 
difference. In the latter group of enzymes the a-keto acid that becomes oxida­
tively decarboxylated is a separate external molecular substrate, whereas with 
the 4-hydroxyphenylpyruvate dioxygenase the a-keto acid is attached to the 
same molecule that becomes hydroxylated. All of the dioxygenases listed here 
share a requirement for ferrous iron (3, 91). Mechanistic studies have been 
performed with the 4-hydroxyphenylpyruvate dioxygenase (144, 235, 236). 
These have not advanced sufficiently to assign a specific function for the iron, 
although metal chelating agents inhibit the reaction (3, 9 1). No confirmatory 
evidence has yet been obtained for the proposed chemical mechanisms (3, 89, 
91, 179, 238, 280) . 

Several reducing substances have been studied as activators for this enzyme, 
as in the case of the other dioxygenases (3, 83, 91, 288). However, in this 
reaction the clear superiority of ascorbate over all other reducing agents tried is 
not as evident. Reduced 2,6-dichlorophenolindophenol is almost as effective as 
ascorbate in assays done in vitro. The enzyme can be induced in Pseudomonas 

sp. P.I. 874 by inclusion of tyrosine in the medium, and then can be assayed in 
vitro using ascorbate (166,167, 236). If the organism uses the induced enzyme 
in its metabolism of tyrosine, one wonders what the reductant is since it 
probably is not ascorbate. 

That a relationship does exist between ascorbate and metabolism of tyrosine 
in mammals appears to be firmly established from experimental studies with 
scorbutic guinea pigs and from clinically related studies with children (83, 103, 
130, 133, 137, 138). Scorbutic guinea pigs who are given either free or 
protein-bound tyrosine in their diets exhibit tyrosinemia and excrete metabo­
lites of tyrosine in the urine, especially 4-hydroxyphenylpyruvate and 4-
hydroxyphenyllactate (246-248). Human premature infants exhibit the same 
pattern: tyrosinemia and appearance of tyrosine metabolites in the urine (154). 
In both cases administration of ascorbate ameliorates the difficulty. As a matter 
of fact, since the work of Levine et al ( 154) and Nitowsky et al (199), premature 
infants in many nurseries are yet treated routinely with pharmacological doses 
of 100 to 200 mg ascorbate per day, and the results are clear. Kretchmer et al 
(134) studied the livers of premature infants for the enzymatic activity of 
4-hydroxyphenylpyruvate dioxygenase, and found it to be greatly diminished. 
However, the activity was not elevated by including ascorbate in the incubation 
medium. The enzyme is now considered to be a "developmental" enzyme along 
with tyrosine aminotransferase (83, 133). That is to say, full development of 
adult enzymatic levels is not achieved until some time after birth. If, in 
premature infants, the dioxygenase is not yet expressed, one wonders why 
ascorbate has any effect since the aminotransferase does not require it, and 
furthermore it too is not fully expressed. There is some evidence that the 
4-hydroxyphenylpyruvate that forms in the aminotransferase reaction is in itself 
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an inhibitor for the dioxygenase, and that the ascorbate as a reductant over­
comes the inhibition (3, 91, 167). If that indeed is the case, the action of 
ascorbate in the dioxygenase reaction again would be indirect and not critical to 
the mechanism per se. 

PROL YL AND L YSYL HYDROXYLASES 
FOR COLLAGENS 

For general background on the subject of collagen structure and metabolism we 
have listed some representative books and reviews (23, 27, 69, 74, 75, 104, 
202, 211, 217). 

The known hydroxylases of collagen metabolism, prolyl 4-hydroxylase, 
prolyI3-hydroxylase, and lysyl hydroxylase, are all a-ketoglutarate-dependent 
dioxygenases that require ferrous iron. They catalyze reactions 4, 5, and 6 
shown in Figure 1. In their in vitro assay the enzymes require the presence of a 
reductant, the most effective being ascorbate. Because of the historical associa­
tion of scurvy and recognized abnormalities of collagen metabolism, the 
finding that ascorbate is involved in those hydroxylations appeared to provide a 
logical basis for explaining the scurvy-collagen relationship. However, the 
subsequent detailed studies of effects of ascorbate on collagen metabolism are 
fraught with both apparent and real contradictions; and at present the evidence 
does not permit the conclusion that the main function of ascorbate is in the 
hydroxylation of prolyl and lysyl residues. Rather it would seem to be in the 
more nondescript but nevertheless very important effects of ascorbate on 
protein biosynthesis. Here we briefly trace the history of investigations that 
have led to this way of thinking. 

Early studies in humans and guinea pigs demonstrated conclusively that 
scurvy is characterized by poor healing of wounds that can be rectified by 
administration of ascorbate. That, and the diminished patency of blood vessels 
resulting in bleeding, indicated that major pathology in scurvy is in the realm of 
the biochemistry of collagen (e.g. 147). About 25 years ago, when it was 
established that prolyl and lysyl residues in collagen are hydroxylated post­
translationally (e.g. 250), the nature of the hydroxylating enzymes came under 
examination. A substrate called protocollagen was prepared by incubating 
collagen-forming tissues either in the presence of a metal chelator such as 
a,a'-bipyridyl or in the absence of oxygen (113, 216). Protocollagen is an 

underhydroxylated, operational, not biological form of collagen that can be 
used to study the hydroxylation reactions and to determine their requirements. 
Later, synthetic polypeptides were introduced as substrates. [Parenthetically, 
the instability of the underhydroxylated form of collagen led to the now­
accepted conclusion that fonnation of a stable triple-helical procollagen mole­
cule depends on the occurrence of hydroxyproline residues, thus for the first 
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time giving a function for prolyl hydroxylation. Functions for lysyl hydroxyla­
tion are not as well established, except that hydroxylysyl residues, like those of 
lysine, take part in crosslinking of collagen, and that they make possible 
subsequent posttranslational modifications, namely glycosylation and the re­
cently described phosphorylation (272c). ] 

The availability of protocollagen and peptide substrates allowed the prepara­
tion and characterization of the hydroxylases. Indeed, then, homogeneous 
preparations of prolyl 4-hydroxylase were made from chick embryo (17a, 197 a, 
271b), newborn rat tissues (41a, 228a), human tissues (135a), and cultured 
L-929 fibroblasts (116a). Prolyl 3-hydroxylase has not been isolated as a 
homogeneous protein but has been purified extensively (271a). Homogeneous 
preparations of lysyl hydroxylase have been made from chick embryos (272a) 
and from human placenta (272b). When the homogeneous preparations were 
studied, results obtained earlier with less pure preparations were confirmed, 
and it was established that the hydroxylases require ferrous iron and ascorbate, 
among other reductants, as activators. The requirement for ascorbate was 
increasingly more specific in relation to degree of purity of the enzyme. 

From the results with ascorbate an impression emerged and seemed to 
flourish that the collagen "abnormality" in scurvy must be related in some way 
to poor hydroxylation of collagen. That idea has been expressed in some 
textbooks and scholarly review articles despite a lack of real supporting evi­
dence. Several investigators, working before hydroxylation was discovered to 
be posttranslational, had failed to find the collagen of scorbutic guinea pigs to 
be relatively proline-rich and hydroxyproline-poor, so that no defect in 
hydroxylation was apparent (84, 86, 229). The seeming contradiction bothered 
workers in the field, if only subliminally, and studies continued to be made both 
in scorbutic animals and in cell culture systems to try to define the effect of 
ascorbate deficiency on collagen metabolism. 

Barnes et al ( 10) found no difference in urinary hydroxyproline excretion in 
scorbutic as compared to normal guinea pigs. They concluded that even after 
collagen synthesis was impaired in scurvy no evidence could be found for 
occurrence of an underhydroxylated collagen. Thus no protein corresponding 
to protocollagen has been found to occur in scurvy. 

In another study, Barnes et al (11) analyzed skin collagen from ascorbate­
deficient guinea pigs that had been injected with tritiated proline. They studied 
a fraction of collagen that was soluble in hot trichloroacetic acid, nondiffusible, 
and degradable by bacterial collagenase. At several stages of ascorbate de­
ficiency, measured ratios of proline: hydroxyproline indicated that the degree 
of proline hydroxylation was diminished from normal by only about 10%. The 
authors were aware that if underhydroxylated collagen formed and turned over 
more rapidly than normally hydroxylated collagen, the value of 10% decrease 
could be an underestimation; indeed they did find some diffusible peptide-
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bound hydroxyproline. In summary, studies from that laboratory indicated that 
scorbutic guinea pigs synthesized less collagen but that this was not seriously 
underhydroxylated. 

We now summarize selectively the extensive literature on the effects of the 
presence or absence of ascorbate in culture media in which various cell lines and 
strains were grown. Collagen synthesis per se was increased in human skin 
fibroblasts (188, 190) and primary avian tendon cells (244, 245). An increase 

also was found in insoluble collagen in the extracellular matrix of neonatal rat 
aorta smooth muscle cells and in calf aorta smooth muscle cells (12,242). No 

effect on collagen synthesis in presence of ascorbate was noted in other studies 
with human skin fibroblasts (26), human synovial cells (135), chick embryo 
tendon fibroblasts (207), L-929 cells (200, 208), mouse 3T6 cells (15, 200), 
and mouse 3T3 cells (207). Decreased collagen synthesis was found in human 
fetal lung fibroblasts (206). 

With respect to the activity of prolyl hydroxylase in presence of ascorbate, 
the following variable results have been reported. Decreased activity was 
observed in cultured human skin fibroblasts (188, 190) and in human skin 
fibroblasts obtained from persons with Ehler-Danlos syndrome, in which the 
collagen is hydroxylysine-deficient (220). Hydroxylation was unchanged in 
either the presence or absence of ascorbate in cultured fibroblasts from cpick 
embryo tendons (117). Increased activity was found in human skin fibroblasts 
( 189), WI-38 human fetal lung fibroblasts (41), human synovial cells ( 135), 
3T6 fibroblasts (146) and 3T3 fibroblasts (67), and L-929 fibroblasts (260). 

With respect to lysyl hydroxylase activity in presence of ascorbate, the 
following has been reported. Increased activity was found in cultured human 
skin fibroblasts (188, 190). No change in activity was reported for human skin 
fibroblasts from persons with Ehler-Danlos syndrome in which the collagen is 
hydroxylysine-deficient (220). 

Levels of hydroxyproline in collagens formed by cells in the absence of 
added ascorbate were found to range as follows. Mildly decreased levels were 
found in human skin fibroblasts ( 188), aging human fetal lung fibroblasts 
(206), primary cultures of chick tendon fibroblasts (118), and virally trans­
formed BALB 3T3 cells (67). Severely decreased levels were observed in 
human skin fibroblasts (26), human fetal lung fibroblasts (68), skin fibroblasts 
from persons with Ehlers-Danlos syndrome in which collagen is hydroxyly­
sine-deficient (221), chick embryo tendon fibroblasts (67, 207), rat smooth 
muscle cells (47), 3T6 fibroblasts (8, 14), and 3T3 fibroblasts (207). 

Levels of hydroxylysine in collagens formed by cells in the absence of 
ascorbate showed the following. There was no change from when ascorbate 
was present in human skin fibroblasts (188) and in skin fibroblasts from persons 
with Ehlers-Danlos syndrome in which collagen is hydroxy lysine-deficient 
(221). A decreased level was observed in 3T6 fibroblasts (8), the decrease 
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being less than that observed for the hydroxyproline level in the same experi­
ment. 

In order to account for this wide variability, some investigators have search­
ed for the presence of factors that could substitute for ascorbate in collagen 
metabolism. A reductant has been obtained from L-929 cells that could function 
in place of ascorbate in the prolyl hydroxylation reaction (178, 209). A different 
factor stimulating prolyl hydroxylation in cultured muscle cells was obtained 
from rat embryonic brain (114). 

The variability and contradictions evident in the above recital of results are 

remarkable. Sometimes even in the same experiment measurement of two 
parameters that should be related gave puzzling results; for example, in some 

experiments the level of hydroxylation and the activity of hydroxylating en­

zymes are discordant. Before concluding that our understanding of the function 

of ascorbate is utterly confused, some probable reasons for the variability 
should be noted. Murad et al (188) and Schwarz & Bissell (244) and others have 
considered this matter. Thus one can point to the differences between human 
cell strains and animal cell lines. The former have finite life span in culture, the 
latter behave like transformed cells and show no limit in population doublings. 
The former are mostly diploid, the latter show considerable polyploidy. The 
human cell strains show density-dependent inhibition of growth in culture, 

while the animal cell lines do not. The two have different requirements for fetal 
calf serum. Primary cultures of chick tendon cells show inhibition of collagen 
synthesis when the serum concentration is greater than 0.5%, a concentration 

usually exceeded in many of the studies reported for cell lines. In most cases the 
precise origin of the cell being used is not known; thus even fetal lung 

fibroblasts or skin fibroblast cultures are grown out from explants of tissue that 
contain many types of cells. Even the cells that grow out may be of several 
kinds, making the culture a mixture. This is important because cells of different 
origin have variable capacity to express one or another collagen genes from the 
complete repertoire that occurs in most cells of an animal. Cell lines have 
largely lost the ability to synthesize collagen; whereas, for example, human 
skin fibroblasts and chick tendon cells in culture devote about 15 and 23% 

respectively of total protein synthesis to collagen, animal cell lines are much 
less devoted. 

In addition to the above, studies with various cell populations have often 
employed different methodological approaches that have important influence 
on the interpretations. Some studies have used methods that do not distinguish 
between collagen synthesis and change in activity of prolyl hydroxylase. Even 
when methods are used to permit that distinction, time scales of experiments 
often differ, and no assurance is given that metabolic states of cells are 
comparable. For collagen synthesis to occur, an optimal pool of amino acids 
must be present, and some kinds of cells interconvert amino acids differently 
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from other cells. Some cells have greater capacity than others to synthesize 
proline from glutamate and glutamine, and that could become a limiting factor 
in collagen synthesis (116, 254). Another factor is that cells in culture may not 
elaborate the peptidases required to process procollagen to extracellular col­
lagen. Related to that is the fact that when procollagen is cleaved by those 
peptidases, extension propeptides are liberated to the medium. The latter feed 
information back to the cell, possibly at the transcription level, to regulate the 
synthesis of more procollagen (99, 131, 203, 279). In the studies of cell culture 
systems that we have enumerated, many of these factors are largely un­
monitored and uncontrolled. 

Using calf and rat embryo aortic smooth muscle cells, several studies have 
been performed to demonstrate that ascorbate greatly influences the synthesis 
and deposition of extracellular matrix conponents, including collagen (12, 
242). The idea has been advanced that once the matrix is formed it can, in a kind 
of "dynamic reciprocity," cause the cells to modulate their protein synthesis in 
regard to components of the matrix, and the need for added ascorbate might 
diminish (242, 290). That view was tested by growing cells on a preformed 
matrix; under those conditions no added ascorbate was needed to maintain the 
level of collagen synthesis. The stimulation of protein synthesis in fetal calf 
smooth muscle cells by ascorbate was associated with an increase in the 
proportion of poly (A +) RNA in the total RNA pool, perhaps in response to the 
matrix formed (290). Ascorbate was found not only to affect protein synthesis, 
but to have a measured effect on growth characteristics and morphology of the 
cells. 

Recently two groups of investigators have sought to develop ways to elimi­
nate some of these many problems. They chose two model systems to study. 
Chojkier et al (42) returned to the study of the scorbutic guinea pig: they 
removed calvaria and maintained them in culture with and without ascorbate. 
After guinea pigs were on an ascorbate-free diet for two weeks, their calvaria 
showed a preferential decrease in rate of collagen synthesis dissociated in time 
from decreased hydroxylation of proline residues. Ascorbate added to cultures 
of calvaria from scorbutic animals restored the rate of prolyl hydroxylation to 
normal but did not affect the rate of collagen synthesis. Thus the decrease in 
collagen synthesis was not due to decrease in hydroxylation of prolyl residues in 
collagen, but must have been related to something else that happens to animals 
deprived of ascorbate. Chojkier et al (42) then were able to show that the 
decrease in collagen synthesis was linearly related to the decrease of body 
weight of the animals as they were continued on the ascorbate-free diet. The 
experimental protocol was then turned around, and animals were made to lose 
weight by food restriction while receiving ascorbate in the diet. Such animals 
showed an apparently specific decrease in collagen synthesis. In other ex­
periments, collagen synthesis was found to decline in a number of different 
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tissues when guinea pigs were starved for several days while being given 
ascorbate (258). Again the rate of decline of collagen synthesis was greater than 
that for other protein synthesis. All of those experiments point to the dissocia­
tion of hydroxylation from collagen synthesis, and the control of collagen 
synthesis by other metabolic events set into operation when an animal is 
deprived of ascorbate. The investigators thought that collagen mRNA levels 
were modulated downward in ascorbate-deficient states. 

Schwarz and coworkers (244, 245) used cultures of primary avian tendon 
cells as a model system for studying the effects of ascorbate on collagen 
metabolism . In that model, maintenance of a large pool of procollagen within 
the cell would appear critical for regulating the synthesis of more procollagen. 
Addition of ascorbate to cultures at high cell density increased secretion rate 
and reduced the procollagen pool within the cell (243). The decreased pool size 
of procollagen was considered to trigger an increase in its additional synthesis. 
In other studies that laboratory found that the effect was at both the level of 
transcription and stability of the mRNA (172, 234). 

In order to be able to relate all of the above findings obtained with scorbutic 
animals and cultured cells with what is known at the molecular level about 
ascorbate and hydroxylation reactions, we now consider the mechanisms of 
hydroxylation. Detailed reviews on that subject have appeared (38, 90, 123-
126,215). We refer also to selected primary articles pertinent to the discussion 
that follows (45, 48, 49, 174, 175, 191-193, 198,218,219,222,272). 

A widely accepted mechanism for prolyl hydroxylation catalyzed by prolyl 
4-hydroxylase (127), presumably operative in lysyl hydroxylation as well, is 
shown in Figure 2. The following can be stated concerning that mechanism. 

1. In the overall hydroxylation reaction in vitro, ascorbate is used non­
stoichiometrically. Thus, with all substrates and cofactors present, when one 
a-ketoglutarate is oxidatively decarboxylated concertedly with the hydroxyla­
tion of one proline residue of the substrate, the consumption of ascorbate is not 
stoichiometric. 

2. The isolated purified prolyl 4-hydroxylase can go through a number of 
cycles of activity without added ascorbate before it loses activity (191, 198). 

3. Kinetic evidence suggests a proposed mechanism in which the only action 
of ascorbate is to maintain the iron in the ferrous state (193, 272). 

4. The enzyme can be made to carry out an uncoupled reaction: that is, 
a-ketoglutarate can be oxidized by molecular oxygen to produce succinate and 
carbon dioxide, without concomitant hydroxylation of prolyl residues in a 
suitable substrate (38, 45, 222). Under these conditions the ascorbate utilized is 
stoichiometric with the decarboxylation reaction (49, 192). 

5. In the uncoupled reaction, the reactive ferryl-oxo complex decomposes to 
Fe3+ + 0', and ascorbate reduces the enzyme-bound Fe3+ to Fe2+ (48, 49, 
192). 
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Figure 2 Schematic representation of the mechanism for the prolyl 4-hydroxylase and lysyl hydrox: 
reactions. The complete hydroxylation reaction is thought to proceed according to schemeA, in which the or( 
binding of O2 and the peptide substrate and the order of release of the hydroxylated peptide and CO2 are uncel 
In the absence of the peptide the enzymes catalyze an uncoupled decarboxylation of 2-oxoglutarat, 
ketoglutarate) (scheme B). Certain peptides that do not become hydroxylated are known to increase the rate ( 
uncoupled decarboxylation. In the uncoupled reaction the reactive iron-oxo complex is probably converted to 
and 0', and ascorbate is needed to reactivate the enzyme by reducing the Fe3+ to Fe2+ (B). E = enzyme; 2-( 
oxoglutarate; Pept-OH = hydroxylated peptide; Succ = succinate; Asc = ascorbate; DA = dehydroascor 
[This figure and legend are reproduced with permission of the authors from an article in press by K. I. Kivil 
and R. MyUyHi (127)]. 

Myllylii et al (192) state that since, even in the presence of a hydroxylatable 
substrate a number of unproductive decarboxylations may occur, inevitably the 
enzyme-bound iron becomes oxidized and requires a reductant, ascorbate being 
most effective. 

A novel and fascinating series of experiments has been performed with 
ascorbate and its analogs to determine whether prolyl hydroxylase has a binding 
center for the reductant (K. I. Kivirikko, personal communication). Ascorbate 
was found to bind to the enzyme, its ring atoms but not its sidechain being 
required for that purpose. Thus o-isoascorbate and 5 ,6-0-isopropylidene ascor­
bate yielded Vmax and Km values almost identical to those of ascorbate. The 
investigators concluded that the binding site consists of two cis-positioned 
coordinated sites of the enzyme-bound iron, and is partially shared by the 
a-ketoglutarate site of the enzyme, i.e. the site at which succinate and carbon 
dioxide are formed. In the uncoupled reaction, if that site is not occupied by 
ascorbate, the ferryl ion intermediate decomposes and the iron is oxidized to the 
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trivalent state. This is consistent with the stoichiometric requirement of ascor­

bate in the uncoupled reaction. 
The evidence that ascorbate is not required in the hydroxylation reaction per 

se may then explain much of the work with scorbutic guinea pigs showing that 
ascorbate deficiency does not produce severe underhydroxylation of collagen. 

A different kind of presumptive evidence that ascorbate is concerned in 
collagen synthesis comes from studies with chick embryos (285). The chicken 

egg is a closed system. Until time of hatching, the chick egg-embryo system 

devotes much of its metabolism to the synthesis of collagenous structures. The 

fertile chick egg contains no detectable ascorbate until it is incubated; then 

synthesis of ascorbate increases rapidly, and simultaneously there is an increase 

ofL-gulono-'Y-lactone oxidase in the mesonephros, metanephros, and the yolk 
sac membrane. The yolk sac membrane synthesizes and accumulates the largest 

amount of ascorbate, and this increases throughout the incubation period as 
collagen synthesis also proceeds actively. (Of interest also is that the embryonic 

brain tissues contain high levels of ascorbate but do not appear to synthesize it. 
That might be of importance in relation to the neuroendocrine functions of 
ascorbate that were considered earlier in this review.) 

In considering whether ascorbate is specific as a reductant in all collagen 
hydroxylations, it would be useful to know whether invertebrate species that 

manufacture collagens either synthesize ascorbate or concentrate it from their 

environment. For example, the gross composition of the collagen made by the 

sponge Trematomus leonbergii reveals large numbers of residues of 3-
hydroxyproline, 4-hydroxyproline, and hydroxylysine (27). Ascaris cuticle 

collagen contains about 2% of its amino acid residues as those of 4-

hydroxyproline, and earthworm cuticle collagen about 17% of its total residues 
as those of hydroxyproline (250). Neither of the cuticular collagens appears to 
contain hydroxylysine residues. The physiological reductant for those hydroxy­
lations is not known. 

HYDROXYLATION OF OTHER PROTEINS 

Elastin 
Barnes et al (11) studied the hydroxylation of proline residues in elastin of 
aortas of scorbutic animals. Elastins have about 1 % of their proline residues as 

hydroxyproline. The investigators found no decrease in elastin from normal, 
but determined that the protein was underhydroxylated. Much later, Barone et 
al (12), studying cultured neonatal rat aortic smooth muscle cells with ascorbate 

present in the growth medium, found that the precursor tropoelastin appeared to 
be overhydroxylated, and the amount of insoluble elastin in the extracellular 

matrix was decreased from that found when no ascorbate was present in the 
medium. They considered the possibility that overhydroxylation interfered 
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384 ENGLARD & SEIFfER 

with subsequent posttranslational cross-linking reactions required to convert 
soluble tropoelastin to insoluble elastin. Taken together the studies on elastin 
seemed to indicate that in vivo ascorbate deficiency did not decrease elastin 
synthesis but did cause its underhydroxylation; whereas the presence of ascor­
bate in the in vitro experiment decreased the deposition of insoluble elastin, 
presumably because of the overhydroxylation of tropoelastin. Schwartz et al 
(242) did not find elastin in the extracellular matrix deposited by cultured calf 
aortic smooth muscle cells in either the presence or absence of ascorbate. 

Clq o/ Complement 
At the beginning of the century, not long after discovery of the complement 
system, guinea pig serum (among many sera tested) was found to exhibit the 
highest titer of complement as assayed in a sheep erythrocyte hemolytic system. 
With the use of complement fixation tests for syphilis, many laboratories 
housed guinea pigs for bleeding as a source of serum complement. Several 
investigators found that complement activity was reduced during the winter 
months, and attributed that to a seasonal lack of leafy green vegetables in the 
diet and accordingly to a lack of vitamin C (60) . Later a correlation was shown 
to exist between complement levels and ascorbate concentrations of guinea pig 
and human sera (59 , 61). The practice was then adopted of feeding laboratory 
guinea pigs a diet containing sufficient lettuce, cabbage, or ascorbate per se. 
The effect of ascorbate on complement activity was considered to be related to 
its capacity as a reductant, and an interplay with another reductant, glutathione, 
was studied (58). 

In the early 1970s, Clq, one of the subcomponents of the complement 
system, was shown to contain an assembly of polypeptide chains collagen-like 
in nature (21 3 ,  228). Those chains contain residues of hydroxyproline and 
hydroxylysine. Muller et a1 (187), studying Clq  synthesis in guinea pig mac­
rophages, noted that a,a ' -bipyridyl reduced the secretion of Clq, and they 
inferred that the mechanism of hydroxylation of its prolyl and lysyl residues 
was the same as for collagen per se, particularly in sharing a requirement for 
Pe2 + . Bates et al ( 16) noted that scurvy in guinea pigs did not reduce their total 
C I  component as measured in a functional assay. That would imply that no 
change had occurred in Clq  since it is a subcomponent of C1. 

Those authors then tried to address the question why, in scurvy, collagen 
synthesis is affected whereas CI synthesis (i.e. C l q) apparently is not. One 
consideration was that, even though both systems share collagen or collagen­
like features , their individual synthesis might take place in different tissues or 
cells containing different concentrations of ascorbate. However, a cellular 
system that makes both collagen and C l q  has been studied with and without 
addition of ascorbate to the culture medium. Morris & Paz (186) studied human 
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fetal lung fibroblasts for the effect of ascorbate on Clq  hydroxylation. They 
isolated C l q  from the culture medium of cells grown with tritiated proline and 
analyzed collagenase-derived peptides for their contents of radiolabeled proline 
and hydroxyproline. They found that cells grown with ascorbate produced C l q  
with more hydroxyproline than those that had been grown without added 
ascorbate. Furthermore, in a functional test for Clq  in which it was combined 
with C 1r and C 15, they found that the C 1 q produced in the absence of ascorbate, 
i.e. the underhydroxylated component, was considerably diminished in func­
tion; it did not bind as well to antigen-antibody-C4 complex. 

The fact remains that overall complement activity in the animal may decrease 
in ascorbate-deficient states (16) even if Clq  activity is unchanged. A similarity 
with the collagen situation in scurvy is possible. The synthesis of total collagen 
appears to decrease but the hydroxylation of the collagen is not seriously 
affected. One may infer that hydroxylation of Clq  in ascorbate deficiency in 
animals is not affected since C l  is functionally unchanged, but perhaps synthe­
sis of some other protein component of the complement system is diminished. 

Note that another protein, acetylcholinesterase, also has a covalently 
attached assembly of collagen-like polypeptide chains; these anchor into base­
ment membranes in certain kinds of neurons (233). That kind of acetylcho­
linesterase contains both hydroxyprolyl and hydroxylysyl residues. To our 
knowledge no studies have been made in scorbutic animals concerning the 
activity of acetylcholinesterase. That other proteins may be found to contain 
hydroxylysine is presaged by reports noting its occurrence in the precursor 
peptide of somatostatin of the anglerfish (7) and in bovine conglutinin (46a). 

DIOXYGENASE REACTIONS OF PYRIMIDINES AND 
NUCLEOSIDES 

The reactions catalyzed by these dioxygenases are shown in Figure 1 as 
reactions 7, 8, and 9. They occur, as far as has been studied, in fungi. Reaction 
9, the last to be described, occurs in Rhodotorula glutinis (263) and reactions 7 
and 8 in Neurospora crassa (1, 2, 2 1, 22, 168, 169, 252, 253, 277) and 
Rhodotorula glutinis (263, 282). They are considered to be involved in so­
called salvage or reutilization pathways for both the pyrimidines and the 
deoxyribose moiety of deoxynucleosides (251). 

In the three reactions shown, the requirement for Fe2+ , molecular oxygen, 
and a-ketoglutarate appear to be absolute . The incorporation of 1802 has only 
been studied for the first and third steps in the sequence for the thymine 
7-hydroxylase. In that case one atom of 1802 went into succinate and the other 
into 5-hydroxymethyluracil or into uracil 5-carboxylic acid (97). In reaction 9, 
the postulated intermediate shown then becomes cleaved to form uracil and a 
lactone (263). 
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The mechanisms of these reactions have not been explored in detail, but the 
purified enzymes are enhanced in their activities by the presence of one of 
several reducing agents , ascorbate being best. In reaction sequence 7 ,  the 
thymine 7-hydroxylase catalyzes each of the three reactions ,  so that a total of 
three dioxygen molecules and three a-ketoglutarate molecules are used. Each 
of the three steps has been studied independently and show markedly different 
requirements for ascorbate (276). A puzzling aspect of the 7-hydroxylase 
reaction as studied with the purified enzyme is that nucleoside di- and triphos­
phates partially substitute for ascorbate (283) . 

Finally, the thymine 7-hydroxylase has been shown to catalyze the un­
coupled decarboxylation of a-ketoglutarate in the absence of one of the 
hydroxylatable substrates and in the presence of a high concentration of uracil 
( 101 )  or 5-fluorouracil (96). In the latter case, five times more ascorbate was 
required than when a hydroxylatable substrate was present. Those results 
appear to be somewhat comparable and strongly related to what was observed in 
the uncoupling of the prolyl and lysyl hydroxy lases referred to earlier in this 
review. Thus, in both cases the requirement for ascorbate may be accessory to 
hydroxylation, the ascorbate perhaps being necessary for reduction of the iron 
atom if it gets oxidized in reactions not scheduled by the mechanism. 

One should also add that the physiological reductant for these reactions is not 
known. Whether the species of fungi that contain these enzymes are able to 
synthesize ascorbate or at least concentrate it from their environment is not 
known. It is known that some yeasts are able to synthesize ascorbate from 
L-gulono-l ,4-lactone and L-galactono-l ,4-lactone ( 145). In addition, steady­
state kinetic analysis and determination of intra- and intermolecular isotope 
effects in the reaction do not resolve the question of whether ascorbate is a direct 
participant (94, 95) . Thus, as in the other dioxygenases requiring a­
ketoglutarate, two possibilities exist concerning the need for ascorbate: either 
uncoupling of the reaction hardly occurs in vivo as it does in vitro, or it can use a 
reductant different from ascorbate if some unscheduled oxidation of the iron 
occurs . 

CARNITINE PATHWAY HYDROXYLASES 

The metabolism of camitine and its functions in humans are considered in 
another chapter of this volume (226) and its general aspects were reviewed in an 
earlier volume of this series (28) . Our purpose here is to describe the effects of 
ascorbate on the two hydroxylation steps in the biosynthesis of camitine 
(reactions l O and 1 1  in Figure 1 ) .  However, for purposes of this discussion, we 
present a few broad statements about camitine. 

Camitine is required in fatty acid metabolism for formation of acetyl and 
other acyl carnitine derivatives that can cross mitochondrial and peroxisomal 
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membranes (32, 71, 73, 271) . In particular, acyl carnitines are required for 
transport of fatty acids into mitochondria, where they can be oxidized. In 
carnitine deficiency states it is possible that fatty acids not oxidized are then 
converted to triacylglycerols, which would increase the amount of these. 

The biosynthesis of carnitine is discussed in several reviews (e.g. 32, 71). 
Carnitine is derived ultimately from lysine, with an early step being the 
conversion of lysine to 6-N-trimethyl-L-Iysine; the methyl donor is S-adenosyl 
methionine. Among a great many species that can make carnitine, there are two 
general ways in which 6-N-trimethyl-L-Iysine can form. In Neurospora crassa 

the pathway from free lysine is direct (29, 223). However, in mammals this 
simple direct conversion does not occur. Rather, lysine must be incorporated 
into certain proteins, not yet adequately identified, in which specific lysine 
residues are then converted to 6-N-trimethyl-L-Iysine residues (56, 136). Pro­
teins in which 6-N-trimethyl-L-Iysine has been found include histones, myosin, 
calmodulin, and cytochrome c. [Protein methylation is reviewed by Paik & 

Kim (204) .] The residues of 6-N-trimethyl-L-Iysine are then released by pro­
teolytic cleavage. In either case, the free 6-N-trimethyl-L-lysine is converted 
stepwise to carnitine by processes including the separate hydroxylation steps. 
The first of these (reaction l O in Figure 1) is the hydroxylation of 6-N-trimethyl­
L-lysine to 3-hydroxy-6-N-trimethyl-L-lysine, which is of the erythro con­
figuration (201). Cleavage between C-2 and C-3 of the latter compound forms 
glycine and 4-N-trimethylaminobutyraldehYde (92, 105) . That compound is 
then oxidized to 4-N-trimethylaminobutyrate, known also as -y-butyrobetaine 
(106) . Finally, -y-butyrobetaine is hydroxylated to yield carnitine (reaction 11). 
The first hydroxylation (reaction 10) has been studied in humans and rats, and 
found to occur in kidney, liver, heart, and skeletal muscle (105,224, 237,261, 
262) . In several species studied, the second hydroxylation (reaction 11) occurs 
almost exclusively in the liver (dog, guinea pig, mouse, and rat); however, in 
other species (cat, hamster, rabbit, monkey, and human) it occurs in both liver 
and kidney (64, 66, 162, 224) . 

The two hydroxylation reactions in this pathway are catalyzed by separate 
Pe2+ -requiring dioxygenases that also need a-ketoglutarate as a cosubstrate. 
Both enzymes have been studied in vitro for dependence upon a reductant; 
indeed a reductant is required, the most effective being ascorbate (105, 159-
161, 164, 237, 261, 262) . Of the two enzymes, only the -y-butyrobetaine 
hydroxylase has been isolated and studied extensively. That enzyme has been 
purified to homogeneity from calf liver (132) and from Pseudomonas sp. AKI 
(161). It  has also been prepared in highly purified but not homogeneous form 
from human kidney (163); in that tissue it exists in three isozymic species (165) . 
The -y-butyrobetaine hydroxylase has also been partially purified from rat liver 
(159). A preparation of the bacterial enzyme was used to study 180 incorpora­
tion from molecular oxygen (158) . It was found that one of the oxygen atoms of 
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dioxygen was incorporated into succinate formed by decarboxylation of u­
ketoglutarate, but the incorporation of the second oxygen atom into carnitine 
was not studied. Holme et al (98) reported that during the in vitro hydroxylation 
of -y-butyrobetaine by the human kidney hydroxylase, uncoupling occurred to a 
significant extent, meaning that more u-ketoglutarate was converted to suc­
cinate than -y-butyrobetaine to carnitine. A similar event appeared to occur 
when the hydroxylase from Pseudomonas was used, but the degree of uncou­
pling was considerably less (98) . In other experiments, when the human 
hydroxylase was incubated with u-ketoglutarate in the absence of -y­
butyrobetaine but in the presence of added D-carnitine, the extent of uncoupling 
almost doubled, going from 20% in the first experiments to 36% in the last (98) . 
Concerning those findings, Holme et al stated that the loosely coupled reaction 
observed for the human kidney enzyme has no obvious explanation. 

The remainder of our discussion deals principally with the evidence concern­
ing whether ascorbate is directly or indirectly involved in the hydroxylation 
steps of carnitine biosynthesis. On a historical note, Hughes et al (102) quote 
Woodall in 1 639 and Lind in 1 753 to the effect that lassitude is a central feature 
of scurvy in humans. In a classical study in which a human volunteer was kept 
for a considerable time on a diet deficient in ascorbate, the subject was found to 
experience similar lassitude and tiredness even before the clearly defined 
markers of frank scurvy were evident (46) . The overall reasoning to explain 
those features of scurvy would be as follows. The biosynthesis of carnitine 
requires two hydroxylation reactions that are stimulated, at least in vitro, by 
ascorbate. Thus a deficiency of ascorbate could lead to decreased synthesis of 
carnitine, decreased oxidation of fatty acids in muscle, liver, and other tissues, 
and consequently fatigue and lassitude. 

Bearing on that matter, Hughes et al ( 102) studied the levels of carnitine in 
muscle in normal and scorbutic guinea pigs. They found that a reduction of 
carnitine occurred in skeletal muscle, going from 1 . 15 to 0.59 Il-g per gram of 
tissue. Subsequently it was shown that administration of carnitine to scorbutic 
guinea pigs increased their survival time by about 10% ( 1 1 2) .  

I n  scurvy, decreased carnitine levels have been observed i n  skeletal muscle 
(57, 102, 1 97 ,  267), heart muscle (43 , 57, 197), liver (57 ,  239, 267), and 
kidney (57). The carnitine concentration measured in other studies showed no 
differences between normal and scorbutic guinea pigs with respect to brain and 
serum (57) and liver (197) . Yet another study showed an elevated level of 
carnitine in plasma of scorbutic guinea pigs ( 1 97). 

Nelson et al ( 1 97) injected radiolabeled precursors of carnitine into normal 
and scorbutic guinea pigs to study the influence of ascorbate on the two 
hydroxylation reactions.  In one series of experiments they injected 6-N­
trimethyl-L-Iysine, labeled in its methyl groups with 14C, into the inferior vena 
cavae of anesthetized guinea pigs. The amount of [ 14C] -y-butyrobetaine pro-
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duced by kidneys of either pair-fed or ad libitum-fed control guinea pigs was 
from 8 to 10 times greater than the amount produced by kidneys of scorbutic 
animals. Those results suggested that the activity of 6-N-trimethyl-L-Iysine 
hydroxylase of the guinea pig is influenced by ascorbate concentration. In 
another series of experiments ( 1 97) they injected methyl-labeled "1-

butyrobetaine and measured the appearance of methyl-labeled carnitine in the 
liver. The results appeared to indicate that formation of carnitine from its 
immediate precursor was no different in scorbutic guinea pigs from its forma­
tion in controls. The interpretation offered was that the concentration of 
ascorbate had no significant influence on hydroxylation of 'Y-butyrobetaine by 
the liver in vivo. It should be noted that in those experiments the livers of 
scorbutic animals showed no decreased carnitine levels when compared to 
controls. In contrast, Sandor et al (239) obtained results indicating that ascor­
bate concentration was important for maintaining normal carnitine levels in the 
liver; and later Dunn et al (57) obtained a similar result. 

In a subsequent study (267) from the same laboratory of Nelson et al (197), 
guinea pigs were maintained on a scorbutic diet different in some respects from 
that used in the previous experiments. In addition, samples for analysis were 
obtained much earlier after injection of the radiolabeled precursors. Under 
those conditions, Thoma & Henderson (267) reported that liver carnitine levels 
were indeed significantly decreased in scorbutic guinea pigs as compared to 
controls, as was the in vivo conversion of 'Y-butyrobetaine to carnitine. 

Dunn et al (57) isolated livers from scorbutic and normal animals and 
perfused them with asialofetuin that had been treated to convert some of its 
lysine residues to 6-N-trimethyl-L-Iysine residues. Asialofetuin can be taken up 
by liver cells since these contain receptors that can combine with desialylated 
proteins and cause their endocytosis. Free 6-N-trimethyl-L-Iysine is not taken 
up significantly by liver cells, and the use of trimethylated asialofetuin was a 
device, not unlike the physiological one, to introduce a precursor of carnitine 
into the liver cells. Dunn et al (57) also perfused the livers with suitably labeled 
'Y-butyrobetaine. Furthermore, simultaneous perfusion of the livers with both 
of the labeled substrates allowed the investigators to determine the effects of 
ascorbate depletion and replenishment on both of the hydroxylases operating in 
concert within the same organ. They found that of the recovered radioactivity 
administered as [ 1 ,2,3 ,4-14C] 'Y-butyrobetaine, 16% was present as "1-

butyrobetaine and 84% appeared as carnitine for the control animals, while the 
scorbutic animals gave values of 5 1  and 49% respectively. Ascorbate-deficient 
livers treated to a prior perfusion with ascorbate subsequently showed that their 
capacity to convert 'Y-butyrobetaine to carnitine was restored completely. 

For the same livers of scorbutic animals perfused with asialofetuin contain­
ing 6-N-trimethyl-L-Iysine labeled in its methyl groups with 3H, no decrease 
was observed in production of metabolites beyond the step of hydroxylation of 
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6-N-trimethyl-L-Iysine, that is, in the sum of ,),-butyrobetaine plus carnitine plus 

acetylcarnitine. However, in that pool of metabolites, [3H] carnitine constituted 

only 53% of the total radioactivity as compared to 83% obtained with livers of 

control animals and 85% obtained with livers of scorbutic animals first perfused 

with ascorbate. Thus livers of the ascorbate-deficient animals perfused either 
with methylated asialofetuin or with ,),-butyrobetaine showed a decrease in 
production of carnitine as compared with controls, and that decrease was 

accompanied by an accumulation of ,),-butyrobetaine in the liver. 

Results obtained with livers perfused simultaneously with labeled methyl­
ated asialofetuin and ,),-butyrobetaine strongly supported the conclusion that 
ascorbate deficiency in guinea pigs affects their livers in such a way that the rate 

of carnitine synthesis is limited by the activity of ,),-butyrobetaine hydroxylase 
but not by the activity of 6-N-trimethyl-L-Iysine hydroxylase. That implies a 
differential effect of ascorbate on the two hydroxylases involved in carnitine 

synthesis. Yet, in a personal communication to one of us (S.B.), Dr. Charles J. 
Rebouche has pointed out that some of these results are difficult to reconcile 
with other information. For example, rats fed 6-N-trimethyl-L-Iysine but no 

carnitine, were found by Rebouche & Lehman (225) to excrete 100 times more 
carnitine than did rats fed no 6-N-trimethyl-L-Iysine and no carnitine. That was 
interpreted to mean that the rat liver has an approximate 100-fold excess of 
,),-butyrobetaine hydroxylase activity, and this enzyme would not likely be the 

rate-limiting enzyme in carnitine biosynthesis perhaps even in scorbutic guinea 
pigs. The comparison of rat and guinea pig in this case would seem to be 

appropriate in view of a previous finding (66) that guinea pig liver has five times 
greater ,),-butyrobetaine hydroxylase activity than rat liver. 

Our present knowledge concerning the functions of ascorbate in carnitine 
biosynthesis can be summarized as follows. First, in vivo, ascorbate deficiency 
in guinea pigs results in a variable decrease in carnitine levels of several tissues 

studied. Second, most investigators agree that ascorbate-deficient guinea pigs 
show decreased activity of liver ,),-butyrobetaine hydroxylase, which can be 
restored rapidly by injection of ascorbate. Third, in vivo, ascorbate deficiency 
in guinea pigs appears to diminish 6-N-trimethyl-L-Iysine hydroxylase activity 
in kidney but not in liver. Fourth, in vitro, addition of ascorbate stimulates the 
activity of both of the hydroxy lases. In addition to the above, based on 
experiments with ,),-butyrobetaine hydroxylase preparations from calf liver and 
again from Pseudomonas, it was found possible to propose chemical mech­
anisms that do not require direct participation of ascorbate in the hydroxylation 
reactions (19, 65). 

The fact that purified ,),-butyrobetaine hydroxylase can catalyze the un­
coupled decarboxylation of a-ketoglutarate (98) is reminiscent of the actions of 
prolyl and lysyl hydroxy lases. Thus in this case, as with the collagen hydroxy-
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lases, unproductive cycles of activity may possibly occur. Should that happen, 
the iron atom may become oxidized and require ascorbate for its reduction to the 
active ferrous state. 

OTHER POSSIBLE FUNCTIONS OF ASCORBATE 

The main focus of this review has been the possible participation of ascorbate in 
certain specific enzymatic reactions listed in Figure 1 .  We want now to 
categorize uncritically a number of biological and pathological processes that 
have been studied with relation to the vitamin. Study of these has not yet 
achieved sufficient scientific status at the enzymatic level to fit them into the 
scope of this review. That statement is not meant to diminish their possible 
importance; this may become evident as they receive further experimental 
investigation. Some of these postulated functions form the basis of controversy 
into which we are not competent to enter. 

Antioxidant functions of ascorbate are reviewed by Johnson ( 1 1 1 )  and 
McCay ( 180). The participation of ascorbate in the metabolism of drugs is 
considered by Zannoni and his colleagues (287, 289) . Some workers have 
implicated functions for ascorbate in cholesterol and lipid metabolism (70, 
76-78, 85, 93, 210) .  The connection between immune function and ascorbate 
has received considerable attention over the years; we note only a few of 
relatively recent articles (4, 5 ,  50, 2 14, 268). A relationship appears to exist 
between iron metabolism and ascorbate (231 ) .  Many articles have appeared 
bearing on the ascorbate-cancer controversy; we call attention to a selected few 
(35-37, 1 15 ,  1 85 , 205 , 28 1 ) .  

CONCLUDING REMARKS 

Discoveries of the past four decades showing that ascorbate can participate as a 
reductant in perhaps more than a dozen different reactions performed in vitro 
generated optimism that its biological functions could be defined specifically, 
and that the pathophysiology of ascorbate-deficient states, including scurvy, 
might be explained satisfactorily. To the contrary, further study has raised 
questions about the unique specificity of ascorbate in those reactions, and the 
optimism has tended to wane. From investigations such as those reviewed in 
this article, one comes away with the impression that the vital functions of 
ascorbate are yet to be identified. A further impression is that some of the 
answers may yet lie in a closer understanding of the derangements of scurvy, 
and of how administered ascorbate rescues scorbutic guinea pigs and humans 
from certain death. From some of the experiments with collagen metabolism, 
one may infer strongly that ascorbate is concerned generally with 
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protein biosynthesis and specifically with collagen biosynthesis. Yet only 
meager strategies for studying that problem are evident. 

In relation to mammalian biology, the reactions that we have focused on are 
important in nervous and endocrine function, the metabolism of tyrosine, the 
biosynthesis of carnitine required for oxidation of fatty acids for energy, and 
posttranslational hydroxylations of residues in collagenous proteins (the var­
ious types of collagen, basement membranes, Clq, and possibly certain acetyl­
cholinesterases) and elastin. If indeed ascorbate were absolutely and specifical­
ly required for those reactions, one should be able to rationalize many of the · 
structural , regulatory, metabolic, and immune disorders associated with scur­
vy. At least two major difficulties have dampened that hope. First, examination 
.of the in vitro evidence for direct participation of ascorbate in those reactions 
sometimes leads to the conclusion that, in fact, the participation is probably 
indirect. Second, the findings in scurvy often appear to contradict expectations 
coming from a postulated function of ascorbate. For instance, the participation 
of ascorbate in the in vitro hydroxylation of prolyl residues in collagen does not 
match the finding that the collagen of scorbutic animals is not substantially 
underhydroxy lated. 

Perhaps the strongest case for a direct function of ascorbate can be made for 
the two monooxygenase reactions that require copper as well. Thus, both the 
dopamine l3-hydroxylase and peptidyl glycine a-amidation reactions occur in 
tissues in which ascorbate is concentrated to very high levels, providing 
circumstantial evidence for its requirement. Furthermore, one can write reac­
tion mechanisms for both of these and, in at least one case, conduct model 
nonenzymatic reactions in which ascorbate has a direct function. Even for those 
reactions, however, alternative mechanisms, consistent with available ex­
perimental data, can be written without direct participation of ascorbate, thus 
weakening the case. 

For 4-hydroxyphenylpyruvate dioxygenase, the in vivo evidence for partici­
pation of ascorbate seems at first examination to be quite convincing, but the in 
vitro evidence seems to be weakest for all of the reactions considered by us. 
With regard to the former, premature human infants who have not yet expressed 
fully the gene for the dioxygenase show evidences of diminished tyrosine 
catabolism as do scorbutic guinea pigs. In both cases administration of ascor­
bate restores tyrosine metabolism to normal. However, closer examination 
suggests that part of the effect of administered ascorbate may not be directly in 
the enzyme mechanism but on removal of substrate inhibition. In vitro studies 
with the dioxygenase show some other reductants to be almost as effective as 
ascorbate. Furthermore, even the precise function of the iron constituent of this 
enzyme is largely unknown, let alone the function of ascorbate. 

With regard to prolyI 4-hydroxylase, evidence has been obtained that several 
cycles of hydroxylation can occur without participation of ascorbate. Afterthat, 
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some reductant is required to keep the enzyme actively working, ascorbate 
being best. It has been proposed, with considerable experimental back-up, that 
the ascorbate is needed in the in vitro reaction in a kind of subsidiary housekeep­
ing function, that is , to bring the iron constituent back to the active ferrous form 
when it becomes oxidized fortuitously. Thus a chemical mechanism has been 
proposed for proly1 4-hydroxylase, seemingly applicable to the other collagen 
hydroxy lases as well, that does not require ascorbate directly . Experimentally, 
the requirement for ascorbate becomes stoichiometric when the decarboxyla­
tion of the a-ketoglutarate substrate is uncoupled from the hydroxylation of 
prolyl residues. When the enzyme functions in that way the reactive iron-oxo 
complex is probably converted to Fe3+ and 0· . At that point, presence of a 
reductant, particularly ascorbate, becomes necessary to keep the enzyme active 
by reducing the Fe3+ to Feu . If one considers that such uncoupling is an in 
vitro phenomenon, these considerations do not contradict the in vivo findings 
that collagen hydroxylation is not seriously compromised in scorbutic guinea 
pigs. 

The effect of uncoupling of reactions in relation to the requirement for a 
reducing cofactor is discussed in a recent paper (55a) on the mechanism of 
phenylalanine hydroxylase action. The authors note that the enzyme can form a 
complex with Fe2+ , O2, and tetrahydropterin. In the absence of the phenylala­
nine substrate, the enzyme complex catalyzes the uncoupled oxidation of the 
tetrahydropterin with formation of an enzyme· Feu ·OOH intermediate. This is 
unstable and can be converted to an enzyme· Fe3+ intermediate that is no longer 
active enzymatically. For recovery of enzymatic activity, the Fe3+ must be 
reduced to Feu . This requires the investment of additional reduced cofactor 
(tetrahydropterin) . The analogy with the uncoupled prolyl hydroxylase reaction 
and ascorbate requirement is striking. 

In the case of camitine, evidence has been obtained that its levels in several 
tissues fall below normal in scorbutic guinea pigs. The levels are restored by 
administration of ascorbate. Furthermore, perfusion of livers of scorbutic 
guinea pigs with precursors of carnitine, and examination of products, reveal 
deficiencies in the hydroxylation reactions involved in carnitine biosynthesis. 
Despite this, one can write chemical mechanisms for those hydroxylases 
without invoking direct participation of ascorbate, but assuming that the reduc­
tant is needed to restore the iron to its active ferrous form should it be oxidized 
accidentally-just as in the case of prolyl 4-hydroxylase. 

Considering all of the above, one can say that none of the reactions has been 
shown in vitro to have an absolute requirement for ascorbate as opposed to other 
reductants, nor does the evidence permit the writing of unique chemical 
mechanisms involving direct participation of ascorbate. In the most pessimistic 
case, ascorbate in these reactions could be confined to the housekeeping role of 
restoring the metal constituents of the respective enzymes to the reduced state 
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should they become oxidized adventitiously. In the more optimistic case, one 
can say that ascorbate may yet prove to have a direct function in the action of the 
monooxygenases . 

If indeed these matters become settled in the way just .. described, one can 
rejoice that at least some issues will have been resolved, and then get on with the 
more difficult task of unraveling those as yet mystifying functions of ascorbate 
that make it necessary for sustaining life. Probably a good place to start is to 
determine how ascorbate functions at the molecular level in protein synthesis , 
specifically in collagen synthesis. 
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