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Introduction

Vitamin B, is a water soluble vitamin necessary for
normal growth, development, and biological func-
tion."? The physiologically active form of the vitamin,
synthesized from precursors obtained through the
diet, is historically known for its role as a cofactor in
many enzymatic reactions regulating amino acid me-
tabolism® and nervous system function.*” In addition,
the vitamin is also involved in modulating lipid metab-
olism, gluconeogenesis,* and immune function.®"
While these enzymatic reactions represent the best-
characterized functions of vitamin B,, more recent evi-
dence suggests a role for this vitamin in a nontradi-
tional aspect of metabolism, steroid hormone action.
This novel and provocative aspect of vitamin B func-
tion has been suggested through indirect results ob-
tained in several laboratories'' and elucidated through
more direct molecular studies of the glucocorticoid
hormone receptor.'> The purpose of this review is to
present the information currently available pertaining
to the relationship between vitamin B, and steroid hor-
mone action. We will begin with a synopsis of the
synthesis and distribution of vitamin B¢ throughout the
body, followed by a brief discussion of the role of
the vitamin in growth and development, neural func-
tion, and immune surveillance. We will then concen-
trate on the role for vitamin B, in steroid hormone
action, ending with a speculative discussion on the
future directions and significance of research in this
area.

Synthesis and distribution of vitamin

The dietary forms of vitamin B, are three naturally
occurring compounds which are biologically inactive:
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pyridoxal, pyridoxine, and pyridoxamine.'*'* These
vitamers are absorbed in the intestinal tract and enter
the circulation, where a substantial portion is trans-
ported to the liver. Once in the liver, the inactive
forms are phosphorylated by pyridoxal kinase, yield-
ing pyridoxal phosphate, pyridoxine phosphate, and
pyridoxamine phosphate. The latter two forms are
then oxidized by an FMN-dependent oxidase to yield
pyridoxal-5'-phosphate, the physiologically active
form of vitamin B.!" The newly synthesized pyridoxal
phosphate is then released into the circulation. Plasma
pyridoxal phosphate is found in association with albu-
min.'®!” and this association is thought to protect the
active form of the vitamin from degradation or metab-
olism while it is in circulation.'® Studies have demon-
strated that the liver is the primary site of synthesis of
pyridoxal phosphate and, further, that the liver pos-
sesses an apparently unique transport mechanism that
provides for the efflux of pyridoxal phosphate into the
circulation."” Given that the liver is also the primary
site of albumin synthesis, high affinity association of
pyridoxal phosphate with albumin may represent the
as-yet undefined mechanism for efflux of pyridoxal
phosphate from the liver into general circulation for
distribution to tissues throughout the body.

The phosphorylated form of the vitamin found in
plasma is not able to cross cell membranes and enter
cells; thus, at target tissues, pyridoxal phosphate must
be dephosphorylated by a membrane-associated alka-
line phosphatase(s) to regenerate the inactive form of
pyridoxal, which readily enters cells.?’ Biologically ac-
tive pyridoxal phosphate is then regenerated through
the action of pyridoxal kinase within the target tissue
or cells." It is interesting that these target tissues do
not release the newly resynthesized pyridoxal phos-
phate. This may result from the lack of albumin syn-
thesis in these other tissues, offering further support
for the idea that association with albumin is the mech-
anism by which pyridoxal phosphate is extruded from
the liver into the circulation. This mechanism would
thereby serve to prevent newly synthesized pyridoxal
phosphate within target tissue from being lost into the

J. Nutr. Biochem., 1991, vol. 2, October 523



Review

general circulation and undergoing redistribution to
other tissues.

Most precursors in excess of target tissue need are
oxidized to 4-pyridoxic acid, which is not a substrate
for reconversion and, as such, represents a metaboli-
cally inactive end-product which is excreted.?' Control
of intracellular concentrations of the biologically ac-
tive form of the vitamin is additionally regulated
through a negative feedback loop in the liver, by which
intracellular pyridoxal phosphate acts to inhibit the
oxidase enzyme, thereby preventing the initial synthe-
sis step.

Maintenance of tissue culture cells in medium de-
void of the precursor pyridoxine does not produce a
rapid decrease in intracellular concentration of pyri-
doxal phosphate.'? Interestingly, Meisler and Thanassi
have demonstrated that intracellular pyridoxal phos-
phate levels are maintained in a hepatoma-derived
HTC celi line despite the absence of the oxidase en-
zyme.>* Their work importantly demonstrates that al-
ternate mechanism(s) for synthesizing or maintaining
pyridoxal phosphate may well exist in cells. Thus, it
seems that liver, and perhaps other tissues or cells
as well, can recycle metabolites to prevent vitamin
deficiency and may develop or utilize alternate path-
ways for generation of active forms of vitamins; this
underscores the importance of vitamin B, in the main-
tenance of biological function and homeostasis.

In the body, the majority of pyridoxal phosphate
(75-80%) is located in muscle, primarily in association
with glycogen phosphorylase.' This large pool of vita-
min is relatively unavailable to other tissues, except
through muscle destruction. Interestingly, pyridoxal
phosphate does not act as a classic cofactor for the
glycogen phosphorylase reaction, and a role in the cat-
alytic mechanism of the enzyme has not been clearly
established.”?* However, pyridoxal phosphate is
known to serve as a structural component of the en-
zyme, acting to stabilize its quaternary structure.”
The second largest pool of pyridoxal phosphate in the
body is in liver, which accounts for 5-10% of the vita-
min. Within the liver, the majority (66%) of pyridoxal
phosphate is found in the cytosolic compartment,
where the metabolic conversion of dietary precursors
to pyridoxal phosphate takes place. Smaller amounts
are found in the kidney, where pyridoxine is absorbed
from plasma against a concentration gradient and con-
verted intracellularly to pyridoxal phosphate.”” Pyri-
doxal phosphate is also found in the brain, where it
is distributed non-uniformly in discrete regions of the
brain:;*® the physiological significance, if any, of this
uneven distribution is not currently known.

Role in growth and development

Vitamin B serves as a cofactor for over 100 different
enzymes involved in almost all aspects of cellular bio-
chemistry and metabolism.!? Because of its involve-
ment with such a diverse array of metabolic enzymes,
this vitamin is crucial for normal growth, develop-
ment, and homeostasis. An absolute requirement for
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pyridoxal phosphate as an enzymatic cofactor has
been established for many enzymes involved in amino
acid and protein metabolism, including transaminases,
racemaces, aldolases, dehydratases, cystathyionases,
and decarboxylases.”* While it is outside the scope
of this review to discuss the role of vitamin B, in each
of these enzyme groups, it is fruitful to consider a few
examples which demonstrate the importance of this
cofactor role of the vitamin.

Depending on the nutritional and hormonal status
of the body, amino acids are utilized for protein syn-
thesis or gluconeogenesis, the synthesis of glucose
from amino acids. Amino acids are metabolized
through aminotransferase enzymes, which catalyze
the removal or addition of amino groups, thus permit-
ting synthesis, catabolism, interconversion, and re-
cycling of amino acids. Virtually all of the 20 amino
acids present in proteins undergo aminotransferase re-
actions during metabolic breakdown,’' and all of the
known aminotransferases are pyridoxal phosphate-
dependent enzymes. The requirement for adequate
levels of pyridoxal phosphate becomes overtly appar-
ent when one considers that cellular levels of the 10
nonessential amino acids are achieved and maintained
through transaminase rcactions. Indeed, in vitamin B,
deficiency, the nonessential amino acids are synthe-
sized only poorly and, therefore, protein formation
does not proceed normally.’! The enzyme aspartate
aminotransferase is one of the best characterized en-
zymes involved in pyridoxal phosphate-dependent
amino acid metabolism. Extensive X-ray crystallo-
graphic experiments have demonstrated the specific
amino acids involved in tethering the vitamin to the
active site of the enzyme, and have further identified
the amino acids involved in electron transport which
are central to enzymatic activity.*>* The C4-carboxal-
dehyde group of pyridoxal phosphate is crucial, as it
ts this moiety which physically interacts with the en-
zyme. through Schiff’s base formation with a specific
lysine residue, initiating electron transfer and ensuring
amino group transfer.

On a more general note, for all enzymes for which
the pyridoxal phosphate binding site is known, inter-
action with a specific lysine serves as the mechanism
for initiation of cofactor action.*® Proteins typically
contain a number of lysine residues, and any lysine
is, in principle, capable of interaction with pyridoxal
phosphate and Schiff’s base formation. Thus, associa-
tion of pyridoxal phosphate with a single particular
lysine residue indicates that there is a specific domain
structure of the enzyme which favors stabilization of
the enzyme-cofactor interaction, which would other-
wise be readily hydrolyzed.

A very important role for vitamin B, has also been
implicated in the regulation of both cell replication and
cancer.”’ Here again, the vitamin mediates its effects
through its involvement as a cofactor for the enzymes
ornithine decarboxylase (ODC) and S-adenosylmethi-
onine decarboxylase. These enzymes are required for
biosynthesis of the polyamines putrescine, spermi-
dine, and spermine which are known to have impor-
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tant, though not mechanistically clear, roles in cell
replication and in cancer promotion.*-® Furthermore,
cellular levels of thymine, one of the four fundamental
DNA bases, are indirectly dependent on pyridoxal
phosphate . Thymine synthesis requires N5, N10-
methylene tetrahydrofolic acid (THFA), the produc-
tion of which is vitamin B, dependent. Thus, vitamin
B, deficiency could lead to reduced levels of cellular
thymine, with concomitant deleterious effects on
DNA synthesis and cell replication.

Role in neural function

There are many neurotransmitters, for example, dopa-
mine, norepinephrine, serotonin, y-amino butyric acid
(GABA), taurine, and histamine, whose synthesis and
metabolism are mediated through the action of vitamin
B, dependent enzymes,*' and it has been clearly docu-
mented that vitamin B, deficiency has detrimental ef-
fects on neural development and function.” For ex-
ample, Parkinson’s disease, a non-genetic disorder
characterized by a rhythmic tremor, a unique form of
increased muscle rigidity, and slowness in the initia-
tion and execution of movement, has been clearly as-
sociated with loss of the neurotransmitters dopamine,
norepinephrine, and serotonin in the midbrain.* The
loss of dopamine 1s further correlated with a defi-
ciency of the vitamin B,-dependent enzyme dopa-
decarboxylase, which catalyzes the formation of do-
pamine from the precursor dopa.* Serotonin, also
invoked in Parkinson's disease, is derived from
tryptophan through the enzymatic reaction of another
pyridoxal phosphate dependent enzyme, tryptophan
decarboxylase.* Thus, the mental deterioration ob-
served in cases of vitamin B deficiency could be mani-
fest through effect on synthesis of these as well as
other neurotransmitters.

The inhibitory neurotransmitter y-amino butyric
acid (GABA) is synthesized from the amino acid glu-
tamic acid in a reaction catalyzed by the vitamin Bg-
dependent enzyme glutamic acid decarboxylase,*
an enzyme which has been postulated to serve as a
regulator of neural excitability.* It is well known that
B, deficiency induces seizures, convulsions and ab-
normal EEG tracings, and investigations suggest that
pyridoxal phosphate may affect the central nervous
system by modulation of glutamic acid decarboxylase
activity.** Specifically, insufficient levels of pyridoxal
phosphate may lead to excitability of the central ner-
vous system as a result of decreased synthesis of the
inhibitory neurotransmitter GABA.

Role in immune function

Studies have shown that vitamin B, plays an important
role in the development and maintenance of a compe-
tent immune system.* It has been demonstrated that
vitamin deficiency in animals results in a suppression
of cellular immune response, with a reduction in the
levels of circulating antibodies produced in response
to antigen exposure.’™’! In addition, vitamin defi-

ciency produces a severe atrophy of the thymus gland
in several animal species, in which the thymuses are
virtually depleted of lymphocytes and consist only of
epithelial cells and stroma.® It is not completely clear
what effect thymus atrophy has on the immune func-
tion, but there is evidence that a thymic humoral fac-
tor which is required for formation and maintenance
of a subclass of lymphocytes is lost upon vitamin
deficiency-mediated thymus atrophy.® In any case, it
is clear that compromised immune protection or sur-
veillance, brought about by vitamin B, deficiency,
may have serious consequences on normal immune
function. In support of this conclusion, it has been
demonstrated recently that pyridoxine supplementa-
tion can prevent stress-induced immunosuppression in
human subjects.*

Influence of vitamin on steroid receptors

Evidence has accumulated from several laboratories
over the past decade suggesting that, in addition to
its well-known and classical effects on overall cellular
metabolism and homeostasis, vitamin B, may also
play an important regulatory role in steroid hormone
action. The steroid hormones, glucocorticoid, estro-
gen, progesterone, and androgen, are involved in the
regulation of growth, development, reproduction, and
metabolism in many tissues throughout the body.
Each of these hormones exerts its effects in target
tissues through direct interaction with specific intra-
cellular receptor proteins. The physiological effects of
steroid hormones are achieved through the binding of
receptors to specific sites in DNA and the concomitant
changes in gene expression which occur.”*?*

The glucocorticoid hormones are synthesized in the
adrenal glands, in a diurnal rhythm as well as in re-
sponse to stress, and have many effects on protein,
nucleic acid, fat, and carbohydrate metabolism. In me-
diating its effects, the glucocorticoid hormone binds
with high affinity to the glucocorticoid hormone recep-
tor located in the cytoplasm of target cells. The unli-
ganded receptor is characterized as having little affin-
ity for nuclei or DNA; binding of hormone initiates
the poorly-understood process of transformation or
activation, through which the receptor gains affinity
for nuclei and DNA.* The activated receptor translo-
cates to the nuclear compartment of cells and binds
to specific DNA sequences. These DNA sequences,
termed glucocorticoid regulatory elements or GRE’s,
were first identified in the long terminal repeat of the
mouse mammary tumor virus genome.*** GRE'’s are
found near, or occasionally within, hormonally-
regulated genes, and binding of the glucocorticoid re-
ceptor to these sequences results in altered levels of
gene expression. The changes in gene expression lead
to changes in mRNA and protein levels, and the resul-
tant alterations in cellular phenotype 376163

Despite the wealth of information which has accu-
mulated over the past several years concerning the
mechanism by which steroid hormones act to elicit
their effects, surprisingly little is known regarding how
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the receptors regulate gene expression and much re-
mains to be elucidated. Over the past decade, we and
others have shown that several properties of the ste-
roid hormone receptors are altered by in vitro treat-
ment with pyridoxal phosphate, including molecular
conformation, surface charge, susceptibility to exoge-
nous proteolysis, and DNA binding capacity and sub-
cellular localization.!' Further, in vivo alterations in
pyridoxal phosphate concentration have been shown
to modulate the ability of the glucocorticoid receptor
to induce target gene expression.'? These in vitro and
in vivo effects of pyridoxal phosphate have suggested
a physiological role for vitamin B, in the regulation of
steroid hormone action.

Effect of pyridoxal phosphate on interaction of
steroid receptors with DNA and nuclei

In 1978, Nishigori et al. first demonstrated that binding
of partially purified progesterone receptor to ATP-
Sepharose could be inhibited by treatment of the re-
ceptor preparation with pyridoxal phosphate.* Subse-
quent studies of Cake et al. indicated that pyridoxal
phosphate could inhibit the in vitro association of par-
tially purified rat liver glucocorticoid receptor with
DNA cellulose, phosphocellulose, and isolated liver
nuclei.® However, it is not known if complexes
formed under in vitro conditions between glucocorti-
coid receptors and these artificial matrices or isolated
nuclei are representative of the physiological associa-
tion of glucocorticoid receptor with chromatin in the
intact cell. Further, these studies did not differentiate
between two possible effects of the vitamin: reversal
of the process of receptor activation or inhibition of
receptor association with artificial matrices. Early
work from our laboratory addressed both of these con-
cerns using intact thymic lymphocytes, which contain
specific, high affinity, saturable receptors for gluco-
corticoids.® Exposure of thymocytes to the synthetic
glucocorticoid hormone dexamethasone results in ac-
tivation and nuclear localization of glucocorticoid re-
ceptors. This work demonstrated that the glucocor-
ticoid receptor, localized to the nucleus under
physiological conditions of hormone treatment, was
very efficiently extracted by treatment with pyridoxal
phosphate. The specificity of extraction of glucocorti-
coid receptors from intact rat thymocyte nuclei is
shown in Figure 1. Only the physiologically active
form of the vitamin, pyridoxal phosphate, is effective;
neither precursors (pyridoxine, pyridoxamine phos-
phate), metabolites (pyridoxal), nor nonphysiological
analogs (5-deoxypyridoxal) were capable of extracting
receptors previously localized to the nuclear compart-
ment of cells. Thus, pyridoxal phosphate need not ex-
ert its effects through the process of receptor activa-
tion, but may instead act to cause release of receptor
previously bound to nuclei. This study also docu-
mented the importance of the C4-carboxaldehyde
group of pyridoxal phosphate in mediating this extrac-
tion; as discussed earlier, it is through the C4-carbox-
aldehyde group that pyridoxal phosphate is known to
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Figure 1 Extraction of nuclear dexamethasone-receptor com-
plexes with pyridoxal phosphate and analogues. Rat thymocyte
nuclei were exposed to 20 nv [*H]dexamethasone followed by ex-
traction with the indicated analogues of pyridoxal phosphate at a
final concentration of 5 mm Values shown are the mean + SD of
determinations from two separate experiments. The data are ex-
pressed as a percentage of the value obtained reiative to control.
(Reproduced with permission from Cidlowski and Thanassi, (1978).
Biochem. Biophys. Res. Commun. 82, 1140-11486)

interact with the enzymes for which it serves as cofac-
tor. Reduction of pyridoxal phosphate with either hy-
droxylamine or semicarbizide produces derivatives of
pyridoxal phosphate which are also incapable of ex-
tracting receptors from nuclei. These data were the
first to demonstrate a direct correlation between the
ability of pyridoxal phosphate to interact with other
proteins, through Schiff’s base formation, and its abil-
ity to extract glucocorticoid receptors from nuclei. Im-
portantly, this observation suggests that the actions
of pyridoxal phosphate on the glucocorticoid receptor
may be mediated through a direct interaction of pyri-
doxal phosphate with the glucocorticoid receptor, or
perhaps through interaction with an auxiliary protein
involved in hormone action.

In other studies, pyridoxal phosphate treatment in
vitro has also been shown to inhibit association of
other steroid receptors, including the progesterone,*”
estrogen,® and androgen® receptors, with DNA and
nuclei. Further, animals with elevated levels of vita-
min B, exhibit decreased nuclear localization of uter-
ine estrogen receptor,”” while vitamin B, deficiency
has been shown to enhance nuclear localization of the
uterine estrogen receptor’'’? as well as the prostatic
androgen receptor.” Thus, it appears that pyridoxal
phosphate acts to modulate at least two properties
common to the steroid receptors, DNA binding and
nuclear localization.

Influence of pyridoxal phosphate on the
conformation of the glucocorticoid receptor

The effects of vitamin B, concentration on subcellular
localization of steroid hormone receptors prompted
further investigation into the mechanisms(s) by which
pyridoxal phosphate acts. To that end, the effect of in
vitro pyridoxal phosphate treatment on the conforma-
tion of the glucocorticoid receptor prepared from
Hela S, cells was examined.” These cells are of hu-
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Figure 2 Specificity of pyridoxal phosphate on sucrose density
gradient sedimentation coefficient of glucocorticoid receptors.
Hela S; cells were incubated with 20 nm [*H]dexamethasone at
0°C. Cytosols were prepared and incubated for two hours with pyri-
doxal phosphate analogues at a final concentration of 5 mm as
indicated: pyridoxine O---03; pyridoxal ®---m; pyridoxamine
A---A: pyridoxamine 5'-phosphate A- - -A; pyridoxal phosphate
®- - -8 Cytosols were then reduced with NaBH, and subjected to
sucrose density gradient centrifugation. (Reproduced with permis-
sion from O'Brien and Cidlowski, (1981). J. Ster. Biochem. 14,
9-18)

man origin and contain high-affinity, saturable, spe-
cific glucocorticoid receptors.” Early studies with this
cell line demonstrated that the unactivated form of the
glucocorticoid receptor migrates on sucrose density
gradients with a sedimentation coefficient of 8S, while
the nuclear or activated receptor exists as an approxi-
mately 4S form. Pyridoxal phosphate treatment pro-
duces a shift in the sedimentation profile of the
unactivated receptor to an approximately 6S, non-
proteolyzed form which is reflective of a change in the
conformation of the receptor. Reduction with sodium
borohydride after exposure of the receptor prepara-
tion to pyridoxal phosphate produces a receptor which
sediments as an approximately 4S form. The data
shown in Figure 2 demonstrates that this reduction in
sedimentation value is specific for the biologically ac-
tive form of the vitamin, pyridoxal phosphate, since
neither precursors, metabolites, nor nonphysiological

analogs were capable of eliciting a change in the sedi-
mentation coefficient of the glucocorticoid receptor.

These studies further demonstrated that vitamin an-
alogs lacking the C4-carboxaldehyde group, pyridox-
ine and pyridoxamine phosphate, did not alter the sed-
imentation of the receptor. As discussed earlier,
pyridoxal phosphate directly interacts with lysine resi-
dues in the enzymes for which it serves as a cofactor
by Schiff’s base formation through the C4-carboxalde-
hyde group. The effect of pyridoxal phosphate on the
sedimentation of the receptor and the requirement for
the carboxaldehyde group suggest that the vitamin
may also interact with the glucocorticoid receptor
through a similar association with lysine residues. This
prompted an examination of the influence on receptor
conformation of other compounds known to modify
lysine residues. Such studies demonstrated that treat-
ment of glucocorticoid receptors prepared from Hela
cells with a series of lysine-reactive compounds, in-
cluding dinitrofluorobenzene, picryl sulfonic acid, suc-
cinate, or p-nitrophenyl acetate, had no effect on the
sucrose density gradient sedimentation properties.”
Thus, pyridoxal phosphate is specific in its effects on
the glucocorticoid receptor, while nonspecific modifi-
cation of lysine residues within the receptor by other
reagents has no detectable effect on the sedimentation
properties of the glucocorticoid receptor.

Together, these observations demonstrate that the
glucocorticoid receptor exhibits an alteration in con-
formation or subunit composition as a result of expo-
sure specifically to the physiological form of vitamin
B,- A requirement for the carboxaldehyde moiety of
the vitamin has been established, supporting the idea
of a direct interaction between pyridoxal phosphate
and the glucocorticoid receptor. Pyridoxal phosphate
treatment has also been shown to affect both proges-
terone® and estrogen® receptors. with a similar reduc-
tion in sedimentation coefficient on sucrose gradients,
suggesting that pyridoxal phosphate may act through
a single, common mechanism to exert its effects on
members of the steroid receptor family of proteins.

Interaction of pyridoxal phosphate with the
glucocorticoid receptor: in vitro studies

The effects of vitamin B, on glucocorticoid receptor
conformation and nuclear location evoked by the
physiologically active form of vitamin B, and the ab-
solute requirement for the C4-carboxaldehyde group
of the vitamin in mediating these effects leads to an
interesting hypothesis: pyridoxal phosphate may di-
rectly interact with the glucocorticoid receptor to me-
diate its effects on the physical properties of the recep-
tor. To investigate further this idea, the effect of
pyridoxal phosphate on site-specific, limited exoge-
nous proteolytic digestion of the rat thymic glucocorti-
coid receptor was examined.’”® The thymic glucocorti-
coid receptor elutes from S-200 Sephacryl as a 56-60A
form when in the unactivated state, and treatment with
exogenous trypsin generates a much smaller, 18-20A
form of receptor. Not unexpectedly, treatment of un-
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Figure 3 Influence of pyridoxal phosphate on site-specific. lim-
ited proteolytic degradation of glucocorticoid receptors. Cytosols
prepared from rat thymocytes were incubated with 20 nm [*H]dexa-
methasone at 0°C and then treated with trypsin at a concentration
of 10 pg/L for 30 min at 4°C. The trypsin digestion was stopped
by the addition of 1 mg soybean trypsin inhibitor before chromatog-
raphy on Sephacry! S 200. The closed circles represent unacti-
vated samples treated with trypsin, and the open triangles are from
samples reduced with NaBH, before trypsin treatment. The open
circles represent samples of cytosol treated with 5 mm pyridoxal
phosphate for three hours at 0-4°C, reduced with NaBH,, and then
treated with trypsin. The profiles shown are representative of three
experiments. (Reproduced with permission from Cidlowski, (1980)
Biochemistry 19, 6162-6170; copyright American Chemical So-
ciety)

activated receptor preparations with pyridoxal phos-
phate generates an intermediately sized receptor, a
42A form which is consistent with the effects of pyri-
doxal phosphate on the sucrose density gradient sedi-
mentation of glucocorticoid receptor. Surprisingly,
however, pretreatment of unactivated receptor prepa-
rations with pyridoxal phosphate prior to exposure to
trypsin protects the receptor from proteolytic diges-
tion, as shown in Figure 3. Protection from proteolytic
degradation was specific for pyridoxal phosphate,
since neither pyridoxine nor pyridoxal could prevent
generation of the small, proteolytic fragment of recep-
tor. These observations suggest that pyridoxal phos-
phate physically binds to the glucocorticoid receptor
at or near a site which is susceptible to cleavage by
trypsin, and thereby prevents proteolytic digestion.
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The availability of an antibody which specifically
recognizes pyridoxal phosphate has allowed further
investigation of this provocative notion of a direct in-
teraction between vitamin B¢ and the glucocorticoid
receptor. In one series of experiments, this antibody
was demonstrated to further alter the sucrose density
gradient sedimentation properties of glucocorticoid re-
ceptor pretreated with pyridoxal phosphate, causing it
to sediment as a much larger complex.” By two-
dimensional gel analysis, Kitler, Thanassi, and Cid-
lowski (unpublished observations) have demonstrated
that the same protein isolated from HeLa cells which
binds radiolabelled steroid is also recognized specifi-
cally by the antibody against pyridoxal phosphate,

The observations made with this antibody directed
against pyridoxal phosphate, coupled with the data on
protection of receptor from proteolytic digestion, offer
the most direct evidence to date that pyridoxal phos-
phate can directly interact with the glucocorticoid re-
ceptor. These data clearly support the notion that pyri-
doxal phosphate affects many properties of steroid
hormone receptors (DNA binding, nuclear localiza-
tion, and conformation) through a direct interaction of
the vitamin with the receptor itself and not through
receptor-associated proteins or factors.

Subsequent experiments have demonstrated that
one possible site of interaction of pyridoxal phosphate
exists within the carboxyl-terminal fourth of the gluco-
corticoid receptor.”™ This receptor fragment, the glu-
cocorticoid mero-receptor, is a proteolytic fragment
which retains steroid binding capacity. Several prop-
erties of the mero-receptor are affected by treatment
with pyridoxal phosphate, including both chromato-
graphic elution from DEAE Bio-Gel A and isoelectric
focusing. Thus, at least one site of interaction of pyri-
doxal phosphate can be localized to this portion of the
receptor. However, it remains to be determined if this
represents the only site of interaction between the vi-
tamin and the glucocorticoid receptor, and if the ef-
fects of the vitamin on the receptor are mediated
through this site.

Interaction of pyridoxal phosphate with the
glucocorticoid receptor: in vivo studies

The studies which have been described to this point
have examined effects of in vitro exposure of receptor
preparations to pyridoxal phosphate. However, at
least one characteristic of the glucocorticoid receptor,
its isoelectric focusing point, is similarly affected by
either in vivo or in vitro exposure to elevated levels of
pyridoxal phosphate.'' This treatment produces more
acidic receptor forms, which may have significant
physiological ramifications. The shift in isoelectric
point to more acidic forms offers support for the hy-
pothesis that pyridoxal phosphate interacts with a ba-
sic amino acid(s) of the glucocorticoid receptor, such
as lysine, masking its positive charge and, perhaps
more importantly, substituting a negative charge de-
rived from the phosphate moiety. This type of reaction
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would render the receptor protein itself more acidic,
and may thereby result in less favorable or stable in-
teractions between receptor and other acidic species,
such as DNA. Thus, the specific alteration in surface
charge that would result upon interaction with pyri-
doxal phosphate may serve as the mechanism by
which DNA binding and nuclear localization of the
glucocorticoid receptor is inhibited or decreased by
exposure to pyridoxal phosphate.

In addition to clearly demonstrating an effect of
pyridoxal phosphate on the surface charge of the re-
ceptor, this data also documents that the physical
properties of the glucocorticoid receptor in whole cells
can be affected by in vivo modulation of vitamin B
concentration and thus further suggests that this vita-
min may serve to modulate steroid hormone receptor
function. These observations, however, have not per-
mitted assessment of the possible effects of vitamin B,
on steroid hormone action at the biological level.

Effects of pyridoxal phosphate on physiological
aspects of steroid hormone action

This uncertainty has provided the impetus for investi-
gations into the effects of vitamin B, on physiological
functions of the steroid receptors. Because steroid
hormones are known to exert their physiological ef-
fects through regulation of target gene expression,
such studies have all involved examining the effect of
vitamin concentration on induction of hormonally-
responsive genes. For example, DiSorbo and Litwack
have reported that induction of tyrosine aminotrans-
ferase by glucocorticoid treatment is increased after
restriction of the vitamin and decreased following ex-
posure to pharmacological doses of pyridoxine.” In-
terpretation of these data is complicated, however. by
the fact that tyrosine aminotransferase itself is a vita-
min B, dependent enzyme® and their studies relied on
enzymatic activity as the measure of hormone respon-
siveness. Studies in our laboratory have demonstrated
that the level of glucocorticoid-induced alkaline phos-
phatase activity in HeLLa S, cells is reduced under con-
ditions of vitamin excess.” However, because induc-
tion of alkaline phosphatase activity may be regulated
through multiple factors or pathways in addition to
glucocorticoid hormones.*" it has not been possible to
clearly determine if vitamin B, directly influences the
physiological process of hormonal regulation of gene
expression in these studies. Subsequent experiments
were designed specifically to overcome these limita-
tions. In these studies,'” a glucocorticoid-responsive
reporter plasmid was introduced into Hela S, cells.
The promoter directing expression of the target re-
porter gene was chosen so that any effects which were
detected at the reporter gene level were, in fact, due
to changes at the level of target gene transcription.
Specifically, a plasmid containing the chloramphenicol
acetyltransferase (CAT) gene under transcriptional
control of the glucocorticoid-responsive mouse mam-
mary tumor virus (MMTYV) long terminal repeat pro-

moter was introduced into the cells. This DNA
sequence contains the glucocorticoid regulatory ele-
ments known to confer glucocorticoid responsiveness
upon heterologous genes, with changes in the level
of heterologous gene expression directly reflective of
alterations in the level of glucocorticoid-mediated
transcription from the MMTV promoter.?? Thus, it
was possible to determine if changes in vitamin con-
centration directly affected the ability of the glucocor-
ticoid receptor to induce expression of the CAT re-
porter gene.

Preliminary studies demonstrated that glucocorti-
coid treatment of Hela cells transfected with this
plasmid resulted in an increased level of CAT activity.
Induction of CAT activity in this system was restricted
to the glucocorticoid class of steroid hormones, pre-
sumably due to the absence of receptors for the other
hormones (estrogen, androgen, and progesterone),
and was mediated through the high-affinity glucocorti-
coid receptor present in these cells.

The effect of intracellular vitamin B, concentration
on glucocorticoid-mediated induction of CAT activity
was then examined. Results of these experiments,
demonstrated in Figure 4, revealed that when cells
transfected with the reporter plasmid were grown in
medium supplemented with the biosynthetic precur-
sor pyridoxine to elevate the intracellular concen-
tration of pyridoxal phosphate. the level of glu-
cocorticoid-induced CAT activity was diminished.
While simple removal of pyridoxine from the culture
medium did not affect intracellular levels of pyridoxal
phosphate, a condition of mild vitamin deficiency was
achieved by culturing cells in the presence of a pyri-
doxal phosphate synthesis inhibitor. 4-deoxypyridox-

* This reagent specifically inhibits the kinase en-
zyme involved in the first stage of pyridoxal phosphate
synthesis. When transfected cells grown under condi-
tions of mild vitamin deficiency were treated with hor-
mone, the level of glucocorticoid-induced CAT activ-
ity was enhanced.

To determine if the effects of altered intracellular
pyridoxal phosphate concentrations on induction of
CAT gene expression were specific for glucocorticoid
receptor-mediated gene expression, the regulation of
CAT gene expression derived from other transfected
reporter plasmids was also examined. For these stud-
ies, two plasmids from which CAT gene expression
is constitutive and glucocorticoid-independent were
used. Hela cells were transfected with either of the
constitutive plasmids or the glucocorticoid-responsive
plasmid, the intracellular concentration of pyridoxal
phosphate was subsequently modulated, and resultant
effects on CAT gene expression were monitored. Re-
sults of these studies, shown in Figure 5, clearly dem-
onstrated that under vitamin conditions which modu-
late glucocorticoid-induced gene expression, the level
of CAT activity derived from either of the gluco-
corticoid-insensitive plasmids was unaffected. This
observation strongly suggests that vitamin B, does not
influence gene expression non-specifically but acts se-
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lectively to modulate glucocorticoid receptor-
mediated gene expression. It will be of interest to de-
termine if vitamin B, similarly affects gene expression
mediated through the other steroid hormone receptors
or if the modulatory effect of the vitamin is specific
for the glucocorticoid hormone receptor.

The degree of hormone responsiveness of a target
cell or tissue is known to be regulated, at least in part,
by the concentration of hormone receptors.* Thus,
pyridoxal phosphate-induced alterations in the level of
cellular glucocorticoid receptor number or its ligand
binding capacity could mediate the observed effects
on hormone-induced gene expression. However, sev-
eral different analyses, including measurement of glu-
cocorticoid receptor protein and mRNA levels as well
as hormone binding assays, demonstrated that alter-
ations in intracellular pyridoxal phosphate concentra-
tion have no effect on either glucocorticoid receptor
protein or mRNA levels, or on binding of ligand."
Thus, the modulation of glucocorticoid receptor-
mediated gene expression which is observed under
conditions of altered intracellular pyridoxal phosphate
concentrations must occur by a mechanism(s) that
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Figure 4 Effect of alterations in intracellular pyridoxal phosphate
concentration on glucocorticoid receptor-induced CAT activity in
transfected Hel.a cells. After transfection with the glucocorticoid-
responsive reporter plasmid pGMCS, cells were introduced into
the following media in order to aiter intracellular pyridoxal phos-
phate levels: unaltered medium (CON); medium prepared without
pyridoxine (—Bg); medium supplemented with 1 mm pyridoxine
(PYR); or medium supplemented with 5 mm 4-deoxypyridoxine
(4-DEOXY). After culture for 48 h under these conditions, cells were
stimulated with 100 nm dexamethasone or no hormone for 8 h and
the amount of CAT activity determined. The values shown represent
the mean =+ SD from three independent transfection experiments.
CAT activity (% conversion of substrate chloramphenico! to its
acetylated derivatives) obtained from dexamethasone-stimulated
cells grown in unaltered medium is assigned a value of 100, and
the tevel of CAT activity derived from dexamethasone-stimulated
cells grown in altered media conditions is expressed as a fraction
of the control value. (Reproduced with permission from Aligood,
Powell-Oliver, and Cidlowski, (1990). J. Biol. Chem. 265,
12424-12433)
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Figure 5 Effect of alterations in intracellular pyridoxal phosphate
concentration on CAT activity derived from glucocorticoid-
responsive and non-responsive plasmids in transfected Hela S,
cells. Following transfection with either the glucocorticoid-
responsive plasmid pGMCS or a glucocorticoid-insensitive plas-
mid, pBLCAT2 or pRSVCAT, Hela cells were cultured in unaltered
medium (CON). pyridoxine-deficient medium ( —Bg), medium sup-
plemented with 1 mm pyridoxine (PYR), or medium supplemented
with 5 mm 4-deoxypyridoxine (4-DEOXY) for 48 h. Cells transfected
with pGMCS were treated with 100 nm dexamethasone for 8 h prior
to determination of CAT activity. The values shown are representa-
tive of the mean = SD from two independent experiments, with
CAT activity (% conversion of substrate chloramphenicol to its
acetylated derivatives) from cells grown in unaltered medium as-
signed a value of 100, and CAT activity from cells grown under
altered medium conditions expressed as a fraction of control (Re-
produced with permission from Allgood, Poweli-Oliver, and Cid-
lowski, (1990). J. Biol. Chem. 265, 12424—12433)

does not involve changes in glucocorticoid receptor
number or hormone binding capacity.

These data are consistent with a series of somewhat
indirect but extremely provocative reports on the ef-
fects of vitamin B nutriture and hormone respon-
siveness. Majumder et al. have shown that increased
concentrations of vitamin B, inhibit glucocorti-
coid-induced casein mRNA accumulation in mouse
mammary gland.® Early work of Symes ¢t al. demon-
strated that the stimulation of rat prostate growth by
androgen is enhanced in animals maintained on a vita-
min B-deficient diet.”* Similarly, the estrogen stimula-
tion of rat uterine growth and peroxidase activity is
enhanced under conditions of vitamin B, deficiency.”
In addition, administration of pyridoxine during gesta-
tion has been shown to reduce the incidence of
glucocorticoid-induced cleft palate in rats.*® These in
vivo, physiological studies all support the notion that
steroid hormone responsiveness is modulated in re-
sponse to alterations in vitamin B, concentration.
However, they do not allow determination or exami-
nation of the mechanism through which alterations
in vitamin concentration modulate these hormone-
dependent events; it is not possible to distinguish be-
tween direct and indirect effects of the vitamin on
steroid hormone action in these studies. When consid-
ered in conjunction with the studies on regulation of
specific gene expression, a very compelling hypothesis
emerges: vitamin B, may affect steroid hormone ac-
tion by modulating the ability of the steroid hormone
receptor to regulate target gene expression. It is clear
that further studies are required to elucidate the pre-
cise mechanism through which pyridoxal phosphate
affects the transcriptional regulatory function of the
receptor.
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Speculation

There is clear evidence in support of a direct interac-
tion between pyridoxal phosphate and the glucocorti-
coid receptor, including the protection of receptor
from proteolytic degradation and association of pyri-
doxal phosphate-treated receptor with an antibody di-
rected against pyridoxal phosphate. Thus, it is possi-
ble that the effects of pyridoxal phosphate on both the
physical properties (subunit composition, conforma-
tion, and surface charge) and transcriptional activation
function of the receptor are mediated through this pu-
tative direct interaction. However, it bears emphasis
that effects on the physical properties of the receptor
and the interaction of receptor with the anti-pyridoxal
phosphate antibody are reflective of an in vitro inter-
action of receptor with pyridoxal phosphate. While it
is likely that these in vitro observations are indicative
of in vivo events and, as such, are physiologically rele-
vant, it remains formally possible that such a direct
interaction between the receptor and pyridoxal phos-
phate does not exist in vivo or that an association does
occur but is not responsible or sufficient to mediate
the effects observed at the gene expression level.
Identification of a site on the receptor with which pyri-
doxal phosphate interacts to mediate its effects on the
glucocorticoid receptor function may distinguish be-
tween these possibilities.

An interesting possibility is that pyridoxal phos-
phate may interact with another protein involved in
regulation of hormone-induced gene expression. It is
becoming increasingly apparent that gene expression
is regulated through a complex array of DNA elements
which are recognized by different and diverse trans-
acting transcription factors.®” Reports in the literature
indicate that, at least in some cases, gene expression
is regulated through interaction among the different
transcription factors.®®* In fact, the glucocorticoid re-
ceptor has been reported to act in concert or synergis-
tically with other known transcription factors.”"*’
Thus, it is possible that pyridoxal phosphate may exert
its effects through another transcription factor in-
volved in glucocorticoid-regulated gene expression.
Alternately, pyridoxal phosphate may interact directly
with the receptor but act to modulate a subsequent
interaction between the receptor and another auxiliary
transcription factor. In extension of these ideas, it is
possible that pyridoxal phosphate itself is a ligand for
an as yet undefined transcription factor which is in-
volved in hormone-mediated gene expression. This
idea is supported by the recent demonstration that two
other known vitamins, vitamins A and D, bind to spe-
cific cellular proteins, the retinoic acid® and vitamin
D,” receptors respectively, and regulate target gene
expression. Thus, these nutrients serve as ligands for
specific transcription factors. An observation reported
by Meisler and Thanassi'® offers the most direct sup-
port for the existence of a specific pyridoxal phos-
phate-binding protein. They have demonstrated the
presence of a non-histone protein present in liver nu-
clei which specifically binds pyridoxal phosphate. This

protein may well represent a transcription factor for
which pyridoxal phosphate serves as an activator li-
gand; that pyridoxal phosphate is the predominant vi-
tamin form present in liver nuclei'® supports this
theory.

Conclusion

Available evidence pertaining to the relationship be-
tween vitamin B, and the glucocorticoid hormone re-
ceptor indicates that pyridoxal phosphate affects
many physical properties of the receptor, including the
capacity for the receptor to mediate hormonally-
regulated gene expression. There is evidence to sup-
port the existence of a direct interaction between the
glucocorticoid receptor and the physiologically active
form of vitamin B, pyridoxal phosphate. This interac-
tion may serve as the mechanism through which pyri-
doxal phosphate exerts its effects on the receptor.
However. as we have speculated, other possible
mechanisms also exist. A role for vitamin B, in the
physiological modulation of glucocorticoid receptor
function is strongly implicated, and investigations
over the coming years will undoubtedly elucidate the
mechanism(s) through which glucocorticoid hormone
action is modulated by this important vitamin.

Where possible, information relating vitamin B, to
the other steroid hormone receptors has also been pre-
sented. It is clear that in vitro treatment with pyridoxal
phosphate produces similar effects on other members
of the steroid hormone receptor group. and it is pos-
sible, even likely, that the vitamin acts through a
common pathway to achieve similar effects on the
members of this family of proteins. This raises the
possibility that vitamin B, may also act through the
endocrine system to mediate its classical effects on
growth, development, and normal biological function.
This idea is supported by the knowledge that steroid
hormones exert a variety of effects in a wide range of
target celils and tissues, and some of these effects over-
lap with the known actions of vitamin B,. For exam-
ple, in promoting gluconeogenesis. the glucocorticoid
hormones regulate metabolism of proteins and amino
acids. The immune system is regulated to a significant
extent by glucocorticoid hormones, in that immune
responses and cell-mediated immunity are suppressed
by glucocorticoids. Normal growth and develop-
ment is affected by glucocorticoid hormones, in
part through glucocorticoid-modulated growth hor-
mone synthesis. Lastly, synthesis of at least one neu-
rotransmitter, epinephrine, is regulated through a
glucocorticoid-dependent enzyme. In each of these
instances—amino acid metabolism, immune function,
normal growth, and neural function—a known role for
vitamin B, has been clearly and historically defined
without invoking a requirement for steroid hormones.
However, it is now possible, and perhaps necessary,
to speculate that the effects of the vitamin may be
mediated additionally through the steroid hormone re-
ceptor. It is possible that by allowing multiple roles
or mechanistic pathways for the vitamin, both as an
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enzymatic cofactor and as a modulator of the endo-
crine system, an added dimension of diversity or con-
trol may be afforded. Thus, at least some of the di-
verse actions of vitamin B, may be mediated through
non-classical effects on the endocrine system.

Acknowledgments

We are grateful to Dr. Douglas Tully for his critical
evaluation of the manuscript and insightful discussions
during its preparation.

References

1

(35

Tryfiates, G.P. (1980). Vitamin B, Metabolism and Role in
Growth. (G. Tryfiates, ed.), pp. 1-370, Food and Nutrition
Press, Westport, C.T.

Merrill, A.H. and Henderson, J.M. (1987). Diseases associ-
ated with deficiencies in vitamin B, metabolism or utilization.
Annu. Rev. Nutr. 7, 137-156

Sauberlich, H.E. (1968). Biochemical systems and biochemi-
cal detection of deficiency. In The Vitamins (W.H. Sebrell
and R.S. Harris, eds.), p. 31-79, Academic Press, N.Y.
Buffoni, F. (1966). Histaminase and related amine oxidases.
Pharmacol. Rev. 18, 1163-1199

Kahlson, G. and Rosengren. E. (1965). Histamine. Annu.
Rev. Pharmacol. §, 305-320

Lovenberg, W., Weissbach, H., and Udenfriend, S. (1962).
Aromatic L-Amino acid decarboxylase. J. Biol. Chem. 237,
89-93

Roberts, E. and Frankel, S. (1950). y-Amino butyric acid in
brain: its formation from glutamic acid. J. Biol. Chem. 187,
55-63

Leklem, J.E. (1988). Vitamin B, metabolism and function in
humans. In Clinical and Physiological Applications of Vita-
min By(J.E. Leklem and R.D. Reynolds, eds.). p. 3-28, Alan
R. Liss, N.Y.

Axelrod, A.E. (1971). Immune processes in vitamin defi-
ciency states. Am. J. Clin. Nutr. 24, 265-271

Chandra, R.K. and Purl, S. (1984). Vitamin B, modulation of
immune responses and infection. In Vitamin B,: Its Role in
Heualth and Disease (R.D. Reynolds and J.E. Leklem, eds.).
p. 163-175, Alan R. Liss, N.Y.

Allgood. V.E.. Powell-Oliver, F.E. and Cidlowski, J.A.
(1990). Influence of vitamin B, on the structure and function
of the glucocorticoid receptor. Ann. N.Y. Acad. Sci. 585,
452465

Allgood, V.E., Powell-Oliver, F.E. and Cidlowski, J.A.
(1990). Vitamin B, influences glucocorticoid receptor-
mediated gene expression. J. Biol. Chem. 265, 12424-12433
Merrill, A.H., Henderson, J.M., Wang, E., McDonald,
B.W., and Millikan, W.J. (1964). Metabolism of vitamin B,
by human liver. J. Nurr. 114, 1664—-1674

McCormick, D.B. (1989). Two interconnected B vitamins:
riboflavin and pyridoxine. Physiol. Rev. 69, 1170-1198
Wada, H. and Snell, E.E. (1961). The enzymatic oxidation
of pyridoxine and pyridoxamine phosphates. J. Biol. Chem.
236, 2089-2095

Dempsey, W.B., and Christensen, H.N. (1962). The specific
binding of pyridoxal 5-phosphate to bovine plasma albumin.
J. Biol. Chem. 237, 1113-1120

Anderson, B.B., Newmark, P.A., and Rawlins, M. (1974).
Plasma binding of vitamin B, compounds. Nature 250, 502—
504

Lumeng, L. and Li, T.-K. (1980). Mammalian vitamin B,
metabolism: regulatory role of protein-binding and the hydro-
lysis of pyridoxal-5'-phosphate in storage and transport. In
Vitamin By Metabolism and Role in Growth (G.P. Tryfiates,
ed.), p. 27-51, Food and Nutrition Press, Westport, C.T.
Lumeng, L., Brashear, R.E., and Li, T.-K. (1974). Pyridoxal

532 J. Nutr. Biochem., 1991, vol. 2, October

34

35

36

37

5’-phosphate in plasma: source, protein-binding, and cellular
transport. J. Lab. Clin. Med. 84, 334-343

Brin, M. (1976). Vitamin B¢: chemistry, absorption, metabo-
lism, catabolism, and toxicity. In Human Vitamin By Require-
ments, p. 1-20, Natl. Acad. Sciences, Washington, D.C.
Lumeng, L., Li, T.-K., and Lui, A. (1984). The interorgan
transport and metabolism of vitamin By. In Vitamin By: Its
Role in Health and Disease (R.D. Reynolds and J.E. Leklem,
eds.). p. 35-54, Alan R. Liss, N.Y.

Meisler, M.T., and Thanassi, J.W. (1988). Vitamin B, metab-
olism in McCA-RH7777 cells. Cancer Res. 48, 10801085
Madsen, N.B., and Withers, S.G. (1984). The catalytic mech-
anism of phosphorylase; novel role of the coenzyme phos-
phate. In Chemical and Biological Aspects of Vitamin B,
Catalysis (A.E. Evangelopoulos. ed.), p. 117-126. Alan R.
Liss. N.Y.

Fukui, T., Tagaya, M., Takagi, M., and Shimomura, S.
(1985). Role of pyridoxal 5'-phosphate in the catalytic mecha-
nism of glycogen phosphorylase. In Chemical and Biological
Aspects of Vitamin By Catalysis (A.E. Evangelopoulos, ed.),
p. 161-170, Alan R. Liss. N.Y.

Sansom, M.S.P.. Babu, Y.S., Hajdu, J., Stuart, D.I., Stura,
E.A., and Johnson, L..N. (1985). The role of pyridoxal phos-
phate in glucogen phosphorylase b: structure, environment,
and relationship to catalytic mechanism. In Chemical and
Biological Aspects of Vitamin By Catalvsis (A.E. Evangelo-
poulos, ed.), p. 127-146, Alan R. Liss, N.Y.

Coburn, S.P. (1990). Location and turnover of vitamin B,
pools and vitamin B requirements of humans. Ann. N.Y.
Acad. Sci. 585, 76-85

Hamm. M.W., Mehansho, H., and Henderson, L..M. (1980).
Management of pyridoxine and pyridoxal in the isolated kid-
ney in the rat. J. Nurr. 110, 1597-1609

Ebadi. M. and Govitrapong. P. (1980). Pyridoxal phosphate
and neurotransmitters in brain. In Vitamin By Metabolism
and Role in Growth (G.P. Tryfiates, ed.), p. 223-256, Food
and Nutrition Press, Westport, C.T.

Sauberlich. H.E. (1985). Interaction of vitamin B, with other
nutrients. In Vitamin B,: Its Role in Health and Disease
(R.D. Reynolds and J.E. Leklem, eds.), p. 193-217, Alan R.
Liss. N.Y.

Snell, E.E. (1953). Summary of known metabolic functions
of nicotinic acid, riboflavin, and vitamin B,. Physiol. Rev. 33,
509-524

Guyton, A.C. (1991). Textbook of Medical Physiology. p.
765-770, W.B. Saunders, P.A.

Taylor, J.E., Metzler. D.E., and Arnone, A. (1990). Model-
ing inhibitors in the active site of aspartate aminotransferase.
Ann. N.Y. Acad. Sci. 585, 58-67

Jansonius, J.N., Eichele, G., Ford, G.C., Kirsch, J.F., Picot,
D.. Thaller. C., and Vincent, M.G. (1984). Crystallographic
studies on the mechanism of action of mitochondrial aspar-
tate aminotransferase. In Chemical and Biological Aspects
of Vitamin B, Catalysis (A.E. Evangelopoulos, ed.), p. 195-
203, Alan R. Liss, N.Y.

Harutyunyan, E.G., Malashkevich, V.N., Kochkina, V.M.,
and Torchinsky, Y.M. (1984). Conformational changes in
checken heart cytosolic aspartate aminotransferase as re-
vealed by X-ray crystallography. In Chemical and Biological
Aspects of Vitamin By Catalysis (A.E. Evangelopoulos, ed.).
p. 205-212, Alan R. Liss, N.Y.

Gehring, H., Sandmeier, E., Kirsten, H., Carrassi, R., Chris-
ten, P., and Jansonius, J.N. (1984). Aspartate aminotransfer-
ase: Studies on conformational adaptations and *H-transfer
during transamination. In Chemical and Biological Aspects
of Vitamin By Catalysis (A.E. Evangelopoulos, ed.), p. 223—
231, Alan R. Liss, N.Y.

Morino. Y., and Nagashima, F. (1984). Pyridoxal phosphate-
binding site in enzymes; reduction and comparison of se-
quences. Methods Enzymol. 106, 116—137

Brown, P.R. (1988). Possible role for vitamin B, in cancer
prevention and treatment. In Clinical and Physiological Ap-
plications of Vitamin B, (J.E. Leklem and R.D. Reynolds,
eds.). p. 279-301, Alan R. Liss, N.Y.



38

39

40

41

42

43

44

45

46

47

48

49

50

51

N
(]

53

54

55

56

57

58

59

Vitamin Bg and steroid hormone action: Allgood and Cidlowski

Verma, A.K., Loprinzi, C.L., Boutwell, R.K., and Carbone,
P.P. (1985). In vitro tumor induction of human skin ornithine
decarboxylase by the tumor promoter 12-O-tetradecanoyl
phorbol-13-acetate. J. Natl. Cancer Inst. 75, 85-90
Campbell, R.A., and Keniston, R.C. (1985). Hyperpolyami-
nemia and vitamin Bg. In Vitamin B,: Its Role in Health and
Disease (R.D. Reynolds and J.E. Leklem, eds.), p. 347-386,
Alan R. Liss, N.Y.

Prior, F.G.R. (1988). An hypothesis concerning vitamin By
and cancer. In Clinical and Physiological Applications of Vi-
tamin B, (J.E. Leklem and R.D. Reynolds, eds.), p. 303-306,
Alan R. Liss, N.Y.

Ebadi, M. and Bifano, J. (1978). The synthesis of pyridoxal
phosphate in rat brain regions. Int. J. Biochem. 9, 607-611
Loo, Y.H. (1980). Vitamin B, effects on the developing brain.
In Vitamin By Metabolism and Role in Growth (G.P. Tryfi-
ates, ed.), Food and Nutrition Press, p. 187-204, Westport,
C.T.

Cote, L. and Crutcher, M.D. (1985). Motor functions of the
basal ganglia and diseases of transmitter metabolism. In Prin-
ciples of Neural Science (E.R. Kandel and J.H. Schwartz,
eds.), p. 523-535, Elsevier Press, N.Y.

Ebadi, M. (1976). Vitamin B, and biogenic amines in brain
metabolism. In Human Vitamin B, Requirements. p. 124—
161, Natl. Acad. Sciences, Washington, D.C.
Dakshinamurti, K., Paulose, C.S., Viswanathan, M., Siow,
Y.L., and Sharma, S.K. (1990). Neurobiology of pyridoxine.
Ann. N.Y. Acad. Sci. 585, 128-144

Denner, L.A. and Wu, J.-Y. (1985). Two forms of rat brain
glutamic acid decarboxylase differ in their dependence on
free pyridoxal phosphate. J. Neurochem. 44, 957-965
Baxter, C.F. and Roberts, E. (1961). Elevation of y-aminobu-
tyric acid in brain: selective inhibition by y-aminobutyric-A-
ketoglutaric acid transaminase. J. Biol. Chem. 236, 3287-
3294

Wood, J.D., and Peesker, S.J. (1974). Development of an
expression which relates the excitable state of the human
brain to the levels of GAD activity and GABA content, with
particular reference to the action of hydrazine and its deriva-
tives. J. Neurochem. 23, 703-712

Robson, L.C., and Schwarz, M.R. (1980). The effects of vita-
min B, deficiency on the lymphoid system and immune re-
sponses. In Vitamin By Metabolism and Role in Growth (G.P.
Tryfiates, ed.) p. 205-222, Food and Nutrition Press, West-
port, C.T.

Chandra, R.K., and Sudhakaran. L. (1990). Regulation of
immune responses by vitamin By. Ann. N.Y. Acad. Sci. 585,
404-423

Chandra, R.K., and Puri, S. (1984). Vitamin B, modulation
of immune responses and infection. In Vitamin By Its Role
in Health and Disease (R.D. Reynolds and J.E. Leklem,
eds.), p. 163-175, Alan R. Liss, N.Y.

Lettko, M. (1990). Vitamin B¢-induced prevention of stress-
related immunosuppression. Ann. N.Y. Acad. Sci. 585,
S13-515

Carson-Jurica, M.A., Schrader, W.T., and O’Malley, B.W.
(1990). Steroid receptor family: structure and functions. En-
docrin. Rev. 11, 201-220

Miesfeld, R.L. (1989). The structure and function of steroid
receptor proteins. Crit. Rev. Biochem. Mol. Biol. 24, 101-117
Evans, R.M. (1988). The steroid and thyroid hormone recep-
tor superfamily. Science 240, 889-895

Green, S., and Chambon, P. (1988). Nuclear receptors en-
hance our understanding of transcriptional regulation. Trends
Genet. 4, 309-314

Yamamoto, K.R., and Alberts, B.M. (1976). Steroid recep-
tors: elements for modulation of eukaryotic transcription.
Ann. Rev. Biochem. 45, 721-746

Payvar, F., Wrange, O., Carlstedt-Duke, J., Okret, S., Gus-
tafsson, J.-A., and Yamamoto, K.R. (1981). Purified gluco-
corticoid receptors bind selectively in vitro to a cloned DNA
fragment whose transcription is regulated by glucocorticoids
in vivo. Proc. Natl. Acad. Sci. U.S.A. 78, 6628-6632

Pfahl, M. (1982). Specific binding of the glucocorticoid recep-

60

61
62

63

64

65

66

67

68

69

70

71

72

74

75

76

77

78

79

80

81

tor complex to the mouse mammary tumor proviral promoter
region. Cell 31, 475-482

Payvar, F., DeFranco, D., Firestone. G.L., Edgar, B.,
Wrange, O., Okret, S., Gustafsson, J.A., and Yamamoto,
K.R. (1982). Sequence-specific binding of glucocorticoid re-
ceptor to MTV DNA at sites within and upstream of the
transcribed region. Cell 35, 381-392

Rousseau, G.G. (1984). Control of gene expression by gluco-
corticoid hormones. Biochem. J. 224, 1-12

Ringold, G.M. (1985). Steroid hormone regulation of gene
expression. Ann. Rev. Pharm. Toxicol. 25, 529-566
Yamamoto. K.R. (1985). Steroid receptor regulated tran-
scription of specific genes and gene networks. Ann. Rev.
Genet. 19, 209-252

Nishigori, H., Moudgil, V.K., and Toft, D. (1978). Inacti-
vation of avian progesterone receptor binding to ATP-
Sepharose by pyridoxal 5'-phosphate. Biochem. Biophys.
Res. Commun. 80, 112-118

Cake, M.H., DiSorbo, D.M., and Litwack, G. (1978). Effect
of pyridoxal phosphate on the DNA binding site of activated
hepatic glucocorticoid receptor. J. Biol. Chem. 253, 4886
4891

Cidlowski. J.A., and Thanassi, J.W. (1978). Extraction of
nuclear glucocorticoid receptor complexes with pyridoxal
phosphate. Biochem. Biophys. Res. Commun. 82, 1140-1146
Nishigori, H., and Toft, D. (1979). Chemical modification of
the avian progesterone receptor by pyridoxal 5'-phosphate.
J. Biol. Chem. 254, 9155-9161

Muldoon, T.G.. and Cidlowski, J.A. (1980). Specific modifi-
cation of rat uterine estrogen receptor by pyridoxal 5'-
p-hosphate. J. Biol. Chem. 255, 3100-3107

Hiipakka, R.A., and Liao, S. (1980). Effect of pyridoxal
phosphate on the androgen receptor from rat prostate: inhibi-
tion of receptor aggregation and receptor binding to nuclei
and to DNA-cellulose. J. Ster. Biochem. 13, 841-846
Holley. J.. Bender, D.A.. Coulson, W.F., and Symes, E.K.
(1983). Effects of vitamin B, nutritional status on the uptake
of [3H]-oestradiol into the uterus, liver, and hypothalamus of
the rat. J. Ster. Biochem. 18, 161-165

Bowden, J.F., Bender, D.A.. Coulson, W.F., and Symes,
E.K. (1986). Increased uterine uptake and nuclear retention
of [3H]oestradiol through the oestrous cycle and enhanced
end-organ sensitivity to oestrogen stimulation in vitamin By
deficient rats. J. Ster. Biochem. 25, 359-365

Bunce, G.E.. and Vessal. M. (1987). Effect of zinc and/or
pyridoxine deficiency upon oestrogen retention and oestro-
gen receptor distribution in the rat uterus. J. Ster. Biochem.
26, 303-308

Symes. E.K., Bender, D.A.. Bowden, J.F., and Coulson,
W.F. (1984). Increased target tissue uptake of, and sensitivity
to, testosterone in the vitamin B, deficient rat. J. Ster. Bio-
chem. 20, 1089-1093

O'Brien. J.M., and Cidlowski, J.A. (1981). Interaction of pyr-
idoxal phosphate with glucocorticoid receptors from Hel.a
S; cells. J. Ster. Biochem. 14, 9-18

Melnykovych, G., and Bishop, C.F. (1969). Relationships
between steroid binding and elevation of alkaline phospha-
tase in HeLa cells. Biochim. Biophys. Acta. 177, 579-585
Cidlowski, J.A. (1980). Pyridoxal phosphate induced alter-
ations in glucocorticoid receptor metabolism by proteases.
Biochemistry 19, 6162-6170

Compton, M.M., and Cidlowski, J.A. (1986). Vitamin By and
glucocorticoid action. Endocrin. Rev. 7, 140—148
Cidlowski, J.A. (1984). Localization and pyridoxal phosphate
binding site on the mero-receptor domain of the glucocorti-
coid receptor. Biochim. Biophys. Acta 800, 258-268
DiSorbo, D.M., and Litwack, G. (1981). Changes in the intra-
cellular levels of pyridoxal 5'-phosphate affect the induction
of tyrosine aminotransferase by glucocorticoids. Biochem.
Biophys. Res. Commun. 99, 1203-1208

Valeriote, F.A., Auricchio, F.. Tomkins, G.M., and Riley,
D. (1969). Purification and properties of rat liver tyrosine
aminotransferase. J. Biol. Chem. 244, 3618-3624
Littlefield, B.A., Cidlowski, N.B., and Cidlowski, J.A.

J. Nutr. Biochem., 1991, vol. 2, October 533



Review

83

84

85

86

87

88

89

90

91

534

(1980). Modulation of glucocorticoid effects and steroid re-
ceptor binding in butyrate-treated HeLa S, cells. Arch. Bio-
chem. Biophys. 201, 174—184

Ringold, G.M., Yamamoto, K.R., Tomkins, G.M., Bishop,
J.M., and Varmus, H.E. (1975). Dexamethasone-mediated
induction of mouse mammary tumor virus RNA: a system
for studying glucocorticoid action. Cell 6, 299-305
McCormick. D.B., and Snell, E.E. (1961). Pyridoxal phos-
phokinases. J. Biol. Chem. 236, 2085-2088

Vanderbilt, J.N., Miesfeld, R., Maler, B.A., and Yamamoto,
K.R. (1987). Intracellular receptor concentration limits
glucocorticoid-dependent enhancer activity. Mol. Endo. 1,
68-74

Majumder, P.K., Joshi, J.B., and Banerjee, M.R. (1983).
Correlation between nuclear glucocorticoid receptor levels
and casein gene expression in murine mammary gland in
vitro. J. Biol. Chem. 258, 67936798

Yoneda., T., and Pratt. R.M. (1982). Vitamin B, reduces
cortisone-induced cleft palate in the mouse. Teratology 26,
255-258

Mitchell, P.J., and Tjian, R. (1989). Transcriptional regula-
tion in mammalian cells by sequence-specific DNA binding
proteins. Science 245, 371-378

Lewin, B. (1990). Commitment and activation at Pol II
promoters: a tail of protein-protein interactions. Cell 61,
1161-1164

Tusset, D.. Tora, L.. Fromental, C., Scheer, E.. and Cham-
bon. P. (1990). Distinct classes of transcriptional activating
domains function by different mechanisms. Cell 62, 1177-
1187

Jantzen. H.M.. Strahle, U., Gloss, B., Stewart, F., Schmid.
W.. Boshart, M., Miksicek, R.. and Schutz, G. (1987). Coop-
erativity of glucocorticoid response elements located far up-
stream of the TAT gene. Cell 49, 29-38

Cordingley. M.G.. Riegel. A.T., and Hager. G.L. (1987).

J. Nutr. Biochem., 1991, vol. 2, October

94

95

96

97

98

99

100

Steroid-dependent interaction of transcription factors with
the inducible promoter of MMTYV in vivo. Cell 48, 261-270
Schule, R., Muller, M.. Otsuka-Murakami, H., and Renka-
witz, R. (1988). Cooperativity of the glucocorticoid receptor
and the CACCC-box binding factor. Nature 332, 87-90
Schule, R., Muller, M., Kaltschmidt, C., and Renkawitz, R.
(1988). Many transcription factors interact synergistically
with steroid receptors. Science 242, 1418-1420

Strahle, U., Schmid, W., and Schutz, G. (1988). Synergistic
action of the glucocorticoid receptor with transcription fac-
tors. EMBO J. 7, 3389~-3395

Bruggemeier, U., Kalff, M., Franke, S., Scheidereit, C., and
Beato, M. (1991). Ubiquitous transcription factor OTF-1 me-
diates induction of the MMTYV promoter through synergistic
interaction with hormone receptor. Cell 64, 565~572
Yang-Yen., H.F., Chambard. J.C., Sun, Y.L.. Smeal. T.,
Schmidt, T.J.. Drouin, J., and Karin, M. (1990). Transcrip-
tional interference between c-Jun and the glucocorticoid re-
ceptor: mutual inhibition of DNA binding due to direct pro-
tein: protein interaction. Cell 6, 1205-1215

Schule. R.. Rangarajan, P., Kliewer, S., Ransone, L..J.. Bo-
lado, J., Yang, N., Verma, 1.M., and Evans, R.M. (1990).
Functional antagonism between oncoprotein c-Jun and the
glucocorticoid receptor. Cell 62, 1217-1226

Giguere, V., Ong, E.S., Segui, P., and Evans, R.M. (1987).
Identification of a receptor for the morphogen retinoic acid.
Nuature 330, 624-629

McDonnell, D.P., Mangelsdorf, D.J., Pike. J.W.. Haussler.
M.R., and O'Malley. B.W. (1987). Molecular cloning of com-
plementary DNA encoding avian receptor for vitamin D. Sci-
ence 235, 12141217

Meisler, N.T.. and Thanassi, J.W. (1990). Pyridoxine-derived
B, vitamers and pyridoxal 5'-phosphate-binding proteins in
cytosolic and nuclear fractions of HTC cells. J. Biol. Chem.
265, 1193-1198



