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This article reviews current knowledge of neurofilament structure, phos-
phorylation, and function and neurofilament involvement in disease. Neurofila-
ments are obligate heteropolymers requiring the NF-L subunit together with ei-
ther the NF-M or the NF-H subunit for polymer formation. Neurofilaments are
very dynamic structures; they contain phosphorylation sites for a large number of
protein kinases, including protein kinase A (PKA), protein kinase C (PKC), cyclin-
dependent kinase 5 (Cdk5), extracellular signal regulated kinase (ERK), glycogen
synthase kinase-3 (GSK-3), and stress-activated protein kinase vy (SAPK«). Most of
the neurofilament phosphorylation sites, located in tail regions of NF-M and NF-
H, consist of the repeat sequence motif, Lys-Ser-Pro (KSP). In addition to the well-
established role of neurofilaments in the control of axon caliber, there is growing
evidence based on transgenic mouse studies that neurofilaments can affect the
dynamics and perhaps the function of other cytoskeletal elements, such as mi-
crotubules and actin filaments. Perturbations in phosphorylation or in metabo-
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2 JEAN-PIERRE JULIEN AND WALTER E. MUSHYNSKI

lism of neurofilaments are frequently observed in neurodegenerative diseases. A
down-regulation of mRNA encoding neurofilament proteins and the presence of
neurofilament deposits are common features of human neurodegenerative dis-
eases, including amyotrophic lateral sclerosis (ALS), Parkinson’s disease, and
Alzheimer’s disease. Although the extent to which neurofilament abnormalities
contribute to pathogenesis in these human diseases remains unknown, emerging
evidence, based primarily on transgenic mouse studies and on the discovery of
deletion mutations in the NF-H gene of some ALS cases, suggests that disorga-
nized neurofilaments can provoke selective degeneration and death of neurons.
An interference of axonal transport by disorganized neurofilaments has been
proposed as one possible mechanism of neurofilament-induced pathology.
Other factors that can potentially lead to the accumulation of neurofilaments
will be discussed as well as the emerging evidence for neurofilaments as being
possible targets of oxidative damage by mutations in the superoxide dismutase en-
zyme (SOD1); such mutations are responsible for ~20% of familial ALS cases
© 1998 Academic Press

Neurofilaments are major elements of the neuronal cytoskeleton and are
particularly abundant in large myelinated axons of motor and sensory neu-
rons. Like other types of intermediate filaments, neurofilaments are very dy-
namic structures capable of subunit exchange. In addition to their well-es-
tablished role in the control of axon caliber, there is growing evidence that
neurofilaments can affect the dynamics and perhaps the function of other cy-
toskeletal elements, such as microtubules and actin filaments. Perturbations
in the normal metabolism of neurofilaments are also associated with various
diseases. A down-regulation of mRNA encoding neurofilament proteins and
the presence of neurofilament deposits are common features of human neu-
rodegenerative diseases, including amyotrophic lateral sclerosis (ALS),
Parkinson’s disease, and Alzheimer’s disease. Although the extent to which
neurofilament abnormalities contribute to pathogenesis in these human dis-
eases remains unknown, emerging evidence, based primarily on transgenic
mouse studies, suggests that disorganized neurofilaments can cause the se-
lective degeneration and death of motor neurons.

Current knowledge of neurofilament structure, phosphorylation, and
function is reviewed in Sections I-I1I. In Sections IV and V we discuss the
evidence based on genetic and transgenic mouse studies indicating that neu-
rofilaments may play a key role in motor neuron disease.

I. Neurofilament Structure

Neurofilaments are assembled by the copolymerization of three interme-
diate filament proteins, NF-L (61 kDa), NF-M (90 kDa), and NF-H (110 kDa)



NEUROFILAMENTS IN HEALTH AND DISEASE 3

NF-L
[ 6Lu-rich
N — O O~ ¢ C d
cail 12 coil 1b il 2
NE-M

N ——LCO0000000—Co0000000-—__HEH T e B ¢

coif 1 coil2

Fic. 1. Structure of neurofilament proteins. The three neurofilament subunits have a cen-
tral domain that consists of approximately 310 amino acids and that is involved in the formation
of coiled-coil structures. The current model of an intermediate filament is that two coiled-coil
dimers of protein subunit line up in a staggered fashion to form an antiparallel teramer. Eight
tetramers packed together are required to make a 10-nm filament. Neurofilaments are obligate
heteropolymers and there is evidence for the existence of two types of heterotetramers in neu-
rofilaments, one containing NF-L and NF-M and the other containing NF-L and NF-H.

(I). The three neurofilament subunits share with other members of the in-
termediate protein filament family a central domain, of approximately 310
amino acids, which is involved in the formation of coiled-coil dimers (Fig. 1).
Two coiled-coil dimers then line up in a staggered fashion to form an an-
tiparalle! tetramer (2). The subsequent chronology of linear and lateral asso-
ciations between tetramers is difficult to discern, although protofilaments
consisting of tetramers linked end to end, and protofibrils consisting of two
laterally associated protofilaments, have been proposed. Neurofilaments are
obligate heteropolymers requiring NF-L together with either NF-M or NF-H
for polymer formation (3, 4). There is evidence for the existence of two types
of heterotetrameric units in neurofilaments, one containing NF-L and NF-M
and the other NF-L and NF-H (5).

A striking feature of neurofilament proteins is their extensive carboxy-ter-
minal tail domains, characterized by a high content of charged amino acids,
such as Glu and Lys, as well as phosphoserine in the case of NF-M and NF-
H (6). Studies of the in vitro assembly of neurofilaments indicate that puri-
fied NF-M or NF-H alone will not form intermediate filaments and that NF-
M and NF-H tail domains form side-arm projections of about 55 and 63 nm
in length, respectively, extending from the neurofilament axis (7). Most of
the phosphorylation sites in NF-M and NF-H are located in tail region sub-
domains containing multiple copies of the sequence motif Lys-Ser-Pro (KSP)
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(10-13). There are 5 to 12 copies of the KSP motif in the tail domain of NF-
M from various mammalian species (12, 13), whereas the number in NF-H
ranges from 43 to 44 in humans (10, 14) to over 50 in the mouse (1), rat (16),
and rabbit (16). NF-H and NF-M also contain one or a few SP motifs without
an N-terminally adjacent lysine.

The propensity for this repetitive region of the NF-H gene to undergo un-
equal crossing-over (16) may explain interspecies size variations in NF-H (17)
as well as the existence of deletion mutations within this subdomain (14). The
KSP motif can be highly conserved, also occurring in multiple copies in the
large subunit of the squid (18). However, most of the SP-containing motifs in
chicken NF-M lack the adjacent lysine residue (19).

Il. Nevrofilament Phosphorylation

NF-H and NF-M are among the most highly phosphorylated proteins in
the nervous system (20, 21). The notion that phosphorylation is involved in
various aspects of neurofilament metabolism is supported by several lines of
evidence. These include the presence of different classes of phosphorylation
sites in the two end domains of neurofilament subunits (22) as well as the as-
sociation with neurofilaments of several protein kinases (23) and protein
phosphatase-2A (24). Furthermore, the subcellular phosphorylation pattern
for neurofilaments is altered in several neurodegenerative diseases, suggest-
ing that aberrant neurofilament phosphorylation may play a role in the un-
derlying pathogenic mechanism (25-27).

Head domain phosphorylation, particularly that of NF-L, by second-mes-
senger-dependent kinases has been implicated in the regulation of neurofil-
ament assembly (22). There is compelling evidence that protein kinase A in
particular is involved in modulating filament assembly by phosphorylating
Ser-2 and Ser-55 in the head domain of NF-L (28). Protein phosphatase-2A
has been implicated in the dephosphorylation of these protein kinase A sites
(28, 29), suggesting that neurofilament dynamics are modulated through the
antagonistic effects of the two enzymes.

The disrupted neurofilament network in okadaic acid-treated dorsal root
ganglion (DRG) neurons recovers rapidly following removal of the phos-
phatase inhibitor from the culture medium (30). This, as well as other evi-
dence (22), indicates that phosphate moieties in the head domain turn over
rapidly. The comparatively slow turnover of phosphate groups in the tail do-
main (31, 32) suggests a different role for phosphorylation in this segment of
neurofilament proteins. Indeed, phosphorylation sites in the tail domain ap-
pear to be functionally heterogeneous, having been implicated in neurofila-
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ment-microtubule interactions (33, 34), in neurofilament gelation (36), and
in the axonal expansion that accompanies myelination (36-40).

The availability of monoclonal antibodies that could distinguish between
phosphorylated and unphosphorylated KSP repeats in NF-H and NF-M (4],
42) led to the discovery that these two subunits are more highly phosphory-
lated in the axon than in the perikaryon. This normal phosphorylation pat-
tern is altered in several neurodegenerative diseases (25-27), wherein
perikaryal neurofilaments are characteristically hyperphosphorylated and of-
ten form aggregates.

In view of the prominence of KSP motifs in NF-M and NF-H, it is not sur-
prising that several neuronal enzymes belonging to the superfamily of pro-
line-directed kinases have been implicated in the phosphorylation of NF-M
and NF-H. The identified kinases in this category include cyclin-dependent
kinase 5 (Cdk6) (43, 44), extracellular signal regulated kinase (ERK) (45, 46),
glycogen synthase kinase-3 (GSK-3) (47 ), and stress-activated protein kinase
Y (SAPKY) (48). Table I lists the relevant protein kinases, their consensus
phosphorylation site sequences, and their effects on NF-H mobility and re-
activity with phosphorylation-dependent antibodies. Because KSP (and XSP)
motifs in a variety of sequence contexts are phosphorylated in vivo (49, 50),
it appears that several kinases may be involved in tail domain phosphoryla-
tion.

TABLE
PROLINE-DIRECTED PROTEIN KINASES IMPLICATED IN NEUROFILAMENT PHOSPHORYLATION
Effect of
Phosphorylation sequences phosphorylation on NF-H
Known sites SMI 31
Kinase Consensus in NF-H Gel mobility reactivity
Cdk5p35  X(8/T)PXK KSPAK“ Decrease Increase”
ERK PX(S/T)PX Not determined Partial decrease Increase®
GSK-3 5-X;-S(0PO;)  KS*PPVKS*PEAK Slight decrease Increase’
and SP4 AKS*PVSK,KAES*PVK®
SAPKy SP(D/E)8 KSPAEA” Decrease Increase
“From Ref. 44.

5From Ref. 115.
“From Ref. 46.

“From Ref. 116.
“From Ref. 117.
SFrom Ref. 118.
£From Ref. 119.
"From Ref. 48.



6 JEAN-PIERRE JULIEN AND WALTER E. MUSHYNSKI

The implication of SAPKYy in the hyperphosphorylation of perikaryal NF-
H (48) provides a new approach for determining whether aberrant phos-
phorylation of perikaryal neurofilaments has an adverse effect on neuronal
integrity. The SAPK pathway plays a pivotal role in cellular responses to in-
flammatory cytokines and to various stress stimuli. Responses such as growth
arrest, apoptosis, or activation of immune and reticuloendothelial cells are
apparently mediated through phosphorylation of transcription factors, c-
JUN, ATF-2, and Elk-1, by SAPKs (51). The activation of SAPK is generally
initiated at the plasma membrane and can involve second messengers such
as ceramide (52) as well as Rho family GTPases (51). Conceivably, the aber-
rant phosphorylation of neurofilaments may occur incidentally during trans-
fer of activated SAPK through the cytoplasm to the nucleus. Neurons in par-
ticular would be prone to this type of incidental phosphorylation due to the
presence in the perikaryon of proteins, such as NF-M and NF-H, containing
multiple SP motifs.

Low levels of aberrant tail domain phosphorylation might normally be re-
versed by protein phosphatases. Acute stressing of DRG neurons increases
phosphorylation of NF-H to levels normally seen in axons, as judged by re-
tarded mobility on sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (48). Because it takes about 1-2 days for the mo-
bility of perikaryal NF-H to return to its normal level following removal of
stressing agent (B. I. Giasson and W. E. Mushynski, unpublished results), pro-
tein phosphatase activity in the neuronal perikaryon may be limited. Protein
phosphatases-2A (53) and -2B (calcineurin) (54) have been implicated in the
dephosphorylation of KSP sites in NF-H. It is interesting to note that SOD1
has a protective effect on caleineurin and may thus play a role in signal trans-
duction (55).

Subjecting neurons to some chronic form of stress might result in pro-
longed hyperphosphorylation of perikaryal NF-H, with possible adverse ef-
fects. Phosphorylation of the NF-H tail domain by cde-2-related protein ki-
nases inhibits neurofilament—-microtubule interactions (33, 34). It is not
known whether such interactions are involved in driving the axonal transport
of neurofilaments. However, increased phosphorylation does slow the rate of
neurofilament transport (40, 56) and more highly phosphorylated forms NF-
M and NF-H associate preferentially with stationary neurofilaments (26).

Other evidence that aberrant phosphorylation may cause the perikaryal
neurofilaments to accumulate comes from studies on other kinases. Activa-
tion of protein kinase C in cultured motor neurons caused the hyperphos-
phorylation of perikaryal neurofilaments and enlargement of proximal den-
dritic processes (57 ). Conversely, inhibition of protein kinase C in neuronal
cultures was shown to reverse neurofilament aggregation caused by overex-
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pression of NF-L (58). Although protein kinase C does not phosphorylate
KSP repeats directly (22), it can activate the SAPK pathway (59).

lil. Neurofilament Functions

A. Axon Caliber

It is now well established that neurofilaments act as modulators of the cal-
iber of large myelinated axons. This is an important function because axon-
al caliber is a determinant of conduction velocity. Unequivocal proof for neu-
rofilament involvement in the control of axonal caliber has been provided by
analysis of animals lacking axonal neurofilaments. These include a quail quiv-
ering mutant deficient in NF-L protein (60), transgenic mice expressing an
NF-H/lacZ fusion construct (61), and NF-L-deficient mice that were gener-
ated in J.-P. Julien’s laboratory (62). All of these animals showed a dramatic
hypotrophy of axons due to the scarcity of neurofilaments. Our analysis of
ventral root axons in mice lacking NF-L revealed a reduction of two- to three-
fold in the caliber of myelinated axons (Fig. 2). This axonal hypotrophy is ac-
companied by a 50% decrease in conduction velocity.

There is evidence that axonal caliber is modulated not only by the num-
ber of neurofilaments but also by local changes in neurofilament phos-
phorylation. Support for this view comes from studies linking reduced levels
of NF-H phosphorylation with a decrease in axon caliber. These include work
on the dysmyelinating Trembler mouse mutant, on hypomyelinating trans-
genic mice expressing either a diphtheria toxin A or S$V40 large T antigen in
Schwann cells, as well as other approaches showing a local effect of myeli-
nation on NF-H phosphorylation (36-40).

B. NF-H as a Modulator of Axonal Transport

Following their synthesis in the perikaryon, the three neurofilament pro-
teins are transported down the axon with the slow axonal transport compo-
nent (I). The classical view that neurofilaments move down the axon as a co-
hesive network (63, 64) has been challenged by increasing evidence for the
dynamic nature of neurofilaments (65-67). Experiments involving photo-
bleaching in regenerating axons suggest that subunit exchange can occur
along the axon (68) and another report indicates that neurofilament proteins
can be transported in an unpolymerized form along axonal microtubules (69).

There is evidence indicating that the NF-H protein can affect neurofila-
ment transport. First, the appearance of NF-H during postnatal development
coincides with a slowing of axonal transport (70). Second, overexpression of
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Fic. 2. Reduced calibers of ventral root axons in mice lacking NF-L protein. Light mi-
croscopy reveals a two- to threefold reduction in the caliber of large motor axons in NF-L —/—
mice (C) as compared to those from normal mice (A). Electron microscopy of transverse sections
shows the abundance of neurofilaments in normal axons (B) and the lack of neurofilament struc-
tures in axons from the adult NF-L —/— mice (D). Open arrows indicate microtubules and the
filled arrows point to neurofilaments. The bar represents 10 pm for light microscopy (A, C) and
0.25 pm for electron microscopy (B, D).

either human or mouse NF-H in transgenic mice provokes a reduction of neu-
rofilament transport (71, 72). Third, as previously mentioned, phosphoryla-
tion influences the rate of neurofilament transport and more highly phos-
phorylated forms of NF-H associate preferentially with stationary
neurofilaments (26, 40).

Although neurofilaments and microtubules are highly interdependent
structures, the precise mechanism by which NF-H can affect the slow com-
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ponents of axonal transport remains unknown. One possible explanation is
that excessive levels of NF-H or hyperphosphorylation of NF-H could alter
neurofilament—-microtubule interactions with ensuing transport impairment.
This is supported by the observation that phosphorylation of NF-H by cdc-
2-related protein kinases inhibits NF-H binding to microtubules (33, 34).
However, it is not known whether such interactions are involved in driving
the axonal transport of neurofilament proteins. Another possible explanation
is that NF-H may influence transport by acting as a modulator of axonal mi-
crotubule dynamics. Hypophosphorylated NF-H was found to compete with
tau, a microtubule-associated protein (MAP) that stabilizes microtubules, for
similar binding sites in the carboxy-terminal region of tubulin (34). Accord-
ingly, it is plausible that changes in the level or in the extent of phosphoryla-
tion of NF-H could affect the stabilization of microtubules indirectly. This no-
tion is supported by our finding of a twofold increase in the number of
microtubules in ventral root axons of mice with a targeted disruption of the
NF-H gene (J.-P. Julien and Q. Zhu, unpublished observation). This mouse
model will be useful in future studies to determine the effects of down-
regulation of NF-H levels on axonal transport.

C. Neurofilament Requirement for Efficient
Axonal Regeneration

The notion that neurofilaments can affect microtubule dynamics is con-
sistent with our finding of a delay in the regeneration of myelinated axons af-
ter crush injury of a peripheral nerve in mice lacking NF-L (62). In the sec-
ond week after axotomy, the number of newly regenerated axons in the sciatic
nerve of NF-L. —/— mice corresponded to ~25% of the number of regener-
ated axons found in normal mice. Although there is widespread agreement
that the microtubule and actin filament dynamics are important during ax-
onal outgrowth (73-77), it is conceivable that neurofilaments could provide
a scaffold that contributes to the stabilization of newly growing axons. Alter-
natively, the neurofilament network could support axonal outgrowth indi-
rectly by contributing to microtubule and/or actin filament dynamics and
functions. There is evidence for interactions between neurofilaments and mi-
crotubules occurring via the NF-H tail domain and the carboxy terminus of
tubulin (7, 34). Moreover, neurofilaments have been found to be connected
to actin filaments in sensory neurons by a linker protein encoded by a neu-
ronal splice form of the BPAG1 gene (78), which is responsible for the well-
known autosomal recessive disease dystonia musculorum (79, 80). Future
studies will be required to determine how alterations in the level of each neu-
rofilament protein can affect specific functions of the actin and microtubule
cytoskeletons in axonal transport and growth cone motility.
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IV. Neurofilaments in Diseases

A. Neurofilament Accumulations in Human Diseases

Abnormal accumulations of neurofilaments, often called spheroids or
Lewy bodies, have been described in a variety of disorders. Table II lists
some pathologies associated with disorganized neurofilaments, including
neurodegenerative diseases such as amyotrophic lateral sclerosis, Alzhei-
mer’s disease, and Parkinson’s disease. The formation of neurofilament de-
posits has been widely viewed to be a consequence of neuronal dysfunction.
The extent to which such disorganized neurofilaments contribute to neu-
rodegeneration in these human diseases is unknown. Interestingly, the neu-
rofilament deposits are often associated with decreases in the levels of
mRNA coding for NF-L. For instance, reductions in NF-L. mRNA levels of
60 and 70% have been reported in degenerating neurons in ALS (81) and
Alzheimer's disease (82), respectively. Whether a decrease in neurofilament
content is a factor that could exacerbate the disease process is a possibility
that has not been examined systematically. In addition, it is unclear whether

TABLE iI
HuMaN DISEASES WITH ABNORMAL NEUROFILAMENT DEPOSITS
Disease Neurofilament abnormalities Ref.
ALS (70% of cases) Neurofilament accumulations in motor neuron 120
Decline of 60% in NF-L. mRNA 81
Parkinson’s disease Lewy bodies in substantia nigra and locus 121
(100% of cases) coeruleus
Declines of 30% NF-L. mRNA and 70% 122
NF-H mRNA
Alzheimer’s disease
(20% of cases) Cortical Lewy bodies; 82, 123
Decline of 70% in NF-L. mRNA
Lewy body dementia Cortical Lewy bodies 121
Guam-parkinsonism Neurofilament deposits in motor neurons 124
(100% of cases)
Giant axonal Neurofilament accumulations in peripheral 125
axons
Lhermitte—Duclos disease Hypertrophy of granule cells of cerebellum 126
with enhanced neurofilament content
Peripheral neuropathies Neurofilament accumulations in peripheral 127

axons that can be induced by various toxic
agents, such as IDPN, hexanedione and
acrylamide.
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a decrease in NF-L results in changes in neurofilament composition. Evi-
dence that changes in subunit stoichiometry induced by overexpression of
any single neurofilament subunit in transgenic mice can provoke neurofila-
ment accumulations and in some cases cause motor neuron disease will be
reviewed in the following section.

B. Transgenic Mouse Models with
Neurofilament Abnormalities

In the past few years, several transgenic mouse models with neurofila-
ment accumulations have been generated by different laboratories. As illus-
trated in Table I11, abnormal neurofilament accumulations can be formed by
overexpressing any one of the three neurofilament proteins. Several trans-

TABLE III
TRANSGENIC MICE WITH ABNORMAL. NEUROFILAMENT ACCUMULATIONS
Neuronal populations Neurodegenerative

Transgene affected disease Ref.

Human NF-H Spinal motor neurons Yes 71, 83
and DRG neurons

Mouse NF-H Spinal motor neurons No 72
and DRG neurons

Mouse NF-H/lacZ Perikarya of CNS No 61
and PNS neurons

MSV/mouse NF-L Spinal motor neurons Yes 86
and DRG neurons

MSV/mutant NF-L Spinal motor neurons Yes 87
and DRG neurornis

Human NF-L Thalamic neurons No 90
and cortical neurons

Human NF-M Cortical neurons No 91
and forebrain neurons

MSV/mouse NF-M Spinal motor neurons No 89

and DRG neurons

Other mouse models

Transgenic bearing  Vacuoles in motor neurons Yes 99, 106
SOD1 mutant and spheroids in proximal
(HG934) motor axons
Wobbler mouse Motor neurons; increased Yes 128
levels of NF-M mRNA
expression by three- to
fourfold
BAPG1 knock-out DRG sensory neurons; Yes 78-80
or (dt/dt) mice neurofilament aggregates

in sensory axons
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genic mouse lines expressing human NF-H proteins were generated by mi-
croinjection of large genomic clones bearing the normal human NF-H gene
(83). Two normal NF-H alleles exist in the human population, one bearing 43
KSP phosphorylation site repeats, and the other 44 KSP repeats (14). Both al-
leles were found to be capable of inducing motor neuron disease when over-
expressed in transgenic mice but earlier onset of disease occurred with the
allele having 43 KSP repeats. A modest two- to threefold overexpression of
this allele in mice provoked a late-onset motor neuron disease, characterized
by the presence of aberrant neurofilament accumulations in spinal motor
neurons (71). Motor neuron dysfunction in NF-H transgenic mice progress-
es with age, and is accompanied by atrophy and slow degeneration of distal
axons, resulting in secondary muscle degeneration (71). Our interpretation of
this effect is that excessive levels of human NF-H protein alter neurofilament
properties, resulting in retardation of axonal transport and aberrant aggre-
gation of neurofilaments in the cell body and proximal axon.

Surprisingly, transgenic mice with a four- to fivefold increase in the level
of wild-type mouse NF-H protein did not develop a motor neuron disease de-
spite retardation of neurofilament axonal transport, accumulation of neuro-
filaments in motor neurons, and atrophy of myelinated axons (72). These re-
sults indicate that human NF-H (83) is markedly more potent than murine
NF-H (72) in causing neurodegeneration. The reason for this discrepancy
could well be due to differences in the relative proportions of different se-
quence motifs in the KSP repeat domain. Human NF-H contains over three
times as many cyclin-dependent kinase 5 (Cdk6) consensus sites compared
to murine NF-H (84). Conceivably, Cdk5 or related proline-directed kinases
in mouse motor neurons phosphorylate human NF-H more extensively than
the murine subunit. Furthermore, human NF-H exhibits a high degree of ho-
mology with NF-H from the rabbit, an animal species highly susceptible to
neurofilamentous pathology induced by aluminum (85). Thus, the enhanced
deleterious effect of human NF-H in mice is likely due to the properties of
its tail phosphorylation domain, a region that can affect filament interactions
and perhaps axonal transport (36).

High-level overexpression of the wild-type mouse NF-L protein in trans-
genic mice, achieved by use of the strong viral promoter from murine sarco-
ma virus (MSV), provoked an early-onset motor neuron disease accompanied
by massive accumulation of neurofilaments in spinal motor neurons and by
muscle atrophy (86). A more severe phenotype was produced by expressing
an assembly-disrupting NF-L mutant having a leucine-to-proline substitution
near the carboxy-terminal end of the conserved rod domain (87 ). Although
no such NF-L. mutations have been reported in human ALS, similar muta-
tions in keratins are the cause of severe forms of genetic skin diseases (88).
Expression of this mutant NF-L protein at only 50% of the endogenous NF-
L level was sufficient to induce within 4 weeks massive neurofilament accu-
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mulations in spinal motor neurons and was accompanied by death of motor
neurons, neuronophagia, and severe denervation atrophy of the skeletal
muscle.

These transgenic studies with the mouse NF-L, and human NF-H genes
provided the first demonstration that disorganized neurofilaments can pro-
voke neuronal degeneration and death. The cellular selectivity of this disease
is remarkable in that degeneration is restricted to spinal motor neurons even
though the NF-L or NF-H transgenes are expressed throughout the nervous
system. Nonetheless, these transgenic mouse models should not be consid-
ered as absolute replicas of human ALS in that motor neurons from the brain
cortex did not develop neurofilamentous pathology. It is likely that this is due
to the smaller size and therefore lower neurofilament content of mouse cor-
tical neurons as compared to the corresponding human neurons. Clearly, ad-
ditional unknown cellular factors may also contribute to the deleterious ef-
fects of neurofilament deposits because large neurofilament accumulations
were well tolerated within dorsal root ganglion neurons (83, 86, 87)

As shown in Table IIL, some types of neurofilament deposition appear to
be less toxic than others. Not all transgenic mouse lines with neurofilament
abnormalities develop motor neuron disease. For instance, no overt pheno-
types occur in transgenic mice expressing a mouse NF-H/lacZ fusion gene
even though massive neurofilament aggregates are detected in neuronal
perikarya throughout the nervous system (61). Also, large neurofilamentous
swellings are found in DRG and motor neurons of transgenic mice overex-
pressing an NF-M transgene, but no axonal degeneration is observed (89).
Moreover, transgenic mice with moderate overexpression of the human NF-
L (90) or NF-M genes (91) appear normal, although a detailed analysis of the
mice reveals the presence of abnormal perikaryal immunoreactivity in some
populations of brain neurons. It has not yet been documented whether these
neurofilament accumulations cause neurodegeneration with aging.

C. Codon Deletions in the NF-H Genes
of ALS Patients

Additional evidence for neurofilament involvement in ALS was provided
by the detection of mutations in the KSP phosphorylation domain of NF-H
from sporadic cases of ALS (14, 92). The combined results from two labora-
tories suggest that deletion mutations in the phosphorylation domain of the
NF-H gene may be responsible for a small percentage of ALS cases (~1.3%).
To date, 7 out of 500 sporadic ALS cases examined were found to have delet-
ed codons in the NF-H gene. These results are summarized in Fig. 3. So far,
the search for mutations in the KSP repeat domain of NF-H (93) or in all cod-
ing regions of NF-L, NF-M, or NF-H (94) has failed to reveal mutations linked
to disease in >100 familial ALS cases. Therefore, it can be concluded that
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NF-H

KSP repeats

N —CO000000-Ca0000000—_1
il 1 il 2 1 m T
codon deletions MG

Normal: 43 KSP
Normal: 44 KSP

ALS (1case): 102 bp deletion including 5 KSP

ALS (4 cases): 3 bp deletion coding for K in SPVKEE
ALS (1 case): 24 bp deletion

ALS (1 case): 18 bp deletion

F1c. 3. Codon deletions in the NF-H gene of some ALS patients. There are two normal
forms of the human NF-H gene, one with 43 KSP and the other with 44 KSP repeats. To date,
the combined results from the screening of 562 sporadic ALS cases by two groups revealed
codon deletions in the NF-H gene of seven unrelated ALS patients diagnosed as sporadic cases
(92). In three ALS patients, the deletions consisted of 102, 24, and 18 bp, resulting in the loss of
one or more KSP phosphorylation motifs. Four other ALS cases shared the same 3-bp deletion
for the codon AAG (K) in the phosphorylation sequence SPVKEE. No mutations were found in
~500 control samples.

mutations in neurofilament genes as primary causes of disease can account
for only a small proportion of sporadic or familial ALS cases. Although the
mechanism underlying disease induced by NF-H mutations remains to be
elucidated, their occurrence in the KSP-repeat segment again emphasizes the
importance of this major NF-H phosphorylation domain. It is noteworthy
that, in four ALS cases, the loss of a lysine residue in the sequence SPVKEE
converted this Cdk5 consensus phosphorylation sequence (84) to a consen-
sus sequence for a stress-activated protein kinase (SAPK) (48). As previously
mentioned, agents that activate SAPKy were found to cause abnormal hy-
perphosphorylation of NF-H protein in the perikarya of cultured DRG neu-
rons (48). This finding raises the possibility that aberrant phosphorylation fol-
lowing stress may lead to neurofilament-induced pathology. However, it
remains to be established whether chronic activation of SAPKyy can provoke
the in vive accumulation of neurofilaments.

V. Mechanisms of Neurofilament-Induced Pathology

A. Disruption of Axonal Transport

Studies with transgenic mice overexpressing human NF-H have provid-
ed clues as to how disorganized neurofilaments may contribute to neurode-
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generation. Pulse labeling with [35S]methionine of spinal motor neurons in
NF-H transgenics revealed axonal transport defects not only for neurofila-
ment proteins but also for other axonal components (71). Microscopic analy-
sis of NF-H transgenic mice further demonstrated a paucity of cytoskeletal
elements, mitochondria, and smooth endoplasmic reticulum (SER) in de-
generating axons, although mitochondria were detected in motor neuron
perikarya (71). These data demonstrated that disorganized neurofilaments
can interfere with the delivery of components required for axonal mainte-
nance and that a similar mechanism may contribute to pathogenesis in hu-
man ALS (Fig. 4). In agreement with this model is the report of a marked in-
crease in neurofilaments, mitochondria, and lysosomes in the axon hillock of
motor neurons in ALS patients, and a decreased content of cytoplasmic or-
ganelles in the initial axon segment of chromatolytic neurons (95).

The precise mechanism by which disorganized neurofilaments may in-
terfere with axonal transport is not clearly understood. One simplistic expla-
nation is that abnormal neurofilament accumulations could physically im-
pede axonal transport. However, it is not certain whether the neurofilament
deposits are the provoking agent of toxicity. In many transgenic mouse mod-
els the presence of large neurofilament aggregates in neuronal perikarya was
well tolerated (Table III). In addition, intoxication by B,B’-iminodipropioni-

Normal ALS

Impairment
of axonal
transport

Axonal atrophy
and degeneration

Musde
atrophy

Fic. 4. Model of motor neuron degeneration by neurofilament-induced disruption of ax-
onal transport. The abnormal accumulation of neurofilaments can impede the delivery of com-
ponents required for axonal maintenance, including cytoskeletal elements and mitochondria. It
is currently unclear whether the transport disruption involves a physical block by neurofilament
accumulations or alterations of cellular components required for axonal transport, such as
changes in microtubule organization, stability. or function.
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trile (IDPN) induces neurofilamentous accumulations in proximal motor ax-
ons with no effect on fast axonal transport (96). An alternative explanation is
that changes in the organization or metabolism of neurofilament proteins
could affect the function of other cellular components required for axonal
transport. For instance, it is possible that excessive levels of NF-H could af-
fect microtubule stability and function. This would be consistent with in vi-
tro binding studies indicating that both NF-H and tau proteins compete for
the same binding site in the carboxy-terminal region of tubulin and that this
interaction is regulated via phosphorylation of the KSP domain (34).

The disruption of axonal transport by disorganized neurofilaments is a
pathological mechanism consistent with several aspects of ALS. It can ex-
plain in part the cellular selectivity of ALS pathology. Large motor neurons
are particularly vulnerable to neurofilament abnormalities because they syn-
thesize large amounts of neurofilament proteins. Moreover, there is a retar-
dation in the slow axonal transport of cytoskeletal elements during aging (97),
a factor that can predispose to the disease. Although ALS is a disease of many
etiologies, disorganized neurofilaments may be key intermediates contribut-
ing to the neurodegenerative process. Many factors can potentially lead to
the disorganization of neurofilaments, including deregulation of neurofila-
ment protein synthesis, defective transport and proteolysis, abnormal phos-
phorylation, and other protein modifications (Table IV). Neurofilament ac-
cumulations can also result from alterations in proteins that interact with
neurofilaments, as revealed by the analysis of mice lacking the neuronal iso-
form of BPAG], a protein that cross-links actin filaments and neurofilaments
(78). BPAGI belongs to a group of large coiled-coil proteins that includes
desmoplakin and plectin. A neuronal splice form, BPAG1n, is expressed
specifically in sensory neurons. Disruption of the gene encoding BPAG1 in
mice caused the specific degeneration and death of sensory neurons identi-
cal to the situation in the autosomal recessive dystonia musculorum (di/dt)
mouse mutant. Both the BPAG1 knockout and di/dt mice are characterized
by the presence of abnormal neurofilament aggregates in sensory axons (78),
but the extent to which neurofilaments contribute to neurodegeneration in
these mice is not currently known.

B. A Link between SOD1 and Neurofilaments?

The Cu?*/Zn?" superoxide dismutase (SOD1) is a metalloprotein that
converts the superoxide anion (O3) to hydrogen peroxide (H,O,), which is
then detoxified to water and oxygen by catalase and glutathione peroxidase.
Mutations in the SOD1 gene located on chromosome 21 have been found in
~20% of familial ALS cases (~2% total ALS cases) (98). To date, more than
40 different SOD1 mutations have been identified in familial ALS, the ma-
jority being inherited in an autosomal dominant fashion (98). Most of the
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TABLE IV
FACTORS POTENTIALLY LEADING TO ACCUMULATION OF NEUROFILAMENTS
Factor Evidence Ref.
Neurofilament gene Codon deletions in the NF-H gene 14
mutations of ALS patients
Severe motor neuron disease in 87

transgenic mice expressing a mutant
NF-L assembly-disrupting gene

Deregulation of Transgenic mice overexpressing 83, 86, 90, 91, 72
neurofilament gene NF-L, NF-M, or NF-H
expression Decreased ratio of NF-L to NF-H 110
mRNAs in a dog model HCSMA
Altered neurofilament Aggregation of neurofilaments modulated 58
phosphorylation by PKC inhibitor
Hyperphosphorylation of NF-H protein 28

in neuronal perikarya by stress-activated
protein kinase

SODI mutations Neurofilament inclusions in FALS 105, 99, 106
and in transgenic tnice expressing
SOD1 mutants
Alterations in Degeneration of sensory neurons in mice 78
neurofilament- lacking a BPAGI isoform
associated proteins
Toxic agents such as Neurofilament accumulations 129
IDPN, hexanedione, in animal models and cultured cells

and acrylamide

Aluminum Neurofibrillary pathology in rabbits 85

SODI mutations are missense point mutations and many lines of evidence
suggest that SOD1 mutations cause ALS through a mechanism that involves
a gain of some adverse function rather than a loss of superoxide dismutase
activity. For instance, transgenic mice overexpressing the G93A (99), G37R
(100), or G85R (10I) mutant SOD1 developed motor neuron disease even
though the SOD activity in these mice was not reduced. Moreover, mice ho-
mozygous for the targeted disruption of the SODI gene do not develop mo-
tor neuron disease (102).

Three mechanisms have been proposed to account for the toxicity of
SODI mutations. Beckman et al. (103) suggested a gain-of-function mecha-
nism in which the mutations would render the copper in the active site of
SODI1 more accessible to peroxynitrite, allowing the formation of a nitroni-
um-like intermediate that can nitrate proteins on tyrosine residues. The sec-
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ond proposed mechanism postulates that mutations increase the peroxidase
activity of SOD1, resulting in the increased production of hydroxyl radicals
from hydrogen peroxide (104). Increases in protein nitration or in the perox-
idase activity of SOD1 mutants are not mutually exclusive and both can con-
tribute to the damage of various cellular components. A third mechanism is
inferred from the discovery that SOD1 mutations can alter the activity of cal-
cineurin, a phosphatase under the control of Ca?* and calmodulin. Wang
and colleagues (55) have reported that normal SOD1 protects calcineurin
from inactivation, probably by preventing oxidation of the iron at its catalyt-
ic site. These results suggest that SOD1 could play a role in signal-transduc-
ing phosphorylation cascades.

How can the involvement of neurofilaments in ALS pathogenesis be rec-
onciled with the discovery of mutations in the SODI gene in one-fifth of fa-
milial ALS cases? There are reports suggesting a link between SODI muta-
tions and the formation of neurofilament inclusions. The presence of massive
neurofilament accumulations has been described in a case of familial ALS
with an SODI mutation at codon 113 (105). In addition, neurofilament in-
clusions resembling those found in ALS have been observed in transgenic
mice expressing mutant SOD1 (106). It also seems plausible that abundant
proteins with long half-lives, such as neurofilament proteins, would be fa-
vored targets for damage in motor neurons expressing mutant SOD1. This
view is supported by the recent report of nitrotyrosine immunoreactivity in
NF-L associated with spheroids found in motor neurons from familial ALS
cases (107 ). It has been speculated that nitration of tyrosines in NF-L. may
impede its assembly and lead to formation of disorganized filaments (107).
Alternatively, oxidative modification of neurofilament proteins by altered
SOD1 activity could result in the formation of protein cross-links. Cross-link-
ing may involve the formation of dityrosine linkages by reactive nitrogen
species, copper-mediated oxidation of sulfhydryl groups, or the production
of carbonyls on lysine residues. Carbonyl-related modification of NF-H has
been reported in the neurofibrillary pathology of Alzheimer’s disease (108),
but it remains to be demonstrated in ALS.

The possibility that neurofilaments have a protective role against toxic ef-
fects induced by SOD1 mutations or other primary insults cannot be ex-
cluded. In this regard, it would be important in future studies to investigate
whether the down-regulation of NF-L. mRNA detected in neurodegenerative
diseases, including ALS (81) and, to a lesser degree, in normal aging (109) is
a factor that may contribute to increased vulnerability of neurons to oxida-
tive damage. Finally, the finding that calcineurin activity is modulated in part
by SOD1 raises the possibility that SOD1 mutations could lead to abnormal
phosphorylation of neurofilament proteins.
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VI. Future Directions

It is expected that recent evidence pointing to a key role for neurofila-
ments in motor neuron disease will stimulate research on the potential fac-
tors and signaling pathways that could lead to their abnormal accumulation
in neurons. Factors that can potentially induce neurofilament disorganization
are listed in Table IV. These include factors that can affect the regulation of
neurofilament protein expression, assembly, transport, proteolysis, and phos-
phorylation as well as other types of posttranslational modification. Of par-
ticular importance are current investigations aiming to clarify the specific
types of oxidative modification taking place as a result of SOD1 mutations
and their in vivo effects on neurofilament proteins. Another aspect that mer-
its further attention is the apparent paradox that levels of NF-L mRNA in ALS
are reduced by 60% in motor neurons containing neurofilament accumula-
tons (81). A decreased ratio of NF-L to NF-H mRNAs has also been report-
ed in a dog model of motor neuron disease (110). These findings raise the pos-
sibility that alterations in the stoichiometry of the NF-L, NF-M, and NF-H
subunits might lead to a disorganization of neurofilaments. In this regard, the
targeted disruption of neurofilament genes in mice provides a powertful ap-
proach to study how reduced subunit levels can affect neurofilament me-
tabolism and neuronal function.

Although current evidence suggests that the toxicity of neurofilament de-
posits is due to a disruption of axonal transport, the reason why certain vari-
eties of disorganized neurofilaments are more toxic than others in specific
cell types remains to be determined. The basis for the early and more pro-
nounced vulnerability of motor neurons may be that they contain different
amounts and/or types of protein kinases and protein phosphatases compared
to sensory neurons. This notion is supported by the finding that motor neu-
rons, but not DRGs, show pathological changes in mice lacking Cdk5 (111).
Such differences may explain the finding that axonal NF-H in motor neurons
is more highly phosphorylated that that in sensory neurons (112, 113). This
difference may also prevail at the cell body level because microinjection of a
monoclonal antibody against hyperphosphorylated NF-H caused the neuro-
filament network to collapse in motor neurons but not in sensory neurons
(114). Motor neurons may thus be predisposed to react more adversely in sit-
uations promoting aberrant phosphorylation of neurofilaments.

Species differences in the properties of NF-H and the location of muta-
tions found in NF-H from ALS cases have further highlighted the importance
of the KSP phosphorylation domain. It is expected that the transgenic mouse
approach will be useful in assessing the effects of mutations in the NF-H
phosphorylation domain on the organization and metabolism of neurofila-
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ments. Moreover, the cross-breeding of neurofilament gene knock-out mice
with mice serving as models of neurodegeneration, such as transgenic mice
expressing mutant SOD1, BPAG1 knock-out mice, and wobbler mice (listed
in Table I1I), should provide a means for assessing the contribution of neu-
rofilament proteins to diseases with different etiologies.
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The ability of phenobarbital to induce levels of drug metabolism in mammals
has been known for over 40 years. However, the molecular mechanisms underly-
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ing increased expression of the genes of the key enzyme in drug metabolism, cy-
tochrome P450, have not been elucidated, primarily because in vitro model sys-
tems in which the induction could be studied were not available. Transfected pri-
mary cultured hepatocytes, transfection of liver in situ, and transgenic mice now
provide suitable models for phenobarbital induction. In this review, progress to-
ward understanding the mechanism of phenobarbital induction of gene expres-
sion is discussed with an emphasis on the mammalian genes, CYP2B1, CYP2B2,
and Cyp2b10, which are most highly inducible by phenobarbital. Barbiturate in-
duction of P450s in Bacillus megaterium, which is the system best understood, and
its relevance to mammalian mechanisms of induction are also discussed. In B.
megaterium, the binding of a repressor to several motifs is reversed by direct ef-
fects of barbiturates and by induction of positively acting factors. One of the re-
pressor binding sites, the barbie box, is present in many mammalian phenobar-
bital-inducible genes, including the promimal promoter regions of CYP2BI,
CYP2B2, and Cyp2B10. In the mammalian P450 genes, evidence has been pro-
posed for phenobarbital-regulated elements both in the proximal promoter re-
gion and in a distal enhancer region. The role of the proximal region is contro-
versial. A positively acting element that overlaps the barbie box sequence and a
negative element have been proposed to mediate induction of CYP2B1/2, based
primarily on protein binding and cell-free transcription assays. In contrast, other
investigators have not found differences in phenobarbital-dependent protein
binding in the proximal promoter region nor mediation of phenobarbital induc-
tion by this region. A distal gene fragment, at about —2000 kb in CYP2BI,
CYP2B2, and Cyp2b10, has been shown to be a phenobarbital-responsive en-
hancer independent of proximal promoter elements. This fragment contains sev-
eral binding sites for proteins and several functional elements, including an NF-
1 site, and, therefore, has been designated as a phenobarbital-responsive unit.
Possible models are presented in which phenobarbital treatment induces altered
chromatin structure, which allows the binding of positively acting factors, or ac-
tivates factors already bound, to the distal enhancer and the proximal promoter.
© 1998 Academic Press

I. Introduction

Cytochromes P450 (P450, referring to proteins, or CYP, referring to
genes) comprise a superfamily of enzymes with remarkably diverse functions
(1). P450s are present in representatives of all classes of living organisms,
from bacteria to humans (2). They have major roles in the detoxification or
inactivation of bioactive compounds in the body and the synthesis and ca-
tabolism of many endogenous compounds, such as steroids and fatty acids.
Although generally considered part of a detoxification system, P450s also
may activate compounds in the body, sometimes detrimentally, as in the case
of carcinogens and mutagens, and sometimes beneficially, as in the case of
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prodrugs such as cyclophosphamide, an anticancer agent. Nearly 500 P450s
have been identified in all species, and within a single mammalian species
more than 40 P450s have been characterized, and it is likely that 100 or more
are present (1, 2). P4530s in eukaryotes are membrane-bound proteins present
in either the endoplasmic reticulum (microsomes) or in the mitochondria.
Xenobiotic-metabolizing forms are predominantly in the microsomes. P450
is the key enzyme in the microsomal drug-metabolizing system. It is the ter-
minal oxidase in a small electron transfer chain, binds to oxygen and an or-
ganic substrate, and catalyzes the incorporation of one atom of oxygen into
the substrate and one into water (3). Although the prototypical reaction is the
incorporation of a hydroxyl group into the substrate, over 40 distinct reac-
tions utilizing thousands of substrates have been demonstrated for P450s.
These reactions require the donation of two electrons to P450 from NADPH,
which are transferred to P450 via P450 reductase, a flavoprotein, in the case
of microsomal P450s. In the case of mitochondrial and bacterial P450s, elec-
trons are transferred first to ferredoxin reductases, flavoproteins, then to
ferredoxins, iron—sulfur proteins, before transfer to P450. This remarkable
family of nearly ubiquitous enzymes plays key roles in metabolism underly-
ing normal physiology and the interactions of organisms with the environ-
ment.

An important property of the drug-metabolizing system is increases in its
activity in response to xenobiotics, in some cases the substrates of the en-
zymes but in other cases chemicals that are not substrates. These inducers
include barbiturates, polycyclic hydrocarbons, peroxisomal proliferators, glu-
cocorticoids, and ethanol (4). Generally only a subset of the P450s will be in-
duced by individual compounds; for example, barbiturates induce P450s dif-
ferent from the P450s induced by polycyclic aromatic hydrocarbons and so
on. In nearly every case, the increase in P450 activity has been shown to be
due mostly to an increase in gene transcription which results in increased
amounts of P450 in the cells. Ethanol and related compounds are an excep-
tion in which stabilization of the protein plays an important role (5).

Il. Phenobarbital Induction of Drug Metabolism

A. Pleiotropic Effects

The ability of phenobarbital to modulate the metabolism of drugs and
other xenobiotics in mammals has been known for nearly 40 years (6). In ad-
dition to the induction of P450s, phenobarbital also induces other drug-me-
tabolizing enzymes and has dramatic effects on the hepatocyte: proliferation
of endoplasmic reticulum membranes, stabilization of microsomal proteins,
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and tumor formation (7). The amounts of 29 cDNAs were either increased
or decreased in RNA display analysis after phenobarbital treatment of chick
embryos for 48 hr (8). The induction characteristics of P450s are also het-
erogeneous. Rat CYP2B1/2 and mouse Cyp2b10 are highly induced by phe-
nobarbital whereas members of the CYP2C and CYP3A subfamilies are mod-
estly induced. In primary cultures, the time courses and dose-response
dependencies of induction of P450s and effects of cycloheximide vary (9-11).
These pleiotropic effects of phenobarbital and heterogeneous responses sug-
gest either that there are multiple mechanisms of phenobarbital induction or
that the mechanism is sufficiently complex to allow for gene-specific and cell-
specific variation in the induction. In addition, the pleiotropic effects require
that primary effects on P450 induction be distinguished from secondary ef-
fects of the induction. The proliferation of the microsomal membrane, for ex-
ample, may be secondary to the synthesis and insertion of P450 into the
membrane (12).

B. Induction of P450s by Inducers
Other Than Phenobarbital

Substantial progress toward understanding the basis for the induction of
P450 gene expression has been made, but an understanding of the molecu-
lar mechanisms underlying phenobarbital regulation has lagged. The Ah re-
ceptor and associated proteins, Arnt and Hsp70, have been shown to be the
receptor complex activated by the polycyclic aromatic hydrocarbons (13).
The binding sites for the Ah receptor have been identified and the changes
in the chromatin structure associated with activation of the P450 gene have
been detected. Clofibrate and similar drugs, which promote the proliferation
of peroxisomes, also induce P450s through the peroxisomal proliferator-ac-
tivated receptor, and defined binding sites for this receptor are present in
P450 genes (14). Although not part of the drug-metabolizing P450s, the ge-
netic elements mediating regulation by cAMP of P450s involved in steroid
biogenesis have been identified (15).

C. Approaches to Studies of Phenobarbital Induction
of P450 Gene Transcription

In contrast, work on phenobarbital induction in mammals has progressed
only slightly beyond the observations that the increase in P450 was primar-
ily mediated by an increase in gene expression. The major roadblocks in un-
derstanding the phenobarbital effects have been the inability to identify a re-
ceptor and the lack of a suitable in vitro model for studying the regulation of
gene expression. Phenobarbital requires nearly millimolar concentrations for
maximum responses, which is prohibitive for identifying a receptor. Analogs
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with effects at micromolar concentrations have been identified, but specific
interacting proteins remain elusive (7). Further confounding the search is the
lack of obvious conformational similarity among a large number of “pheno-
barbital-like” inducers.

In view of these difficulties, an obvious approach is to work from the oth-
er end of the process, the identification of the gene elements and regulatory
factors mediating the induction of the P450 genes. This approach, too, has
proved difficult because the most propitious model system for this type of
analysis, continuously cultured cells (7), cannot be used. The history of our
own studies is representative of the frustrations in this field. After rather
straightforward isolation of the cDNAs and genes for the phenobarbital-in-
ducible CYP2C genes in the early to mid-1980s, attempts to analyze the ge-
netic basis of the phenobarbital induction floundered on the lack of a mod-
el system. None of the immortalized liver cell lines expresses significant
amounts of phenobarbital-induced P450s nor has proved to be a valid mod-
el for the in vivo induction of P450 by phenobarbital, although there are re-
ports of modest responses to phenobarbital in cultured cells (16). Primary cul-
tures of liver cells grown under normal conditions cease expression of the
phenobarbital-inducible forms of P450s in the first couple of days of culture.
Most of the work on phenobarbital induction up to 1995 was based on cell-
free assay systems, the in vivo significance of which remains unproved. The
development of methods for the culture of primary hepatocytes, which re-
sulted in continued expression and response to phenobarbital of P450s, was
an important advance in providing a possible system for analysis of trans-
fected P450 genes (17-19). In 1995, a phenobarbital-responsive element was
identified using this system (20). In 1996, a method of direct injection of
DNA into rat liver, effectively an in situ transient transfection, was also shown
to be an effective assay for phenobarbital induction (21). These advances, to-
gether with earlier studies demonstrating that rat P450 genes in transgenic
mice responded to phenobarbital (22), now provide the tools to unravel the
mysteries of the effects of the barbiturates on gene expression.

In this review, progress toward understanding the mechanism of pheno-
barbital induction of gene expression is discussed with an emphasis on the
mammalian genes, CYP2B1, CYP2B2, and Cyp2b10, which are most highly
inducible by phenobarbital (7). The review focuses on the molecular mech-
anisms at the level of gene transcription, with some emphasis on our own
work. The signal transduction system involved in phenobarbital induction is
largely unknown, but there is a substantial body of literature in this area that
will not be covered. These studies suggest that phosphorylation is a compo-
nent of the mechanism and that interactions with several hormones may
modulate the phenobarbital response. Generally, studies on the mechanism
of transcriptional activation by phenobarbital are in an early stage with no
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definitive regulatory factor identified as the target of phenobarbital action
and a complex array of ubiquitous factors that seem to contribute to the in-
duction. In only a few cases have the generally accepted minimal require-
ments yet been met to define a specific regulatory element, that is, inactiva-
tion of such an element by mutation, conferring responsiveness on a
heterologous promoter by the proposed regulatory element, and identifica-
tion of a regulatory factor that binds to the element. Except for the results in
transgenic animals, the induction by phenobarbital in the in vitro assays has
been much less than that observed in vivo. The review begins with a discus-
sion of phenobarbital induction in Bacillus megaterium and an analysis of
the relevance of the bacterial mechanism to that in the mammalian system,
discusses the conflicting proposals about the role of the proximal promoter
in the induction process, reviews the evidence for a role of distal sequences
in the induction, and ends with speculation about the mechanism and future
directions.

lll. Induction of P450s in Bacillus megaterium
A. The Repressor, BM3R1

One of the fascinating aspects of barbiturate induction is the ubiquity of
the response that occurs in many species, ranging from bacteria to humans.
The regulation of barbiturate induction of P450 is understood best in bacte-
ria, and some evidence implies that aspects of the bacterial induction mech-
anism are conserved in mammals. Two P450 genes in B. megaterium that are
induced by barbiturates are designated P450s BM1 (CYP106) and BM3
(CYP102) (23). Regulation of the BM1 and BM3 genes has been analyzed in
detail, and a complex coordinated mechanism of regulation was revealed that
involves derepression of the expression of these genes by barbiturates (245)
(Fig. 1). A key component of the regulation mechanism in B. megaterium is
a repressor protein, BM3R1, the coding sequence for which is immediately
upstream of the BM3 gene (25). A G39E mutation in this protein resulted in
the constitutive expression of both BM1 and BM3 and complementation of
the mutant bacteria with wild-type BM3R1 repressed the expression, demon-
strating that the gene products acted in trans. The protein sequence of the
repressor showed that it had a helix~turn-helix motif characteristic of DNA-
binding proteins. The repressor binds to a palindromic operator sequence up-
stream of the BM3R1 gene located near a strong promoter that is responsi-
ble for expression of both BM3R1 and BM3. In in vitro protein binding
assays, addition of barbiturates greatly reduced the binding of BM3R1 to the
palindromic operator sequence (26). These genetic and biochemical studies
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Fic. 1. Models of the induction of P450 BM1 and P450 BM3 by barbiturates in Bacillus
megaterium. (A} Repression of the P450 BM1 gene in the absence of barbiturates involves the
binding of the repressor BM3R1 to two palindromic sequences in the operator region (O; and
Oy and to the barbie box sequence within the coding region for BM1P1. In the presence of
barbiturates, BM3R1 can still bind to these sequences in vitro, but the binding is inhibited by
positive factors, including BM1P1 and BM1P2, probably both by direct interaction with BM3R1
and by competition for the binding sites. (B) Similarly, repression of the P450 BM3 gene in the
absence of barbiturates involves the binding of BM3R1 to the palindromic sequence in Oy, and
the barbie box sequence in the coding region for BM3R1. After incubation with barbiturates,
binding to the operator site is directly inhibited and binding to the barbie box is inhibited by in-
teractions of positive factors with BM3R1 and by competition for binding to a site adjacent to
the barbie box. This model has been proposed by Fulco and colleagues (24, 29)
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demonstrated that a major effect of barbiturates was to inhibit the binding
of BM3R1 to the operator sequence, directly resulting in derepression of ex-
pression of its own synthesis and that of BM3. The BM1 gene promoter re-
gion did not have an analogous palindromic sequence, suggesting the pres-
ence of a second sequence to which BM3R1 binds.

B. Role of the Barbie Box Sequence and Positively
Acting Proteins

A search for similar sequences in the BM1 and BM3 regulatory regions
revealed a 17-bp sequence that was present at —~318 to —302 in the BM1
gene (within the protein-coding region of BM1P1, a regulatory protein de-
scribed below) and —243 to —227 in the BM3 gene (within the BM3R1 pro-
tein coding region upstream of the BM3 gene), which was termed the barbie
box (27) (Fig. 1). A single protein—-DNA complex was detected when DNA
containing the barbie box sequence was incubated with proteins partially pu-
rified from B. megaterium extracts and the binding was inhibited if the bac-
teria had been previously incubated with a barbiturate or if the protein was
incubated in vitro for 1 hr at 3 7°C with phenobarbital. The inhibition in bind-
ing was retained even if the phenobarbital was removed by dialysis before
the DNA-binding reaction was carried out. In B. megaterium transformed
with deletion fragments of the 5’ flanking region of the BM1 gene, deletion
of the barbie box region resulted in a dramatic increase in the expression of
the gene in control cells to levels equal to that seen in cells incubated with 4
mM pentobarbital (27). Confirming this result, point mutations within the
barbie box of BM1 resulted in high-level constitutive expression of BM1 (28).
In contrast, mutation of the BM3 barbie box resuited in little effect on basal
expression, but increased expression after barbiturate induction. The barbie
box mutations did not affect the relative increase in expression of BM1P1 or
BMB3R1 induced by barbiturates, but did increase both control and treated
expression of BM1P1 by about 10-fold. More detailed deletions indicated
that the region immediately upstream of the barbie sequence reduced but
did not eliminate barbiturate responsiveness, that deletion of half of the bar-
bie box eliminated induction without effects on the basal level, and that only
deletion of the entire barbie box resulted in elevated basal expression and no
barbiturate response (28). These results indicate the barbie box region is a
complex element with positive regulatory elements at the 5’ end and nega-
tive ones at the 3’ end, probably overlapping each other.

Several proteins bind to the barbie box. BM3R1 was shown to bind to the
barbie boxes in both the BM1 and BM3 genes (28). The mutations described
above in the barbie sequence reduced but did not eliminate the binding of
BM3R1. The lower binding affinity of the BM3R1 explains in part the effects
of the mutations: constitutive expression of BM1, increases in expression of
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Bm1Pl, and barbiturate-mediated expression of BM3 and Bm3P1. Foot-
printing analysis showed that BM3R1 protected a site partially overlapping
the BM3 barbie box and extending to 3’ flanking nucleotides, and the entire
BM1 barbie box and extending to 3’ flanking nucleotides (29). Binding of
BM3R1 to two palindromic sequences in the BM1 promoter region was also
detected. In addition to binding of BM3R1 to the barbie box, two DNA-pro-
tein complexes were observed when the whole cell extracts from B. mega-
terium were incubated with barbie sequences. In contrast to the results with
the partially purified proteins déscribed above (27), the binding of both com-
plexes with the whole-cell extracts were increased by barbiturate treatment
of the cells (28). BM3R1 was not in these protein—-DNA complexes because
similar binding was observed with cells expressing the G39E mutant of
BM3R1, which does not bind to the barbie box. In footprinting experiments,
the positive factors in the whole cell extracts protected a palindromic se-
quence that included the BM1 barbie box and overlapped the binding site of
the repressor, BM3R1 (28). ‘

The nature of the positive binding factors remains unknown. Proteins en-
coded by two open reading frames upstream of the BM1 gene, designated
BM1P1 and BM1P2, have been characterized (30). Both are induced by phe-
nobarbital and overexpression of BM1P1 in B. megaterium results in great-
ly increased expression of BM1, indicating that it is a positively acting factor.
Binding of both proteins to a fragment that contained the BM3R1 inverted
repeat binding sites in the BM1 promoter was detected, and either protein
blocked the binding of BM3R1. A fragment containing the barbie box from
BM1 did not bind the two proteins, but both proteins were still capable of
inhibiting the binding of BM3R1 to the barbie box. This result suggests that
these proteins may interact directly with BM3R1 to inhibit binding although
in the BM1 operator region direct competition for binding to the inverted re-
peats remains possible. The inability of these factors to bind to the barbie se-
quence indicates they are different from the positive acting factors detected
in whole-cell extracts (28) or that additional proteins are required for their
binding to the barbie box.

C. Model for P450 Induction in Bacillus megaterium

This series of elegant studies exploiting bacterial genetics provides insight
into a complex regulatory system underlying phenobarbital induction even
in a one-cell organism. The most likely mechanism, illustrated in Fig. 1, in-
volves derepression both by direct effects of barbiturates on a repressor and
by competition for DNA binding between the barbiturate-regulated repres-
sor and activator proteins (24). BM3R1 binds to multiple sites, including
palindromic sites in the operators for BM3 and BM1 and to barbie box se-
quences 5’ of both genes. Barbiturates directly inhibit the binding of the re-
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pressor to the operator sequence in the BM3 gene. Barbiturate-inducible pos-
itively acting factors compete for BM3R1 binding by binding to sites that
overlap the other BM3R1 sites and possibly interact directly with BM3R1 to
reduce its binding. The positive factors probably include BM1P1 and BM1P2
and other unidentified positive factors because binding characteristics of
bacterial extracts differ from those of the purified BM1P1 and BM2P2.

D. Relevance of the Bacterial Mechanism
to Mammalian Genes

In a general sense this regulation of gene expression by barbiturates in a
bacterium provides a guide for examining similar regulation in eukaryotes. A
most remarkable result reported in these studies, however, implied a direct
relationship between the regulatory mechanisms in the two species. Se-
quences were detected in the mammalian CYP2B1/2 genes similar to the bar-
bie box sequence in bacteria. Proteins from either rat liver extracts or from
bacterial cell extracts could bind to either the mammalian or bacterial se-
quences and the binding was barbiturate dependent (27). Binding of the bac-
terial protein was inhibited by barbiturates whereas the binding of the rat
proteins was stimulated by treatment of rats with phenobarbital. As de-
scribed above, positively acting bacterial proteins, bound to the barbie box
region, were later detected, which might be more analogous to the mam-
malian proteins. Similar barbie box sequences were found in a variety of phe-
nobarbital-inducible genes from several species, providing further evidence
for the role of the barbie box in phenobarbital induction (28). Finally, in a
cell-free system, induction of a,-glycoprotein by phenobarbital was depen-
dent on a barbie box sequence (31). These considerations suggest a remark-
able evolutionary conservation of the mechanism of barbiturate induction.

As intriguing as such a hypothesis is, caution is required. There is little di-
rect evidence for the role of the barbie box in mammalian regulation. The
studies on «,-glycoprotein cited above involved only a 50% increase in re-
sponse to phenobarbital in a cell-free system, and although consistent with the
hypothesis, are not compelling. The bacterial positively acting factors, al-
though binding near the barbie box, do not appear to require the sequence
for binding because they bind to mutated barbie sequences. The presence of
similar sequences in the mammalian and bacterial genes may, therefore, be
coincidental. As described below, researchers in several laboratories have an-
alyzed the proximal promoter regions of CYP2B1/2, including the barbie box
sequence, and have not been able to detect effects of phenobarbital on pro-
tein binding in this region. In three different transcription assays, construc-
tions containing these proximal promoters did not respond to phenobarbital.
In addition, peroxisomal proliferators have been shown to be potent inducers
of BM3 by a mechanism similar to that of the barbiturates (32). The effec-
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tiveness as inducers was related to the presence of aliphatic side chains in the
barbiturates. Because the peroxisomal proliferators are a class of mammalian
inducers different from the barbiturates, the validity of the comparison of the
bacterial and mammalian mechanisms for phenobarbital induction is re-
duced. Finally, the structure-activity relationships of barbiturates are differ-
ent in the mammalian and bacterial systems, and the dose-response relation-
ship is saturable in mammals, but not saturable to the limits of the solubility
of the barbiturates in bacteria (7). Therefore, a role for the barbie sequence in
phenobarbital induction in the mammalian genes remains problematic.

IV. Proximal Promoter

A. Proposed Phenobarbital-Responsive Elements

Investigations by Padmanaban and colleagues (33-37) have also provid-
ed evidence for phenobarbital-responsive sequences in the proximal pro-
moter, some of which overlap with the barbie box described above. Studies
in a cell-free transcription system derived from freeze-thawed rat liver nuclei
demonstrated that transcription of a fragment of the CYP2B12 gene (the se-
quence of CYP2B2 and CYP2BI are identical in this region) from —~179 to
+181 was increased by treatment of the rats with phenobarbital (33). Simi-
larly, transcriptional activity of this promoter fragment was dramatically in-
creased in livers of animals treated with phenobarbital when the DNA was
targeted to the liver by being complexed with asialoglycoprotein/poly(lysine)
(34). Increased binding of the —179 to +181 fragment to rat liver nuclear
proteins with an altered mobility was observed by gel retardation (33). Bind-
ing of an 85- to 95-kDa protein to the fragment detected by southwestern
analysis was also increased after phenobarbital treatment. Footprint analysis
indicated that the region from —54 to —89 was protected from DNase I di-
gestion. The segment of DNA binding the phenobarbital-responsive protein
was within —69 to —98 as determined by competitive gel-shift assays, and
proteins of 42 and 39 kDa that bound to this fragment were detected by UV
cross-linking (35). Deletion analysis indicated that progressive deletion from
—116 to —75 decreased transcription in the cell-free system with nuclei from
phenobarbital-treated rats. In standard cell-free transcription assays, using
liver nuclei extracts, similar results were obtained and addition of oligonu-
cleotides containing the —69 to —98 sequence decreased the amount of tran-
scription product. In these last experiments, eight or more rather evenly
spaced bands for transcription products were observed and the effects of phe-
nobarbital were small so that interpretation was difficult. Nevertheless, the
data are consistent with a positive element that mediates a phenobarbital re-
sponse in the —69 to —98 region.
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In similar studies, evidence was obtained suggesting that the region —160
to —127 contained a negative element (36). In freeze-thawed nuclei tran-
scription studies, 5’ deletions from —160 to —116 appeared to increase ac-
tivity after phenobarbital treatment. In transcription assays with nuclear ex-
tracts, transcription of the —179 to +25 template was increased when excess
oligonucleotide containing the —160 to —127 region was added, consistent
with titering of a negative factor. Protein binding to this oligonucleotide was
also decreased in nuclei from phenobarbital-treated rats, and proteins of 68
and 44 kDa were detected by UV cross-linking.

Additional studies have been carried out to purify the proteins that bind
to the positive and negative elements. By affinity chromatography to DNA
containing the positive element, a 26- to 28-kDa protein was isolated from
nuclear extracts from rats (34). In these studies three complexes were ob-
served in binding studies with nuclear extracts, compared to two in earlier
studies, and the purified factor formed a complex with the mobility of the
fastest moving third complex. Interestingly, the same purified factor also
bound to the negative element as determined by direct binding and compe-
tition for binding by the negative element. Treatment of the purified factor
with kinase or phosphatase increased binding to the positive element, where-
as treatment with kinase or phosphatase decreased or increased, respective-
ly, binding to the negative element. The 26- to 28-kDa proteins could be
phosphorylated by protein kinase A, and in nuclei from phenobarbital-treat-
ed rats, the 26- to 28-kDa proteins were phosphorylated more than in con-
trol nuclei. Addition of the purified proteins to cell-free transcription systems
increased transcription from the —179 to +181 template and proteins from
phenobarbital-treated animals were about twofold more active. A second fac-
tor of 65 kDa, which was isolated by affinity both to the positive element and
heme, also increased activity in a cell-free transcription assay containing
heme-depleted extracts from rat liver nuclei (37). This protein primarily
formed the second of the three protein~-DNA complexes observed with the
positive element.

These studies have led to the proposal that the 26- to 28-kDa protein may
bind to either the negative or positive element, with positive element bind-
ing favored by phosphorylation of the factor and negative element binding
favored by dephosphorylation (34) (Fig. 2B). The model for regulation would
then involve phenobarbital-mediated phosphorylation of the factor, which fa-
vors dissociation from the negative element and binding to the positive ele-
ment. Further positive activity is mediated by binding of the 65-kDa protein
to the positive element, and this binding is modulated by heme binding,
which would be consistent with the decrease in response to phenobarbital
observed in heme-depleted animals. A 94-kDa protein also interacts with the
positive element in response to phenobarbital treatment and this increase is
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Fi1G. 2. Two views of the proximal promoter region of CYP2B1/2. Schematic diagrams of
the promoter regions and possible regulatory factors are shown and the sequences of each ele-
ment or region are shown for CYP2B2; differences in the sequences of Cyp2b10 and Cyp2b9
are indicated below the CYP2B2 sequences. (A) Work from several laboratories (38-41) provides
evidence for positively acting constitutive transcriptional factors; of those shown, only the
C/EBP protein has been identified conclusively, and functional data exist for the basal tran-
scription element (BTE) and C/EBP sites. These factors are proposed to form the core promot-
er necessary for basal and phenobarbital-induced expression, but are not directly responsive to
phencbarbital treatment. (B) Work from the Fulco (24) and Padmanaban (34) groups supports
a model in which factors in the proximal promoter mediate the phenobarbital regulation of
CYP2B12. The barbie box sequence has been implicated in the regulation of P450s in Bacillus
megaterium by genetic and functional studies, but its role in mammalian cells is largely based
on sequence similarity. Because of a repeated sequence at the beginning and end of the 42-bp
insertion in Cyp2b9 and Cyp2b10 relative to CYP2B2, the site of the insertion can be located as
drawn, or in the middle of the barbie box, as reported (43). Because of the repeat the barbie box
is largely conserved at the 5’ end of the insertion as shown in B and the G-rich core of the BTE
sequence is conserved at the 3’ end of the inserticn as shown in A. Reciprocal binding, mediat-
ed by phenobarbital, of the same factor to the negative-acting element and positive-acting ele-
ment has been proposed to be the basis of phenobarbital induction of CYP2B1L/2 (34).
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blocked if heme is depleted by administration of CoCl,. This model is con-
sistent with the data from the Padmanaban lab, but is largely based on cell-
free transcription assays for the functional data, in which phenobarbital ef-
fects are small, and on protein binding studies. Neither is able to provide
conclusive support for the model and there are several studies from other
labs, described below, in which effects of phenobarbital on this region of the
CYP2B1/2 genes were not detected. The ability to direct the CYP2B1/2 gene
fragment to the liver by complexing it to asialyated glycoproteins and thus
obtain dramatic stimulation by phenobarbital treatment (34) provides the
means to obtain definitive evidence for this system. Specific mutagenesis of
the regulatory elements, which eliminates the binding of the factors that have
been identified, should correlate with decreased function of the proposed
phenobarbital-responsive region.

B. Core Promoter Activity as the Function for Proximal
Promoter Elements

There have been several other studies of proteins binding to the
CYP2BL2 proximal promoter. Shephard et al. (38) analyzed binding by
DNase I footprinting to the region from —1 to about —368. Within the re-
gion from —150 to —368, multiple regions of protein binding were observed,
-330 to —336, —316 to —327, —289 to ~308, —207 to —213, —173 to
—189, and —156 to —174, which includes nearly 70% of the sequence in this
region. The nature of the proteins that bind to these regions and the func-
tional significance of the binding are unknown but the extensive protein
binding may reflect the developmental, tissue-specific, or phenobarbital reg-
ulation of these genes. Of these sites, an oligonucleotide of the region from
—183 to ~199 was able to reduce cell-free transcription of the CYP2B2 pro-
moter by 30%, suggesting that a positive-acting factor may bind to this re-
gion. In both DNase I footprinting and gel-shift assays, protein binding to
several of these sites was stronger with extracts from phenobarbital-treated
animals, which suggests that they might play a role in the phenobarbital in-
duction of the gene. The major concern with this conclusion is that rats were
treated for 1 to 4 days with phenobarbital, so that it is not clear whether the
changes observed are primary effects on gene induction or secondary effects.
Transcription from the CYP2B1/2 gene is increased within 6 hr after treat-
ment with phenobarbital (9), so that any primary event mediating induction
should occur within that time frame.

Regarding the CYP2B2 proximal promoter region from —1 to —160, de-
scriptions of results of protein binding studies from four groups differ from
the results described above. Shephard et al. (38) described three footprints
from —117 to —142, —48 to —66, and over the TATA region from about —10
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to —35. Similar protein binding sites were reported by Luc et al. (39) at —116
to —129, —45 to —61, and —8 to —36; by Park and Kemper (40) at —119 to
—138 and —45 to —64; and by Sommer et al. (41) at —116 to —143 and —47
to —61. Footprinting in the TATA region was not reported in the last two stud-
ies. The protein that binds to the —120 to —140 region has not been identi-
fied, but a sequence similar to the binding site of NF-1 is present in this re-
gion and this region competes weakly, compared to consensus binding sites,
for C/EBP binding (39) (Fig. 2A). Similarly, the proteins binding to the TATA
region have not been directly characterized but most likely are related to the
TATA-binding protein and its associated proteins. Oligonucleotides contain-
ing sequences in these two regions competitively reduced transcription of the
CYP2B2 promoter in cell-free systems (39). Mutations in the NF-1-like ele-
ment also reduced transcription.

The protein binding to the —45 to —65 region has been identified as a
member of the C/EBP family of transcription factors. Oligonucleotides con-
taining consensus sequences to the C/EBP binding site competed for the
binding to this region in both footprint and gel-shift analyses (39, 40) and ad-
dition of either C/EBPa or C/EBPB antisera resulted in supershifts of the
DNA-protein complexes. Consistent with the fact that the liver contains mul-
tiple forms of C/EBP, which can form heterodimers (42), a complicated pat-
tern of up to six protein~DNA complexes was observed. Not all were super-
shifted by the antisera to the « and # forms, thus other C\EBP forms in the
liver presumably bind to this site as well (40). Oligonucleotides containing
the —31 to — 85 region increased cell-free transcription of the CYP2B2 gene
(38). Specific mutation of this region also decreased the transcription from
CYP2B2 promoters that were transfected into HepG2 and FGC4 hepatoma
cells by 70 and 80%, respectively (39, 40). Coexpression of C/EBPa or
C/EBPB markedly stimulated the expression of the CYP2B2 promoter in
HepG2 and C33 cells and the increase was much smaller for promoters with
mutations in the C/EBP binding site (39, 40). These experiments provide de-
finitive evidence that the —45 to —68 region is a functional C/EBP site that
increases transcription of the gene. In three of the studies in which pheno-
barbital treatments of animals were for 4 or 6 hr, no changes in the footprints
in this region were observed (39-4I). In one study, after treatment for 1 to 4
days, binding to the C/EBP site was increased (38). Again, because induction
of the gene occurs by 6 hr, it is not clear whether the changes observed are
primary effects of phenobarbital treatment. The complexity of C/EBP forms
provides the potential for phenobarbital-dependent modifications of these
factors that could affect transcription. There are, however, no direct func-
tional data supporting a role for this factor in phenobarbital induction and,
as discussed below, the available functional data are not consistent with a
role for this element in phenobarbital induction.
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In these studies, DNase footprint analysis did not reveal binding of pro-
teins in the region containing the barbie box (~73 to —89) and the proposed
phenobarbital-dependent positive element (—69 to —98) with either extracts
from control or from phenobarbital-treated animals (38-41). In some stud-
ies, there were hypersensitive sites in these regions, which might indicate
some protein binding (38, 39, 41). The inconsistencies among the data may
be explained by different procedures used to isolate the nuclear factors and
the conditions of the protein binding assays. Negative results are inherently
weaker than positive results, but have been reported in several recent stud-
ies in contrast to the earlier reports of phenobarbital-dependent protein bind-
ing to the barbie box or within the positive element region, as discussed
above.

Similar studies of the proximal promoter of the mouse Cyp2b10 proximal
promoter revealed protein footprints at —45 to —64, —154 to —~180, and
—215 to —235 (43). Correcting for the 42-bp insertion at about —80 in this
gene relative to CYP2B2, the last two binding sites correspond to the C/EBP
and NF-1 sites of CYP2B2. The sequences of these sites are well conserved
in the two genes (Fig. 2). As in the rat gene studies, no binding to the barbie
box region was observed and no differences in binding were observed with
extracts from untreated or phenobarbital-treated mice.

There is general agreement that there is a positive element within the re-
gion —67 to —89. Cell-free transcription studies of progressive deletion mu-
tations suggested that this region contains a positive element (35, 44). Simi-
larly, deletion of sequences from —110 to ~57 resulted in 90% reduction of
transcription of the CYP2B1/2 genes in HepG2 cells (40). The reduction was
partially due to the deletion of the C/EBP site described above. A second can-
didate for a regulatory element in the region is a G-rich sequence that is sim-
ilar to the basal transcription element (BTE) described for CYPIA1 (45). In
CYPIAL this element binds Spl-like proteins, including a specific protein,
BTEP (46). Mutation of the BTE element reduced transcriptional activity of
CYP2B1 and CYP2B2 in transfected HepG2 cells or by in situ transient trans-
fection about 70%, which was about the same as the decrease when the
C/EBP site was mutated (21, 40). In contrast, two independent mutations of
the barbie box did not reduce expression. Although binding to the BTE was
not detected by DNase I footprinting, protein binding to an oligonucleotide
containing the BTE-like sequence was observed in gel-shift assays (40). These
results indicate that the major positive element in the —69 to —98 region is
the BTE element.

There are, therefore, two views of the role of the proximal promoter (Fig.
2). In one case, evidence from protein binding studies and mainly cell-free
transcription functional assays suggests that elements in the proximal pro-
moter region play a primary role in the response to phenobarbital. Recipro-
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cal binding of proteins to either positive or negative elements mediated by
phenobarbital is proposed to underlie the regulation. The second view is that
the elements in the proximal promoter are mainly involved in the basal ex-
pression of the gene and bind constitutive factors that are present in the liver.
These elements may be required for activation of the gene, i.e., for any ex-
pression, but do not directly mediate the phenobarbital response. Compari-
son of sequences between species, which might reveal conservation of criti-
cal sequences, is not very informative. All of the proposed elements are well
conserved in the highly inducible CYP2B2 and Cyp2b10. There is a 42-bp
insertion in Cyp2b10 and Cyp2b9 compared to CYP2B2 within the proposed
phenobarbital-dependent positive element. However, this insertion contains
a 4-bp repeat at the beginning and end so that the barbie box is largerly con-
served at the 5’ end of the insertion and the BTE region is conserved at the
3’ end. The less highly induced (47), or uninducible (48), Cyp2b9 has sub-
stantial differences in the NF-1 site, the barbie box, and both the positive and
negative phenobarbital-dependent regions. Thus, only the BTE core and the
C/EBP sequence are conserved in all three genes. Most recent data from
functional analysis of the genes favor the elements in the proximal promoter
being part of the core promoter, but a role for the proximal promoter in phe-
nobarbital induction has not been conclusively eliminated.

V. Distal Phenobarbital-Responsive Enhancer
A. Chicken CYPHI Gene

In contrast to the controversy concerning the proximal promoter, there is
general agreement that sequences 5’ distal to the proximal promoter con-
tribute to phenobarbital responsiveness. The initial evidence for upstream
phenobarbital-responsive elements came from studies of the transcription of
the chicken CYP2H1 gene in chicken embryo hepatocytes in primary culture
(49). In these experiments, about twofold induction by phenobarbital was ob-
served with a CYP2HI1~CAT construct that contained 8.9 kb of 5’ flanking
region. Progressive deletion from —4.7 kb to —1.1 kb or deletion of the re-
gion from —5.9 to —1.1 eliminated the induction. Further, the region from
—5.9 to —1.1 was able to confer phenobarbital responsiveness to a heterolo-
gous SV40 promoter and inductions of 14-fold were observed with the
CYP2H]1 fragment in either orientation relative to the promoter. Further char-
acterization of the specific elements involved have not been reported. In this
chicken gene, thus, the proximal promoter region to —1.1 kb was not able to
mediate phenobarbital induction and distal elements were required. The ca-
pability of the distal sequence to confer phenobarbital induction on a het-
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erologous promoter provides strong evidence that this region was a primary
target of phenobarbital action and not a general enhancer that was required
to amplify phenobarbital effects mediated at proximal promoter elements.

B. Transgenic Analysis of the CYP2B2 Gene

Studies in transgenic mice have also indicated that distal elements are re-
quired for phenobarbital induction of the CYP2B2 gene (22). In these exper-
iments, the transgenes contained the entire structural gene for CYP2B2 and
either 800 bp or 19 kb of 5’ flanking region. Two transgenic colonies were
founded for each construction. Expression was detected by either Northern
analysis or RNA slot blotting. The constructions with only 800 bp of 5’ flank-
ing region were expressed at relatively high levels in the transgenic mice
equivalent to 50 to 300% of endogenous expression of CYP2B2 in rats when
normalized to 18S ribosomal RNA. Expression was not increased by pheno-
barbital treatment. Expression of this construction was highest in the kidney,
about twice that in the liver, and very low expression was observed in the
testes. In contrast, expression of Cyp2b9, a mouse gene closely related to
CYP2B2, was detected primarily in the liver, with low levels in the lung, af-
ter phenobarbital treatment. In the two transgenic lines containing 19 kb of
5’ flanking sequence, expression was restricted to the liver as detected by
RNA slot blots of 10 tissues. Expression of the transgenes in untreated mice
was undetectable in one transgenic line and was detected at a low level in
the other line. In phenobarbital-treated mice these transgenes were ex-
pressed at levels about 50% of the endogenous gene expression in rats. The
high level of expression of these transgenes, similar to levels of the endoge-
nous rat gene, provides confidence that the regulation of the genes is not de-
pendent primarily on the site of insertion and neighboring regulatory ele-
ments but is controlled by the CYP2B2 regulatory elements. The results
establish that the proximal promoter region is not sufficient for phenobarbi-
tal induction of the CYP2B2 gene nor for absolute tissue-specific expression
in the liver. However, this region does provide substantial tissue specificity,
because in two independent transgenic strains, it was expressed at high lev-
els only in the liver and kidney and not in eight other tissues. Distal elements,
upstream of —800, are required to restrict expression to the liver and for a
response to phenobarbital.

These transgenic results are most consistent with the model for gene reg-
ulation in which there is a distal phenobarbital-responsive element and the
proximal promoter elements are part of the core promoter required for ex-
pression of the gene at either basal or induced levels. There are some caveats
to this conclusion. The most critical is that the distal element could be a gen-
eral enhancer region required for high level expression, but that the pheno-
barbital switch or responsive element is in the proximal promoter. Another



PB INDUCTION OF P450 GENES 43

concern is that the copy numbers of the —800-bp constructions were 20 and
8 compared to 1 and 3 for the larger constructions. High copy numbers of
genes may titrate critical regulatory factors so that improper regulation of the
gene is observed. The small 5’ flanking region in the —800 constructions
may provide less “protection” against neighboring mouse genome enhancers,
which could override the regulation by elements in the CYP2B2 transgene.
Such position effects are evident even in the two larger constructions in
which expression in the untreated animals differs. The very similar proper-
ties of two transgenic lines for each construction argue against major posi-
tion effects and the levels of expression near that of the endogenous gene ar-
gue against effects dependent on copy number, but not conclusively. To
distinguish a general enhancing effect from a specific response to pheno-
barbital for the distal enhancer requires experiments utilizing the distal ele-
ment with a heterologous promoter that does not respond to phenobarbital.
As described above, this has been demonstrated with the CYP2HI gene and
studies described below establish that a distal element of CYP2B2 can con-
fer phenobarbital inducibility to a heterologous promoter.

C. DNase | Hypersensitivity of the CYP2B1,/2 Genes

The transgenic studies described above indicate only that a phenobarbi-
tal-responsive element is between —800 and —19,000 bp. A study of the
DNase I hypersensitivity of the CYP2B2 gene in nuclei provided indirect ev-
idence that defined more precisely a potential position for a distal pheno-
barbital-responsive region (39). Regions of hypersensitivity usually reflect
binding of regulatory proteins to the region and disruption of the normal
chromatin structure (50). These experiments utilized indirect end-labeling
Southern techniques with the probe in the first exon. In spite of the facts that
this probe cross-hybridized with the CYP2BI and CYP2B2 genes and that
there are multiple copies of these genes (51), two very distinct hypersensitive
sites were observed in both untreated and phenobarbital-treated samples.
The first was in the proximal promoter region and the second was a distal re-
gion from —2.2 to —2.3 kb. The distal region appeared to be slightly more
sensitive to DNase I by being more prominent at lower concentrations of
DNase I treatment. At the highest concentrations of DNase I reported, the
proximal site was more prominent than the distal site in phenobarbital-treat-
ed samples and the reverse was true for the untreated sample. From this, it
was concluded that the sensitivity increased for the proximal region after phe-
nobarbital treatment and the distal site became more resistant. However, this
is not apparent from the patterns at lower concentrations of DNase, and the
decrease in the distal site fragments at higher DNase concentrations may be
due to increased cleavage at the proximal sites. Cleavage at both distal and
proximal regions in one DNA molecule would be detected only as the short-
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er fragment cleaved in the proximal region. These data show as expected that
the hypersensitivity of the proximal promoter is related to the transcription-
al activity of the gene and that hypersensitivity of the distal region may or
may not be increased in response to phenobarbital.

Two very interesting conclusions may be drawn from these experiments.
The first is that changes in the hypersensitive sites occur in response to phe-
nobarbital, and the second is that under conditions in which the genes are
not transcriptionally active, the chromatin structure of both the proximal re-
gion and the distal region is already disrupted. Presumably regulatory pro-
teins are bound to these regions but are in a transcriptionally inactive form.
Alternatively, the hypersensitive sites in the untreated samples may be pro-
vided by members of the CYP2B family that are consititutively expressed
(52). Interestingly, two hypersensitive sites at similar positions were detected
in CYP2C genes that respond to phenobarbital, but the distal site was absent
in CYP2C3, which does not respond to phenobarbital (53). The functional
significance of the CYP2C hypersensitive regions has not been determined.

D. Localization of a Distal Enhancer of the CYP2B2
Gene by Transfection into Primary Hepatocytes

A major advance in the studies of phenobarbital regulation of P450 genes
was the development of culture conditions that maintained CYP2B12 ex-
pression and response to phenobarbital (17-19). Prior to this advance, cell-
free transcriptional assays had been the principal functional assay for ex-
pression of P450s, and these assays are notoriously difficult for the study of
regulation by distal elements. Transfection of primary cultures of rat hepato-
cytes with about 4.5 kb of CYP2B2 5’ flanking region fused to the CAT re-
porter resulted in about a fivefold induction after treatment of the cells for
48 hr with phenobarbital (20). Deletion to —2.5 kb did not decrease the in-
duction, but deletion to —2.0 kb eliminated the induction. Internal deletion
of the —2.5 to —1.7 fragment also eliminated the induction; however, in-
duction was retained when the —1.7 to ~0.2 kb region was deleted. A frag-
ment from —2318 to —2155 was able to confer inducibility of 3.5-fold on the
promoter-containing sequence to —1.7 and the induction was about doubled
when two copies of the small fragment were used. In a construction con-
taining the viral thymidine kinase promoter, the fragment from —2318 to
—2155 conferred phenobarbital responsiveness if fused immediately up-
stream in either orientation or if fused at the 3’ end of the CAT reporter gene
in either direction. These important experiments provided the first function-
al data supporting a role for a distal element in the induction of CYP genes
by phenobarbital. The presence of the functional element in the region —2.2
to —2.3 kb, which coincides with the DNase I-hypersensitive site in the gene,
provides strong evidence that this region contains a phenobarbital-respon-



PB INDUCTION OF P450 GENES 45

sive unit (PBRU). The term “unit” is used rather than “element” because sev-
eral elements are involved in the response (see below).

In other studies in primary cultures, results consistent with induction me-
diated by the PBRU have been reported. In rat hepatocyte cultures, a three-
to fourfold induction of CYP2BI gene was observed when a 7-kb 5’ flank-
ing region fused to the chloramphenicol acetyltransferase gene was used
(54). In rat hepatocytes cocultured with liver epithelial cells, 3.5- to 4.5-kb 5’
flanking regions of the CYP2BI and CYP2B2 genes did not respond to phe-
nobarbital, but the 163-bp PBRU conferred induction of two- to threefold

(55).
E. Analysis of CYP2B2 by Transfection of Liver in Situ

A second method for assay of CYP regulatory elements was suggested by
the demonstration that DNA injected directly into the liver of a rat in situ was
taken up into hepatocytes and expressed (56). Although such direct injection
techniques had been successful for tissues such as muscle, the liver was more
resistant to uptake of DNA (57). Successful results of expression in liver of
vectors containing luciferase reporters and either promoters from cy-
tomegalovirus (CMV) or Rous sarcoma virus (RSV) were shown. Maximal ex-
pression was observed within 24 hr of injection, and by 3 days activity was
very low but stable. The injected DNA remained in a low-molecular-weight
state and was not detected in genomic DNA, This transient expression is sim-
ilar to that obtained by transfection of mammalian cells and, therefore, may
be referred to as in situ transient transfection. To obtain high levels of ex-
pression in these studies, rats were treated with dexamethasone (56). The ra-
tionale for using dexamethasone was that histological studies showed that
acute inflammatory infiltrates were present along the needle tracks at the in-
jection site in the liver, which might be detrimental for the cells in the area
that had taken up DNA. Treatment with dexamethasone greatly decreased
the inflammation and increased transcriptional activity by about 10-fold.
However, dexamethasone treatment increased the transcription of the RSV
and CMV promoter by four- to sevenfold in transfected cultured primary he-
patocytes as well. The effects of dexamethasone then, at least partly, are di-
rect effects on transcription and the antiinflammatory action may contribute
to the increased expression, but this is not clearly established.

In situ transient transfection has been successfully used to assay tran-
scriptional activity of CYP2B and CYP2C promoters and phenobarbital in-
duction (21). Because this assay is not a standard method of promoter analy-
sis, it will be described in more detail. Male Sprague—Dawley rats weighing
250-350 g were used. At 24 hr before surgery, rats were injected subcuta-
neously with 1 mgkg body weight dexamethasone. The rats were anes-
thetized with ether by inhalation and a ventral midline incision was made;
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the incision is large enough so that the largest lobe of the liver can be exter-
nalized. Between 350 and 400 p.g of plasmid DNA was then injected directly
into three sites in the liver in a volume of 1.5 ml of culture media with a 25-
gauge, g-inch needle. The needle was inserted in the central part of the lobe
and toward the margin of the lobe. It was left in place for about 1 min after
each injection, and bleeding, if any, was controlled by direct pressure. The
liver lobe was then internalized and the incision was sutured. The rats were
then given a second injection of dexamethasone. Phenobarbital was admin-
istered intraperitoneally at this time as well. After 24 hr, the rats were eu-
thanized by CO, inhalation and the livers were exposed. The injection sites
on the injected lobe are visible and the part of the lobe from the central side
of the needle marks to the edge of the lobes was excised. The liver fragment
was minced and homogenized with a tight pestle in a Dounce homogenizer
in 1.5 ml of buffer containing 1% Triton X-100. The homogenate was cen-
trifuged in a microfuge and luciferase activity in the supernatant was assayed.

The in situ transfection assay has the advantage of assaying transcription
of genes in hepatocytes, which are within the normal architecture of the liv-
er and, thus, have the normal interactions with other liver cells and the ex-
tracellular matrix. The importance of this is illustrated by the rapid loss of ex-
pression of phenobarbital-inducible genes in primary cultures of hepatocytes
that are grown on standard plastic dishes and medium (58). Either special-
ized medium or the addition of extracellular matrix is required for the per-
sistent expression of these P450 genes and for a response to phenobarbital
(17-19). Although primary hepatocyte cultures are effective models for phe-
nobarbital induction, the possibility remains that some of the cellular inter-
actions within the intact liver may not be accurately reproduced in the pri-
mary hepatocytes, which might affect the concentrations or activities of some
regulatory factors. It is clear, for example, that the relative importance of reg-
ulatory elements in genes assayed in cultured cells is often different from that
determined for the same gene in transgenic animals (59). The in situ injec-
tion assay offers an intermediate between these two types of assays. It is not
yet clear whether the in sifu assay system will provide information different
from transfection of cultured cells, because both are transient transfections,
in contrast to the transgenic animals. The limited amounts of data available
from the liver in situ assay have generally been consistent with the results of
the transfection of primary cultures of hepatocytes.

There are also disadvantages to the in situ assay system. The transfection
is very inefficient, so that 300-500 p.g of DNA is required for injection into
a single rat liver. In addition, the processes of injection, homogenization, and
determination of luciferase activity are relatively crude, leading to substan-
tial variation in the results, i.e., variations of twofold under the best condi-
tions. The variability requires that a number of animals be injected for each
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construction assayed or for each treatinent protocol. A minimum of three an-
imals is required for each treatment group to allow statistical analysis. Gen-
erally six to nine animals per treatment group are used, which permits reli-
able detection of changes of two- to threefold or greater. This requires on the
order of 5 mg of plasmid DNA for each experiment. Because of the low effi-
ciency of the transfection, only the luciferase assay is sensitive enough to de-
tect expression. Thus, a second reporter cannot be used as an internal stan-
dard to reduce the variation. Substantial increases in the efficiency of the
transfection would greatly improve this assay. It is possible that promoters
that are highly active in liver, combined with liver-specific enhancers, may
provide expression so that a second reporter can be used as a control. A sec-
ond approach may be to increase the uptake of the DNA by coinjection of vi-
ral particles. Replication-defective adenovirus or adenovirus coats have been
shown to increase the transfection efficiency of cultured cells by 100-fold or
more (60, 61). Coadministration of DNA and defective adenovirus into sali-
vary glands resulted in over an 100-fold increase in uptake and expression of
the DNA (62). Chemiluminescent assays of B-galactosidase have been re-
ported to be similar in sensitivity to the luciferase assays (63). There is, there-
fore, promise that more efficient in situ transfection assays can be developed
so that less DNA is required and variability can be reduced by inclusion of
an internal standard.

The in situ assay has been used to analyze the response of CYP2C1 and
CYP2B2 genes to phenobarbital (21). Injection of DNA containing up to
—3500 bp of CYP2C1 and 1400 bp of CYP2B2 fused to the luciferase pro-
moter resulted in expression at a low level, but no response to treatment for
24 hr with 100 mg of phenobarbital’kg body weight. Expression was slight-
ly inhibited by phenobarbital treatment, an effect that has been seen consis-
tently. The activity of the CYP2B2 promoter was about threefold greater than
that of CYP2C1. The results of the CYP2CI promoter were disappointing be-
cause this gene has a hypersensitive site at about —2.5 kb, as was observed
in the CYP2B2 region. To determine if the CYP2B2 fragment from —2318
to —2155, which mediated a phenobarbital response in primary hepatocytes,
could do the same in the in situ injection assay, one to three copies of this re-
gion were inserted in front of the proximal promoters of either CYP2CI
(—272 to +1) or CYP2B2 (—110 to +1). For the heterologous proximal
CYP2C1 promoter, one copy of the PBRU resulted in about a 3-fold induc-
tion and three copies resulted in about 15-fold induction. Likewise with the
homologous promoter, a single copy of the PBRU resulted in a 2.5-fold in-
crease and two or three copies resulted in 4- to 5-fold increases. These results
confirmed the studies in the primary hepatocyte cultures that this sequence
distal from the promoter could mediate phenobarbital induction.

The ability of the PBRU to confer phenobarbital induction on heterolo-
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gous promoters established that this region was a phenobarbital-responsive
element and not just a general enhancer amplifying phenobarbital-depen-
dent activation by elements in the proximal promoter. Nevertheless, because
a role in phenobarbital induction had been proposed for proximal promoter
elements, it was important to determine if the PBRU effects were dependent
on any of the proximal promoter elements in CYP2BI1. Mutations were made
in the positively acting C/EBP and BTE elements (40), as well as the barbie
box (28), and responsiveness to phenobarbital was assessed in constructions
containing three copies of the PBRU fused to the mutated proximal promot-
ers. Mutation of the BTE and C/EBP regions each reduced the expression of
both the basal expression and the expression after phenobarbital treatment
by about 70 to 75%, so that approximately the same fold induction was re-
tained. The decrease in activity was similar to the decreased transcriptional
activity of these mutated promoters when assayed by transfection into
HepG2 cells (40). The elements, thus, behave as positively acting elements
of the core promoter independent of phenobarbital treatment. When the first
barbie box mutation unexpectedly resulted in increased expression of two-
to threefold, a second mutation was made to eliminate the possibility that a
positively acting element had been introduced by the mutation. Both muta-
tions behaved similarly, with a small increase in transcription in untreated
animals and responses to phenobarbital similar to that of wild type. These re-
sults are most consistent with the distal PBRU playing the primary role in
phenobarbital induction independent of proximal promoter elements. With-
in the resolution of this assay, the proximal promoter elements appear to have
a negligible role in the response to phenobarbital.

To better identify which sequences in the 163-bp PBRU were critical for
the phenobarbital induction, a series of deletion mutations were analyzed
(63a). If single copies of the mutated PBRU regions were analyzed, deletion
of about 60 bp from the 5’ end to an Ncol site at —2258 did not substantially
reduce induction by phenobarbital, but deletion to —2231 did eliminate in-
duction (Fig. 3). From the 3’ end, deletion of 15 bp to —2170 did not reduce
phenobarbital induction, but deletion to —2194 did eliminate induction. A
fragment from —2258 to —2170 responded normally to phenobarbital treat-
ment. From these studies with single copies of the PBRUs, this 88-bp frag-
ment appears to represent the minimal phenobarbital-responsive unit. How-
ever, when three copies of the deleted fragments were analyzed, fragments,
deleted to —2231 from the 5’ side or —2194 from the 3’ side, exhibited a re-
sponse to phenobarbital only slightly reduced from wild type. These unex-
pected results suggest that a 37-bp segment from —2231 to —2194 retained
elements required for the response to phenobarbital. However, a fragment
containing three copies of the 37-bp fragment did not confer phenobarbital
induction. This central region, therefore, requires an additional sequence
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Fi1c. 3. Analysis of deletions of the CYP2B2 PBRU by in situ transient transfections. Frag-
ments of the 163-bp Sau3A fragment were fused as single copies or triple copies to the basal
CYP2C1 promoter and assayed by direct injection into rat liver in situ. Basal activities were sim-
ilar for all constructions and the fold induction after phenobarbital treatment is indicated. Re-
striction sites used to create the deletions are indicated; the 3’ BamHI sites were created with
primers for PCR amplification of the fragments.

from either side for phenobarbital induction, suggesting there are redundant
elements in the sequence on either side. The explanation for the differences
in the results with the single and triple copies is not clear, but may be the re-
sult of redundant elements in which deletion of one element required for ac-
tivity of a single copy of the PBRU may be compensated for by multiple
copies of a remaining element when three copies of the PBRU are assayed.

To further define specific regions important for the induction by pheno-
barbital, a linker scanning mutagenesis analysis, in which a Kpnl site was
substituted for 6-bp blocks, was performed across the fragment from -2258
to —2170, which was the minimal active fragment in the assay using single
copies of the mutated PBRUs (Fig. 4). An NF-1 site is present in the CYP2B2
gene, which is the major protein-binding region of the segment by both
DNase I footprinting and gel-shift assays (20; B. Kemper, unpublished). In
this region, rather than linker scanning mutants, each of the two bipartite
binding sequences and the intervening sequence were mutated separately
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GACA ToTC GGTACC GGTACC GGTAC €
NFM1  CATAG T REm2
NEMIV

Fic. 4. Mutations introduced into the CYP2B2 PBRU. Kpnl sites were introduced in a link-
er scanning analysis from —2258 to —2167, except for the NF-1 region, in which specific mu-
tations were made in the two bipartite recognition sites (NFM1 and NFM2) and the intervening
sequence (NFMIV). The mutants were assayed in the in situ transfection assay and the results
are given in Table L.

(Fig. 4). Each of the mutants was assayed as a triple copy fused to the CYP2C1
proximal promoter. Perhaps the most surprising result of this analysis is that
none of the mutations eliminated the response to phenobarbital completely,
although two regions clearly reduced the response (Table I). One of these was
linker scanning mutants 4 and, particularly, 5, which reduced expression in
phenobarbital-treated animals. The other region was the NF-1 binding site
mutants. In addition, somewhat higher basal levels, but little effect on ex-
pression after phenobarbital treatment, were observed for linker scanning
mutant 9 and activity in phenobarbital-treated animals was reduced in mu-
tants 8, 10, and 12. The continued phenobarbital responsiveness for all of the
mutants may result from incomplete inactivation of the critical element, how-
ever, the minimum number of changes was four for each 6-bp linker scan-
ning mutant. Alternatively, there may be redundant constitutive and pheno-
barbital-responsive elements that can compensate for each other when three
copies of the mutated PBRUs are assayed, the same explanation as for the ef-
fect of copy number on deletion mutants. There are several candidates for
repeated sequences in the PBRU. As indicated in Fig,. 3, the steroid hormone
half-site AGGTCA is repeated three times and a 12-bp segment in the criti-
cal NF-1 region is repeated.

Mutation of either or both of the bipartite sites of the NF-1 motif sub-
stantially reduced the expression in phenobarbital-treated rats (Table I). In
contrast, deletion of the sequence between the two sites, which is not spe-
cific for NF-1 binding, did not affect expression. The strongest binding of the
proteins to the PBRU occurs at the NF-1-like sequence. Consensus NF-1 sites
were able to compete for the binding of liver nuclear proteins to the frag-
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TABLE 1
ErreECTS OF MuTtaTIONS IN THE PBRU RECGION
ON INDUCTION BY PHENOBARBITAL

Luciferase activity”

Mutation® Basal Phencbarbital Fold induction
LS1 3.5+ 0.6 156 + 49 4X
LS2 21 04 258 + 7.8 12x
LS3 41 + 1.0 37.0 = 8.6 X
LS4 3107 12.0 = 2.8 4x
LS5 1.8 =03 89 +13 4%
LS6 3.9+05 270+ 74 7X
LS7 49 08 18.0 = 4.0 4%
LS8 41+ 1.4 13.8 + 34 3 X
LS9 7.8 £2.0 28.8 £ 10.6 5X
LSI10 2.0+ 06 13.9 = 3.0 5%
LS11 3.8=0.7 20.5 = 5.0 7X
LSi2 1.6 202 14.0 = 2.1 99X
NFM1 1.8 =03 76 1.4 4X
NFM2 24 +0.5 89 *15 4%
NFMIV 1.6 =03 237+ 5.9 15X

“Either linker scanning (LS) mutations or specific mutations in the NF-1 region
(as illustrated in Fig. 4) were introduced into the 163-bp fragment containing the PBRU.
Total luciferase activity in arbitrary light units per injected liver X 1073, Three
copies of each mutanted PBRU were inserted before the CYP2C1 proximal promoter
and transcriptional activity was determined by the in situ transient transfection assay.

ment, and antisera to NF-1, but not C/EBP, supershifted the protein~DNA
complexes (63a). These NF-1 elements are, therefore, capable of binding NF-
1. These data indicate that NF-1 plays a key role in the amplitude of the phe-
nobarbital response. NF-1 is a constitutive liver factor, so it probably is not
directly responsible for the response, which is consistent with the continued
phenobarbital response when it is deleted. There are four NF-1 genes (64)
and multiple variants produced from the genes (65), so it is possible that sub-
tle differences in the sequences flanking the consensus NF-1 site might af-
fect the relative binding of the different forms and that binding or activity of
the favored factor is affected by phenobarbital treatment.

F. Comparison of the Cyp2b9 and Cyp2b10 PBRUs
by in Situ Transfection

In mice, the gene Cyp2b10 is orthologous to the rat CYP2BL2 genes, and
a second closely related gene, Cyp2b9, is present. Both of these genes are re-
sponsive to phenobarbital, with Cyp2b10 having the larger response (47) in
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Fic. 5. Comparison of the PBRU sequences of CYP2B2, Cyp2b10, and Cyp2b9. The se-
quence of CYP2B2 (2B2) is shown at the top and differences in the sequences of Cyp2b10 (2B10)
and Cyp2b9 (2B9) are shown below. The position of the NF-1 site is indicated and repeats of
the AGGTCA sequence are indicated by a solid line above the sequences; a repeat of the criti-
cal sequence near the NF-1 site is indicated by the broken line. The 33-bp region identified by
Honkakoski and Negishi (67) as the core phenobarbital-responsive region in Cyp2b10 is indi-
cated by the lower very heavy lines extending from CORE; the upper very heavy lines demar-
cate the limits by 5’ and 3’ deletions of CYP2B2 for phenobarbital activity in the in situ trans-
fection assay (see Fig. 3). Although the core structure is necessary for phenobarbital induction,
it is not sufficient because multiple copies of the core regions do not confer inducibility. The se-
quences of Cyp2b9 and Cyp2b10 were derived from fragments isolated by PCR (I. Rivera-
Rivera, H. Li, and B. Kemper, unpublished). The Cyp2b10 sequence is identical to that report-
ed by Honkakoski and Negishi (67). The Cyp2b9 sequence differs from that reported in the
GenBank database (M60267) at the positions numbered according to the CYP2B2 sequence
[-2301]T, [-2246]A, and [—2129]delete T; and from the sequence reported by Honkakoski
and Negishi (67), at [~2301]T, [-2273)A, [—2254]T, [-2252]C, [—2246]A, [—2243]G, and
[~2242]T,

C57BL/6 mice. In some strains of mice Cyp2b9 is not responsive to pheno-
barbital (48, 66). To determine if a PBRU analogous to that in the rat gene
was present in the mouse genes, the corresponding regions were isolated
from mouse genomic DNA by polymerase chain reaction (PCR) (I. Rivera-
Rivera, H. Li, and B. Kemper, unpublished). The Cyp2b9 PBRU sequence is
at about —800 because there is a large deletion in the 5’ flanking region rel-
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ative to CYP2B2, and the Cyp2b10 sequence is about —2.2 kb, as in CYP2B2.
The Cyp2b9 sequence is 83% similar to the CYP2B2 PBRU region compared
to 60 to 70% in other 5’ flanking regions, and the Cyp2b10 sequence is 91%
similar compared to less than 85% in neighboring 5’ flanking region (67; L.
Rivera-Rivera, H. Li, and B. Kemper, unpublished). Three copies of the
Cyp2b9 sequence, equivalent to the 163-bp PBRU fragment of CYP2B2,
were fused to the CYP2CI proximal promoter. Little or no response to phe-
nobarbital treatment was observed. In contrast, three copies of the Cyp2b10
sequence responded to phenobarbital to the same extent as the CYP2B2 se-
quence. The Cyp2b10 sequence has only three differences in the region
equivalent to —2258 to ~2170 of CYP2B2; the NF-1 site, the linker scan-
ning 4/5 region, and the linker scanning 8/9 region, which contains an AP1-
like site, are identical (Fig. 5). In contrast, the Cyp2b9 sequence has critical
changes in one of the NF-1 binding sites, immediately 5’and 3’ of the NF-1
site, within the linker scanning 4 region and linker scanning 8/9 region. The
NF-1 change and one or more of the other changes must contribute to the
loss of phenobarbital responsiveness.

G. Analysis of the Cyp2b9 and Cyp2b10 PBRUs
in Transfected Primary Hepatocytes

Negishi and colleagues have characterized phenobarbital induction of
these two mouse genes using primary hepatocyte cultures for functional as-
says (43, 67). In initial studies, for Cyp2b 10, two- to threefold induction was
observed with 5’ flanking regions extending to —1400 and —4300 (43).
Deletion of additional sequence to —971 resulted in loss of response to phe-
nobarbital with little effect on the basal activity. The argument that the re-
gion contains a phenobarbital-responsive element was reduced by the in-
ability of a fragment from —104 to —971 to confer phenobarbital inducibility
to a heterologous promoter. In addition, the mouse sequence in this region is
almost identical to the rat CYP2B2 sequence and both contain an AGGTCA
steroid half-binding site, proposed as a critical element (43). Constructions
containing this region in CYP2B2 did not exhibit phenobarbital responsive-
ness in primary hepatocytes or by in situ transfection (20, 21), although phe-
nobarbital induction by a —1400 CYP2B2 fragment was reported in trans-
fected Fao cells (16). The mediation of phenobarbital induction by this region
was confirmed in a later study and similar protein complexes were formed
with this region and the Cyp2b10 PBRU equivalent, as discussed below (67).
This region may contribute to the overall induction of the Cyp2b10 gene, but
evidence for its role in the induction of CYP2B2 is less clear. The lack of phe-
nobarbital induction with Cyp2b10 fragments to —971, which include the
proposed phenobarbital-responsive elements in the proximal promoter, is
also consistent with the studies on the CYP2B2 gene in which the proximal
promoter did not confer phenobarbital responsiveness.
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In later studies, Honkakoski and Negishi (67) observed that deletion of
the 5' flanking sequence of Cyp2bI10 from —4.4 to —2.4 kb resulted in an
increase in induction from about three- to eightfold by TCPOBOP, a phe-
nobarbital analog (67). In this case, further deletion to —1850 resulted in re-
duction of induction to about threefold. The deleted sequence between —2.4
and —1.8 kb contains the Cyp2bI0 sequence, analogous to the CYP2B2
PBRU. DNase I footprinting was used to define potential regulatory protein-
binding sites. In the region from —2428 to ~2250, three weakly protected
regions and three relatively strongly protected regions were observed and no
differences between phencbarbital and control extracts were detected. A
177-bp fragment, —2426 to —2250, similar to the 163-bp fragment origi-
nally characterized for CYP2B2, was able to confer phenobarbital induction
and various fragments of this 177-bp sequence were assayed for their activ-
ity. Fragments with 5' end points of ~2364 or greater retained phenobarbi-
tal induction but the induction was reduced compared to fragments begin-
ning at —2394. Fragments with 3’ end points of —2297 or smaller retained
phenobarbital induction, although the induction was reduced compared to
those with end points at —2265. These results indicated that a 67-bp region
from —2364 to —2297 was the minimal fragment retaining phenobarbital
induction, in good agreement with the 88-bp CYP2B2 fragment that retained
activity when single copies of PBRU fragments were assayed by in situ trans-
fection.

As described above, the Cyp2b9 region corresponding to the CYP2B2
PBRU differs in sequence at several potentially critical regions of the PBRU.
As with the in situ injection assay, the Cyp2b9 region was not capable of con-
ferring phenobarbital inducibility to the tk promoter (67). The region from
—2332 to —2300, which was shown in the deletion analysis to be critical for
phenobarbital induction, contains six differences between the Cyp2b9 and
Cyp2b10 sequences. When these changes were introduced into the Cyp2b10
gene within a fragment from ~2397 to —2265, induction was completely
eliminated. Within the 33-bp region is an NF-1 consensus sequence and a
steroid hormone receptor response element half-site. The sequence of the
NF-1 site in Cyp2b10 is identical to that in the rat CYP2B2 gene, therefore
the studies described above establishing that NF-1 proteins bind to this re-
gion in CYP2B2 establish the Cyp2b10 sequence as a functional NF-1 site as
well. The Cyp2b9 gene has differences in both the NF-1 and steroid hormone
receptor motifs compared to the Cyp2b10 gene.

Mutation of the NF-1 site reduced basal activity to about 65% and large-
ly abolished the induction from 2.9-fold to 1.4-fold (67). Mutation of the
steroid hormone binding motif increased the basal activity by about 2-fold
and eliminated the induction. These same mutations also altered binding to
the region assessed by DNase I footprinting and gel-shift assays. Mutation of
the NF-1 site reduced binding substantially in the region so that only the se-
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quence containing the steroid hormone-binding site was still protected and
mutation of the steroid hormone-binding site resulted in reduced protection
in the region of the steroid hormone half-site. Mutation of putative regulato-
ry sites to the 5' side in the —2364 to —2334 region did not substantially re-
duce induction, although basal activity was reduced. These results have led
to the proposal that the 33-bp fragment containing the NF-1-like site is the
core phenobarbital-responsive unit. Consistent with this conclusion is the
presence of NF-1 elements and steroid hormone receptor half-sites in se-
quences of other phenobarbital-inducible genes, including near the DNase
I-hypersensitive site present in CYP2C]I, as noted (67).

The 33-bp Cyp2b10 sequence proposed as the core phenobarbital ele-
ment agrees very well with the central region of the CYP2B2 element defined
by deletions from the 5’ and 3’ side (Fig. 3). However, neither the 33- nor
37-bp fragment alone is able to confer phenobarbital responsiveness, even in
multiple copies. Additional sequence from either side can confer respon-
siveness, thus there are redundant regulatory factors in the two flanking se-
quences that are required. There is general agreement between our studies
using the in situ assay for CYP2B2 and the primary hepatocytes for Cyp2b10
that the NF-1 site within the core sequence plays a critical role in the ampli-
tude of the induction. However, with multiple copies of the CYP2B2 PBRU
containing NF-1 site mutations, substantial induction with phenobarbital
was retained, thus other sequences are important for the induction. Mutation
of the steroid hormone receptor site overlapping with the NF-1 site in the
CYP2B2 gene, from AGGTCA to AGGGTA, did not detectably affect induc-
tion in the in situ assay, in contrast to the increase in basal activity and loss
of induction in the primary hepatocyte assay when the sequence was
changed to ACCTCA. In the primary hepatocytes, a single mutant con-
struction of the AGGTCA sequence was made, so there is a slight possibili-
ty that a new positive regulatory element was inadvertently created by the
mutation, which would account for the increased basal activity with this mu-
tant. Thus, it is clear that the NF-1 site plays an important role in the phe-
nobarbital induction, and mutations in the 2 bp immediately adjacent to the
NF-1 site derepress the Cyp2b10 gene. Whether this latter effect is due to al-
tering the AGGTCA steroid hormone half-site or to changes in the specifici-
ty of the NF-1 site remains unclear.

VI. Perspectives and Models of Phenobarbital
Induction of P450 Genes

The emerging consensus of the work described herein is that the prima-
ry regulation of the CYP2B2 and Cyp2b10 genes by phenobarbital is through
elements distal to the promoter rather than within the proximal promoter el-
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ements. Although the core of the barbie box in the proximal promoter is re-
tained in Cyp2b10, a 42-bp insertion relative to CYP2B2 is present in this re-
gion (Fig. 2). Most investigators have found no differences in protein binding
in the proximal region. Functional assays in transgenic mice, in transfected
primary hepatocytes, and by direct injection into rat liver are all in agreement
that proximal promoter sequences up to at least —800 cannot mediate phe-
nobarbital induction alone. In contrast, the distal PBRU functions as an phe-
nobarbital-responsive enhancer that can confer phenobarbital induction on
heterologous promoters. Mutation of the barbie box motif does not reduce
the induction mediated by the distal PBRU. These results are most consis-
tent with the distal enhancer unit as the primary mediator of phenobarbital
induction and the proximal elements as positive elements that comprise the
core promoter activity, which, of course, is required for the phenobarbital in-
duction. There remains a possibility that the proximal promoter does con-
tribute to the phenobarbital induction, but that the assays in which induction
is not observed are too insensitive to detect the effect. Clearly the large fold
inductions observed for these genes in vivo are not reproduced in the in vi-
tro assays and possibly position effects could be masking the induction in the
transgenic mice. Even with these caveats, the contributions, if any, of the
proximal promoter are likely to be less than those of the distal enhancer.
Within the resolution of the assays employed, deletion of the PBRU re-
gion eliminates the responsiveness of the CYP2B2 gene to phenobarbital.
However, as noted above, the induction observed in the transient transfec-
tion systems is much less than that observed for the genes in vivo. Thus, it is
possible that there are other regions in the 5’ flanking region or elsewhere
that can contribute to the induction. Weak contributions from the proximal
promoter have not been completely ruled out. Portions of the genes far up-
stream or downstream of the transcription start site have not been tested. In
CYPI genes, which are induced by the Ah receptor, multiple sites for Ah re-
ceptor binding are common (I3). In the Cyp2b10 gene, there may be a sec-
ond region downstream of the PBRU, which confers some phenobarbital re-
sponsiveness (67), and fragments of CYP2B2, which are missing the PBRU,
have been reported to respond to phenobarbital induction in cultured cells
(16). In addition, the PBRU region of Cyp2b9 was incapable of conferring
detectable phenobarbital induction in the primary hepatocyte and in situ
transfection assays. Cyp2b9 has been reported to be induced by phenobar-
bital in vivo (47), but has also been reported to be unresponsive to pheno-
barbital (48). The differences are related to strain differences (66). If it is in-
ducible, is the inability of the Cyp2b9 PBRU to confer phenobarbital
responsiveness because it is a weaker enhancer below the detection level of
the assays? Are there other regions in Cyp2b9 that may mediate the re-
sponse? Or are the two Cyp2b9 PBRUs analyzed from constitutively ex-
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pressed or unexpressed genes among the many highly related Cyp2b9-like
genes in different species? Assay by transient transfection can only partially
answer these questions about the number of phenobarbital-responsive re-
gions in a gene, because the influence of distal elements is often underesti-
mated in these assays when compared to in vivo transgenic models. It is like-
ly that specific mutations of the PBRU in transgenes of CYP2B2 or even
targeted disruption by homologous recombination of the PBRU in its natur-
al genomic context will be required to answer these questions definitively.

The possibility that there may be multiple mechanisms for phenobarbi-
tal induction is suggested by the observations that the time courses of in-
duction and the dose dependencies of phenobarbital-inducible P450s differ
and P450s can be crudely segregated into highly inducible and moderately
inducible genes. The PBRU appears to be a complex unit containing several
elements, probably including ubiquitous, as well as phenobarbital-respon-
sive, ones. Possible combinations of the elements in the CYP2B2 PBRU in
other phenobarbital-inducible genes have been pointed out (67). Various
combinations of these elements in the PBRUs of P450s and other pheno-
barbital-responsive genes could provide the complexity necessary to explain
the gene-specific and tissue-specific variations in the characteristics of in-
duction, providing a basis for the observed differences. Analysis of the
PBRUs of other phenobarbital-inducible genes should provide insight into
whether distinct mechanisms or simply variations on the same theme are in-
volved.

The transient transfection or cell-free assays uniformly exhibit increases
in transcriptional activity that are substantially less than that seen in vivo, 2-
to 8-fold versus more than 100-fold. Part of this deficiency might be due to
the absence of some elements that contribute to induction, but it seems like-
ly that the state of the transfected DNA in transient assays plays a large role.
CYP2B1 expression is undetectable in untreated animals in vivo, yet expres-
sion of the transfected gene is detected in HepG2 cells, primary hepatocytes,
and hepatocytes transfected in situ without phenobarbital treatment. As a
general rule, binding of histones to DNA to form chromatin results in re-
pression of expression. In the transient transfections, such chromatin struc-
ture is missing so that the normal silencing of the gene may be absent. Al-
ternatively, there may be specific silencer sequences in the genes that are
missing from the DNA gene fragments used in the assays. In either case, re-
pression must be invoked to explain how the proximal promoter, which con-
tains several positively acting regulator elements, can be essentially silent in
vivo. It will be important to determine the binding of regulatory factors in
these regions in native chromatin to determine if chromatin structure defines
factor binding. Changes in the sensitivity of the gene region to DNase I, the
sensitivity of hypersensitive sites, and the association with nuclear matrix af-
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ter phenobarbital treatment suggest that changes in chromatin structure and
binding may occur (68).

The studies on phenobarbital induction of P450 in bacteria have led to a
model in which depression is a key feature (Fig. 1). As illustrated for P450
BMS3, the binding of the repressor BM3R1 to a palindromic site in the oper-
ator region for the BM3R1 and BM3 operon and to barbie box sequences
near a weaker promoter for BM3 represses the expression of both BM3 and
BMB3R1. In the presence of phenobarbital treatment, the binding activity of
BMB3R1 for the palindromic sequence is reduced. At the same time the syn-
thesis of two or more positively acting factors is induced and these factors
compete for the binding of the repressor at the barbie box region. The exact
nature of the positively acting factors needs to be established, but such a
model in general terms is well established.

The model for the induction of the mammalian P450s is less well defined.
The bacterial depression model serves as a guide for the mammalian mech-
anism, but is probably not directly analogous. The similarity of barbie box se-
quence in bacteria and mammals may be suggestive of a common mecha-
nism, but the inability of several laboratories to detect binding to this element

suggest that the presence of similar sequences in bacterial and mammalian

genes is largely coincidental. In addition, correlation of the aliphatic side
chain of the barbiturates with induction in bacteria, and the strong induction
by peroxisomal proliferators, are contrary to induction of phenobarbital-in-
ducible P450s in mammals. Parenthetically, if the AGGTCA sequence in the
PBRU is critical for phenobarbital induction, there may be an evolutionary
connection between the two, because the peroxisomal proliferator-activated
receptor binds to a repeat of the AGCTCA sequence. There are also sub-
stantial differences in the structure of the genes in vivo in bacteria and mam-
malian cells. Mammalian genes are complexed with histones, in a chromatin
structure that depresses transcriptional activity, whereas bacterial DNA has
a less complex structure and specific repressors such as BM3R1 repress the
activity. Activation of the mammalian genes probably involves structural
changes in the chromatin as well as activation of transcription, and is likely
to be significantly more complex than the bacterial mechanism. Changes in
the chromatin structure of the CYP2B2/1 genes after phenobarbital treat-
ment have also been detected by general DNase I sensitivity (68). Approxi-
mately a twofold increase in the sensitivity of the genes was observed. In ad-
dition, the amount of the genes associated with the nuclear matrix was
increased by phenobarbital treatment, which would be consistent with struc-
tural changes in these genes.

The mammalian mechanism probably involves a derepression system.
Before speculating on the mechanism, it is useful to review what is known.
Several positively acting elements have been identified in the proximal pro-
moter, redundant positive elements are present in the PBRU region, and a
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MODEL 1 MODEL 2
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FIG. 6. Possible models for the activation of the CYP2B2 promoter by phenobarbital. Mul-
tiple positive elements have been demonstrated in the PBRU and proximal promoters, but fac-
tors have not been characterized except for C/EBP in the proximal promoter and NF-1 in the
PBRU. Factors other than these are hypothetical. Positive factors are indicated by circles or ovals
and negative factors by rectangles. CO, Coactivators that do not bind directly to the DNA. The
complex of basal transcription factors (BTF) and RNA polymerase II (RNAP) is indicated by
the large oval. In model 1 most of the factors involved are bound to the promoter and PBRU in
the untreated animals, and activity is repressed by suppressors or negative factors or chromatin
structure. Phenobarbital treatment has little effect on the DNA-binding proteins, but reverses
the repression so that the positively acting factors are now transcriptionally competent, which
may involve binding different coactivators and alteration of the chromatin structure. In model
2, the chromatin structure in the untreated animal is not conducive to binding of the positive
factors and possibly supports binding of negative elements. Phenobarbital treatment induces a
change in the chromatin structure at the PBRU, which allows the binding of positive factors and
possibly cofactors, resulting in a change in the chromatin structure at the proximal promoter
and binding of positive factors there as well. This model is based on the mechanisms of activa-
tion of the MMTYV promoter by glucococorticoids and the CYPIAI gene by aromatic hydro-
carbons (69, 70). The presence of DNase I hypersensitivity regions at both the proximal pro-
moter and PBRU in untreated animals favors model 1, assuming that the hypersensitivity
actually reflects the disruption of chromatin structure in repressed CYP2B2 genes.

repressor element may be present adjacent to the NF-1 site in the PBRU. The
factors that bind to these elements that have been defined are NF-1 in the
PBRU and C/EBP in the proximal promoter. Conjecture about the nature of
all other factors and coregulator proteins shown in Fig. 6 is speculative. It is



60 BYRON KEMPER

clear that the PBRU is a complex responsive unit containing several regula-
tory elements, one or more of which mediates the phenobarbital action ei-
ther directly or indirectly.

The presence of the NF-1 site in the PBRU is particularly interesting. NF-
1, although a constitutive factor, has been implicated in the ligand-dependent
regulation of the MMTV promoter and CYPIAI (69, 70). In both cases, ac-
tivation of the respective genes by the ligand results in binding of NF-1 to its
site, presumably because of changes in chromatin structure. NF-1 binding is
greatly reduced when DNA is in a normal nucleosomal structure (71). In ad-
dition, as many as 12 variants of NF-1 derived from four genes have been de-
tected (64, 65), thus phenobarbital induction could in principle modulate a
specific NF-1 that binds preferentially to the PBRU because of sequences
flanking the NF-1 site. Alternatively, phenobarbital might result in modifi-
cations of NF-1 or adjacent binding proteins, resulting in the binding of a dif-
ferent NF-1 isoform. In addition to its positively acting function, NF-1 has
been shown to be a negatively acting factor by competition with an overlap-
ping site (72). Because mutation of the NF-1 site in CYP2B2 and Cyp2b10
does not increase transcription in the untreated animals, NF-1 in this case ap-
pears not to be a repressor but acts in a positive manner.

Two possible models for phenobarbital induction of CYP2B2 are illus-
trated in Fig. 6. Ligand-mediated increases in gene transcription usually in-
volve two steps, a change in the chromatin structure that allows binding of
regulatory factors or alters their activity and activation or recruitment of the
basal transcription factors and the RNA polymerase IT complex to the RNA
initiation site. Emerging general models of ligand-mediated activation sug-
gest that chromatin remodeling is accomplished by acetylation of histones as
an important modification in the activation and deacetylation for repression.
Several activating transcription factors have acetylase activity, and suppres-
sor coregulator factors with deacetylase activity have been described
(73-75). Activation by factors may involve an allosterically induced struc-
tural change in one of the components of the basal transcription apparatus
or recruitment of this apparatus to the promoter (76). The two models for
phenobarbital induction have in common a change in the chromatin struc-
ture, possibly mediated by acetylation, and the speculation that coregulators
may be present.

Model 1 is based on postulated mechanisms for the activation of gene ex-
pression by ligands for which the receptor binds to its binding site even in
the absence of the ligand (77). In the untreated animal all of the factors are
bound to their respective sites, which might include a negative factor in the
PBRU, and the suppression is mediated by negative coregulators that main-
tain the chromatin in a transcriptionally inactive state. Phenobarbital acts by
altering the binding of a protein to the PBRU, or its activity, such that the
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chromatin structure is altered to one that supports recruitment of the basal
transcription machinery to the promoter, and transcription proceeds. This
process might be mediated by positive coregulators. This model is consistent
with the presence of DNase I hypersensitivity of the PBRU and proximal pro-
moter even in untreated animals. It requires that any PB binding factor that
binds would mimic binding of a protein in the untreated animal or that phe-
nobarbital treatment alters the activity but not binding of a factor, because
no difference in binding in vitro is seen with extracts from untreated or treat-
ed animals (67).

Model 2 is based on the induction of the MMTYV promoter by glucocor-
ticoids and of CYP1A1I by polycyclic aromatic hydrocarbons (69, 70). In the
model, the chromatin structure is closed to binding of factors in both the
proximal and the distal regions, possibly because of a repressor factor, as
shown, or deacetylation of the histones. In this case, the primary effect of phe-
nobarbital is to cause the binding of a factor that alters the chromatin struc-
ture so that NF-1 and other positively acting factors can bind. Again, posi-
tively acting coregulators may contribute to this change. This is followed by
the recruitment of the basal transcriptional machinery. This model is consis-
tent with the lack of changes in binding to the DNA in vitro after phenobar-
bital treatment, because chromatin structure modulates the binding. It is not
consistent with the presence of DNase I hypersensitivity of the PBRU ob-
served in the untreated animals, unless this result does not reflect the state
of the inactive gene, for example, if the hypersensitivity is due to closely re-
lated constitutively expressed genes.

It is likely the experiments in the next few months and years will distin-
guish among these possibilities. Work was presented at the Twelfth Interna-
tional Symposium on Microsomes and Drug Oxidations in 1996 by A. An-
derson’s group (Université Laval, Québec, Canada) on dissection of the
functional elements of the CYP2B2 PBRU assayed in primary hepatocytes
(78) and by C. Omiecinski’s group (University of Washington, Seattle) on the
regulation of transgenes, containing CYP2B2 5’ flanking regions, which re-
spond to phenobarbital. Completion of these studies will considerably en-
hance our understanding of the phenobarbital response. Studies of the chro-
matin structure of the PBRU, the proteins that bind under native chromatin
structure, and the complexes of proteins that interact with the PBRU DNA-
binding proteins should provide considerable insight. Such characterizations
hold great promise to identify the regulatory protein that is the target of phe-
nobarbital action. Functional studies in transgenic mice will provide the nec-
essary functional studies in vivo to establish the quantitative contribution of
the PBRU to the phenobarbital response. After many frustrating years, the
tools are now available to address these questions conclusively, and the an-
swers are just around the corner.
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This review summarizes the current status of protein arginine N-methylation
reactions. These covalent modifications of proteins are now recognized in a num-
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ber of eukaryotic proteins and their functional significance is beginning to be un-
derstood. Genes that encode those methyltransferases specific for catalyzing the
formation of asymmetric dimethylarginine have been identified. The enzyme
modifies a number of generally nuclear or nucleolar proteins that interact with
nucleic acids, particularly RNA. Postulated roles for these reactions include sig-
nal transduction, nuclear transport, or a direct modulation of nucleic acid inter-
actions. A second methyltransferase activity that symmetrically dimethylates an
arginine residue in myelin basic protein, a major component of the axon sheath,
has also been characterized. However, a gene encoding this activity has not been
identified to date and the cellular function for this methylation reaction has not
been clearly established. From the analysis of the sequences surrounding known
arginine methylation sites, we have determined consensus methyl-accepting se-
quences that may be useful in identifying novel substrates for these enzymes and
may shed further light on their physiological role. © 1998 Academic Press

l. Introduction

It has become increasingly clear that protein function is dependent on the
covalent posttranslational modification of the 20 amino acid residues nor-
mally incorporated by ribosomes during protein synthesis. Some of these
modifications are reversible, such as protein phosphorylation reactions,
whereas others are apparently irreversible and can effectively create new
types of amino acids to broaden the chemical diversity of polypeptides. In
this latter group of modifications are a number of S-adenosylmethionine
(AdoMet)-dependent methylation reactions that occur on the side-chain ni-
trogen atoms of lysine, arginine, and histidine residues (I). Although we un-
derstand some of the chemistry and enzymology of these reactions, less
progress has been made in deciphering their functional importance.

In recent years, however, a number of advances have allowed us to get a
clearer picture of the physiological role of one type of these reactions, the
methylation of the guanidino group nitrogen atoms of protein arginine
residues. Protein arginine methylation is found in most cells of higher eu-
karyotic species (2) as well as in lower eukaryotes, such as the trypanosomes
(3, 4), but to date has not been found in prokaryotic organisms. As described
below, it now appears that there are at least two distinet classes of protein
arginine N-methyltranferases. The Type I enzyme catalyzes the formation of
NSG-monomethylarginine and asymmetric NG, N-dimethylarginine residues;
whereas the Type 1l enzyme catalyzes the formation of N®-monomethylargi-
nine and symmetric NG,N'¢-dimethylarginine residues (Fig. 1). Several in
vivo substrates have been identified for the Type 1 (asymmetrically meth-
ylating) enzyme, including hnRNP A1, fibrillarin, and nucleolin. Interesting-
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Fic. 1. The structures and stepwise synthesis of methylated arginine derivatives found in
proteins. AdoMet serves as the methyl donor for two consecutive methylation events on the
guanidino nitrogens of arginine residues. At least two protein arginine N-methyltransferases cat-
alyze these reactions with both substrate and product specificity. One of the arginine methyl-
transferase activities (Type ) mono- and asymmetrically dimethylates hnRNP Al as well as sev-
eral other proteins that interact with RNA, including nucieolin and fibrillarin. The other known
enzyme activity (Type 1I) mono- and symmetrically dimethylates myelin basic protein.

ly, all of these methyl-accepting proteins interact with RNA species, sug-
gesting that the methylation of arginine residues might directly or indirectly
modulate this interaction. In contrast, only a single in vivo substrate for the
Type II (symmetrically methylating) methyltransferase is known: a major pro-
tein component of the myelin sheath, myelin basic protein.

A gene coding for a Type I methyltransferase has been identified in rat
and yeast DNA (5-7) and apparent homologs have been found in human (8),
mouse, sea urchin, Caenorhabditis elegans, Pisolithus tinctorus, rice, and
Arabidopsis thaliana (9) DNA. The specific importance of asymmetric or
symmetric protein arginine methylation in terms of a cellular function re-
mains to be elucidated and current progress in this direction is addressed in
this review. It is important to keep in mind that the metabolic cost of methy-
lation is high (a net utilization of 12 ATPs is associated with the formation of
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a methylated product) (10); therefore, the ultimate benefit of this reaction
must outweigh its energetic cost for it to be retained through evolution.

ll. Background

A. Guanidino-Methylated Arginine Residues
in Proteins

Methylated derivatives of arginine residues were first identified as radio-
labeled acid hydrolysis products of in vitro incubations containing calf thy-
mus nuclei and S-adenosyl-[1*C-methyl]-L-methionine ([}*C]AdoMet) (11,
12). These produects, initially termed “unknown I” and “unknown II,” eluted
from a cation-exchange amino acid analysis column just before and just af-
ter the elution position of free arginine (11, 12). In subsequent work, un-
knowns I and IT were clearly shown to result from an enzyme activity termed
“protein methylase I” that transfers methyl groups from AdoMet to the en-
dogenous “sulfated histone” fraction of the nuclei (12). These products were
tentatively identified as guanidino-methylated derivatives of arginine based
on the production of [**C]methylurea after treatment with 2 N NaOH and
the inability of arginase to release urea from them (12). Unknown I was de-
termined to be methylated only at the guanidino group, whereas unknown
1T was suggested to be methylated at both the guanidino and a-amino groups
(however, see below) (I12).

Similar conclusions were reached from an examination of the products of
in vitro methylation reactions containing [1C]AdoMet, calf thymus histones,
and soluble proteins from rat uterine cell cytosol (I3). Cation-exchange
amino acid analysis of the acid hydrolysis products from the histone methy-
lation reaction also revealed two major radioactive species, one eluting prior
to and the second coeluting with the free arginine standard (13). Identically
eluting peaks were also detected when poly(L-arginine) was used as the
methyl acceptor (13).

In parallel studies, evidence for methylated arginine residues in proteins
was obtained from the analysis of urine for novel amino acids (14). These
species can result from the inability of cells to metabolize fully certain amino
acid residues in proteins (15). Chemical degradation analysis, elemental com-
position, and nuclear magnetic resonance (NMR) spectra identified NG, NG-
dimethylarginine (asymmetricc DMA) and NC,N'6-dimethylarginine (sym-
metric, DMA') (Fig. 1) in human urine (14). The amounts of these amino acids
in urine did not vary with dietary intake, suggesting that they resulted from
the hydrolysis of cellular proteins (14). The existence of these amino acids as
residues in cellular proteins in vivo was then confirmed from the direct analy-
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sis of acid hydrolysates of bovine brain proteins as well as protein hy-
drolysates from various rat organs (16, 17). Synthetic standards (14), whose
structures were determined by elemental analysis, NMR, and infrared (IR)
spectroscopy (16) as well as various chromatographic techniques (17), were
used for chromatographic comparison with the compounds isolated from
protein hydrolysates. In rats, the levels of protein-incorporated asymmetric
dimethylarginine ranged from 0.01 pmol/g of protein in blood to 1.67
pmol/g of protein in spleen; the amounts of the protein-incorporated sym-
metric dimethylarginine varied from 0.01 wmol/g of protein in blood to 0.31
pmol/g of protein in brain (16). Overall, the concentration of the asymmetric
derivative was always greater than the symmetric, with the highest levels of
both found in the small intestine, spleen, lung, liver, and brain (2, 16). In ad-
dition to asymmetric and symmetric dimethylarginine, N®-monomethylargi-
nine (the presumed biosynthetic intermediate) was also found in the protein
hydrolysates from bovine brain (16).

Finally, the identities of the hydrolysis products from in vitro methylation
reactions containing rat brain or liver proteins, with [**C]AdoMet as the
methyl donor, were then unambiguously identified as mono- as well as asym-
metric and symmetric dimethylarginine by comparison to standards using
various chromatographic techniques (17). The a-amino and 8-imino methy-
lated derivatives previously suggested (12) were ruled out as potential in vivo
products after alkaline hydrolysis and comparison of their chromatographic
properties with standards (16). Taken together, these data indicate that the
peak originally identified as unknown I (1, 12) was probably a mixture of
asymmetric and symmetric dimethylarginine (17), whereas unknown II (11,
12) was most likely monomethylarginine (17).

The isolation and quantitation of methylarginine derivatives have been
typically accomplished through the use of paper electrophoresis, chemical
degradation, high-pressure liquid chromatography (HPLC) analysis, and
cation-exchange chromotography (2, 5, 6, 14, 16, 18, 19, 20, 21). It is also pos-
sible to determine these residues directly in polypeptides by automated Ed-
man sequencing (22). This latter method not only allows the positive deter-
mination of the methylated residue but also gives the position of the
methylated residue within the sequence. Although it has not yet been used
extensively in this area, electrospray mass spectroscopy is a potentially pow-
erful tool to determine rapidly whether a given protein may be covalently
modified, as well as the site and type of the modification. It is also possible
that antibodies specific for one or more types of methylated arginine residues
could be developed as general analytical probes, much as antiphosphotyro-
sine antibodies have been useful in identifying phosphotyrosine-containing
proteins (23). For example, an antibody has been found that recognizes argi-
nine methylated Npl3 isolated from yeast but not the unmodified recombi-
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nant Npl3 expressed in Escherichia coli (24). Subjecting the bacterially ex-
pressed Npl3 to an in vitro protein arginine methylation reaction allowed an-
tibody recognition of the protein. These results suggest that the antibody was
specifically interacting with the methylated version of the protein, although
it is not clear if part of the recognition epitope includes determinants aside
from the methylarginine residues.

B. Protein Arginine N-Methyltransferases

An enzymatic activity initially termed “protein methylase I” and now gen-
erally referred to as protein arginine N-methyltransferase (EC 2.1.1.23) was
first described in calf thymus (11, 12). This broad class of enzyme catalyzes
the transfer of methyl groups from AdoMet to the terminal nitrogens (m1 and
m2) of protein-incorporporated arginine residues to generate monometh-
ylarginine as well as symmetric and asymmetric dimethylarginine (Fig. 1). Af-
ter the identification of these three methylated arginine derivatives in pro-
teins in vivo and in vitro (16, 17), two central questions concerning the
enzymatic activities remained: (1) how many protein arginine N-methyl-
transferases are responsible for creating the three derivatives and (2) what is
the range of possible methyl-accepting substrates acted on by each enzyme?

To answer these questions, a number of groups have pursued the purifi-
cation of these enzyme activities using specific methyl-accepting proteins in
in vitro assays. Since the initial partial purification (12), there have been at
least 15 reports concerning the purification of these methyltransferases from
various tissues (Table I).

Because the sulfated histone fraction from calf thymus was the first iden-
tified methyl-accepting substrate for a protein arginine N-methyltransferase
(12), most of the initial purifications used histone fractions to track the activ-
ity at each step. Histone fractions f2a,, £2b, and {3 as well as the purified hi-
stones H4, H2A, and H2B were also found to be good in vitro substrates for
arginine N-methyltransferase activities isolated from rat organs and human
placenta (13, 23, 26). For the histone preparations methylated by the rat en-
zyme, the exact methylated arginine derivative formed was not determined,
only that it was dimethylarginine (I3, 25). The human placental arginine
methyltransferase, on the other hand, methylated a histone preparation (calf
thymus type IIAS; Sigma) to give all three derivatives, asymmetric and sym-
metric dimethylarginine as well as monomethylarginine, in a ratio of 50:7:44,
respectively (26). Several other proteins tested as potential substrates, in-
cluding soy bean trypsin inhibitor, bovine serum albumin, lysozyme, cy-
tochrome ¢, hemoglobin, RNase, and fibrinogen, were not found to be methyl
acceptors (13, 25, 26).

In 1971, myelin basic protein was found to be a good in vitro methyl-ac-
cepting substrate for a protein arginine N-methyltransferase in guinea pig
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brain extracts (27), and subsequent work confirmed this in mouse spinal cord
extracts (28) and rat brain extracts (29). The products of these reactions were
mono- and symmetric dimethylarginine (30). These in vitro methylation ex-
periments were based on the results of the sequence and amino acid analy-
ses of myelin basic protein from several species. Specifically, position 107 of
bovine brain myelin basic protein is occupied by monomethylarginine
(40-80%) and symmetric dimethylarginine (20%) (18, 31, 32). Sequence
analysis also revealed the presence of mono- and symmetric dimethylargi-
nine in endogenous myelin basic protein from rat brain (33) and chicken
brain (34). Amino acid analysis of native myelin basic protein acid hy-
drolysates from several additional species, including bovine, frog, rabbit,
monkey, and turtle, also showed the presence of mono- and symmetric di-
methylarginine, indicating the general nature of this modification (21, 35).
The presence of two methyl-accepting proteins with nonidentical but over-
lapping subtypes of methylated arginine residues suggested that cells may
contain more than one type of protein arginine N-methyltransferase.

Biochemical evidence for the presence of more than one enzyme initial-
ly came from the differential ammonium sulfate fractionation of two protein
arginine N-methyltransferase activities from rat brain that were more specif-
ic for either histones (now Type I) or myelin basic protein (now Type II) as
methyl-accepting substrates (36). However, neither methyltransferase was
completely separated from the other activity in this study. Interestingly, a sec-
ond group (37) was not able to repeat this ammonium sulfate fractionation
(36). They could not resolve the myelin basic protein methylating activity
from the histone activity after a single chromatographic step that resulted in
an 11-fold purification (37). From these data and the fact that myelin basic
protein and histones both competitively inhibited the methyltransferase ac-
tivity (29), they suggested that one methyltransferase recognized both sub-
strates (37).

In later work, however, these two methyltransferase preparations (36)
were further purified by gel filtration (30). Assays of acid-hydrolyzed myelin
basic protein methylated by the gel filtration-purified Type II enzyme and
[1*C]AdoMet indicated the presence of only radioactive monomethylarginine
and symmetric dimethylarginine (30). In similar assays, the gel filtration-pu-
rified Type I activity only catalyzed the formation of radioactive monomethy-
larginine and asymmetric dimethylarginine in histone methyl-accepting sub-
strates (30). This histone-methylating activity was also apparently free of any
myelin basic protein methylation activity (30). It should be noted, however,
that the Type II activity could still methylate histones, but the identity of the
methylated arginine residue in these histones was not determined (30), al-
lowing for the possibility of contamination by a Type I enzyme.

Additional evidence in favor of the multiple enzyme theory was provid-



TABLE 1
PURIFICATIONS OF PROTEIN ARGININE N-METHYLTRANSFERASES

Year of Enzyme Fold AdoMet K _ pH Molecular Methylated
purification  Ref. source purification Substrate” (uM) optimum mass” residues®
Types L and II
1968 12 Calf thymus 34 Histones 21 74 ND4 Guanidino-methylated
arginine
1971 13 Rat organs ND Histones/ 10 8.5 ND Methylated arginine
(poly)Arg
1971 25  Ratthymus 35 Histones ND 8.1 150kDa Guanidino-methylated
arginine
1975 30 Rat brain 250 Histones ND ND ND DMA, MMA
1978 52 Krebs II 150 Histones 2.5 ND 500 DMA, MMA
ascites cells
1986 39 Bovine brain 52 Histones ND ND ND DMA, DMA’, MMA
1988 40 Calf brain ND Histone 8 ND 275kDa  ND
1991 26 Human placenta 400 Histones 5 7.4-76 ND DMA, DMA’, MMA
1994 48 Rat liver 195 hnRNP Al 6.3 7.6 430kDa  DMA, MMA
1995 49 HeLa cells 550 hnRNP Al 5.8 7-7.4 450kDa  DMA, MMA
1971 27 Guinea pig brain ND Myelin basic ND ND ND DMA, MMA

protein
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1974
1975
1977
1988

1988

Type 111
1982

Type IV
1985

37

30

38

40

41

50

53

Rat brain
Rat brain
Calf brain
Calf brain

Bovine brain

Wheat germ

Euglena gracilis

6-11

170

119

404

ND

90

52

Histones/myelin
basic protein
Myelin basic
protein
Histones/myelin
basic protein
Myelin basic
protein
Myelin basic
protein

Histone

Cytochrome ¢

ND

ND

7.6

4.4

7.6

5.7

40

ND

ND

7.2

ND

ND

ND

ND

ND

500 kDa

72 kDa®

ND

36 kDa

DMA, MMA
DMA, MMA
DMA, DMA’, MMA
DMA, MMA

ND

DMA, MMA

MMA

“Best substrates are listed.
PDetermined by gel filtration.
“DMA, N N¢-dimethylarginine; DMA’, N© N'¢.dimethylarginine; MMA, monomethylarginine.

IND, not determined.

“Determined by SDS-PAGE.
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ed by the partial purification of the Type I arginine methyltransferase from
calf brain (38). For each active methyltransferase pool generated during the
purification, the relative efficiency of histone and myelin basic protein
methylation was also monitored at each step of the purification. In addition,
the amount of radioactivity incorporated into each of the three methylated
derivatives of arginine was determined using only histones as the methyl-ac-
cepting substrate. Throughout the purification of the Type I enzyme, the ra-
tio of histone to myelin basic protein methylation efficiency increased from
1.6 to 8.9 (38), indicating the existence of at least two enzyme activities. In
this same purification, the ratios of the methylated arginine products in his-
tones did not vary greatly (DMA:DMA":MMA = 40:5:55). From these data,
the authors therefore suggested that although there are different methyl-
transferases recognizing different substrates, a single protein arginine N-
methyltransferase could form all three methylated arginine derivatives. Pre-
sumably the type of posttranslationally modified arginine formed would be
dependent on the local context (sequence or structure) of the arginine residue
within the substrate protein, or perhaps on the presence of regulatory sub-
units associated with the methyltransferase.

Perhaps the best evidence for the existence of at least two different types
of protein arginine methyltransferases in a single tissue came from the par-
tial purification of a Type I methyltransferase from bovine brain capable of
methylating histones and not myelin basic protein (39), and from the sepa-
rate purifications of a myelin basic protein-specific and a histone-specific
methyltransferase from calf brain (40) (Table I). The Type I and Type II en-
zymes isolated from calf brain were found to have differential stabilities to
treatment with heat, p-chloromercuribenzoate, and guanidine-HCI (40);
these results clearly distinguish the two enzymes from each other. Further-
more, the Type I enzyme did not methylate myelin basic protein (40). How-
ever, the Type Il enzymes from two separate preparations (40, 41) had some
activity toward histones, but the K was three orders of magnitude greater
for histones than for myelin basic protein and the V___was, interestingly,
twofold higher for histones than for myelin basic protein as methyl acceptors
(40). 1t is also possible that it is solely the affinity of substrate binding that
leads to the specificity of methylation by the Type II protein arginine N-
methyltransferase and that this enzyme is able to methylate Type I substrates
at a low efficiency. Surprisingly, in this study the identities of methylated
arginines incorporated into the histones by either enzyme were not deter-
mined (40). However, the myelin basic protein substrate was found to be
specifically mono- and symmetrically dimethylated (80:20) by the Type Il en-
zyme, and the asymmetric dimethylarginine derivative was not detected (40)
(Table II).

The purified calf brain Type I methyltransferase has a native molecular



PROTEIN ARGININE METHYLATION 75

TABLE 11
PRESENCE OF VARIOUS ISOFORMS OF METHYLATED ARGININE IN SEVERAL SUBSTRATES
FROM DIFFERENT ENZYME PREPARATIONS

Year of Asymmetric Symmetric

purification Ref.  Substrate  dimethylarginine dimethylarginine Monomethylarginine

1975 30 Histones +e ND? +

1977 38 Histones 32% 5% 63%

1978 52 Histones + ND +

1982 50 Histones ND + +

1986 39 Histones 19% 13% 69%

1991 26 Histones 50% 7% 44%

1994 48 Histones 51% ND 49%

hnRNP Al 41% ND 59%
1994 5 hnRNPAL + ND +
1994 6 Histones + ND +
hnRNP Al + ND +

1995 49 hnRNP Al + ND +

1971 27 Myelin basic ND + +
protein

1975 30 Myelin basic ND + +
protein

1988 40 Myelin basic ND 20% 80%
protein

1990 45 Myelin basic pe pe +
protein

“Presence of residue, not quantitated in reference.
PND, none detected.
“Only dimethylarginine determined.

mass of 275 kDa, estimated by gel-filtration chromotography, and this en-
zyme activity is associated with two major polypeptides of 110 and 75 kDa
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(40). The purified calf brain Type I myelin basic protein-specific enzyme was
determined to be about 500 kDa by gel-filtration analysis, and includes two
polypeptides of 100 and 72 kDa by SDS-PAGE (40). However, another pu-
rification of the Type II enzyme suggested a single polypeptide with a mole-
cular mass between 71 and 74.5 kDa (41). These data are consistent with
both methyltransferases being multimers, although the subunit structures of
this complex are far from clear at this point. The recently cloned mammalian
Type 1 protein arginine N-methyltransferase gene codes for a polypeptide of
approximately 40 kDa that has enzymatic activity by itself (6). This raises the
possibility that the higher molecular weight species identified in both prepa-
rations by SDS-PAGE were contaminants, although these larger polypeptides
may have regulatory roles similar to those seen in other enzymes (42).
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In 1977, protein components of the 408 ribonuclear complex were also
found to contain methylated arginine residues in vivo (43, 44). The polypep-
tides, heterogeneous nuclear ribonuclear proteins (hnRNPs) Al and A2, con-
tain almost exclusively the asymmetric dimethylarginine derivative with a mi-
nor amount of monomethylarginine, whereas none of the symmetric
derivative was detected (43, 44). Bovine brain Type I and Type II arginine
methyltransferase preparations were unable to methylate recombinant hn-
RNP Al; therefore, this methylation was at first considered to be of a third
class (45). However, Type I methyltransferase preparations from rat liver and
calf brain were later shown to methylate recombinant hnRNP A1 much more
efficiently than histones in vitro (46-48). The K_ for hnRNP A1l is 100-fold
lower and the V___is at least sevenfold higher than for histones (47). Re-
combinant hnRNP Al overexpressed in E. coli is a much better substrate
than native hnRNP Al protein, presumably because the latter is already near-
ly fully methylated (46). Analysis of the arginine methylation products in the
recombinant hnRNP Al after an in vitro reaction showed the presence of
only mono- and asymmetric dimethylarginine (48). The fact that the methy-
lated arginine residues found in hnRNP Al in vivo and after in vitro reac-
tions with a Type I methyltransferase preparation were the same as those
identified from in vitro reactions with histones led to the conclusion that the
Type I histone and hnRNP Al methyltransferases were the same (46, 47).
This substrate has since been used in two additional purifications of protein
arginine N-methyltransferases (48, 49).

The Type I rat liver hnRNP Al methyltransferase has an estimated mo-
lecular mass of 450 kDa by gel filtration, and SDS-PAGE analysis of the
purest fraction shows an apparent single polypeptide at 110 kDa (48). The
enzyme has maximal activity toward recombinant hnRNP Al, with relative
activities of only 23 and 11% for myelin basic protein and histones, respec-
tively (48). Although myelin basic protein was apparently a substrate for the
purified material, amino acid analysis of the hnRNP A1l and histone substrate
demonstrated the presence of only monomethylarginine and asymmetric di-
methylarginine, with none of the symmetric form (48). These methylated
products are consistent with the activity of the Type 1 enzyme, because
myelin basic protein does not contain any asymmetric dimethylarginine (31,
32). It is surprising that amino acid analysis or tryptic peptide microse-
quencing was not done on the methylated myelin basic protein in these ex-
periments to distinguish between the possibilities that the preparation was
contaminated with a Type II methyltransferase, that the myelin basic protein
was contaminated with a substrate for the Type I enzyme, or that myelin ba-
sic protein could be methylated at a site distinct from Arg-107 by the Type 1
enzyme (48).

Subsequently, a more purified form of an hnRNP Al methyltransferase
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from human ovarian carcinoma HelL.a cells was prepared and its specificity
for methylating recombinant hnRNP Al histones, but not myelin basic pro-
tein was determined (49). This methyltransferase was apparently not purified
to homogeneity because the purest fraction contained at least eight polypep-
tide bands by silver-stained SDS-PAGE analysis (49). The two most promi-
nent bands were at 100 and 45 kDa (49). As with the rat liver enzyme (48),
the HeLa cell methyltransferase also chromatographed as a 450-kDa
polypeptide on gel filtration (49). Again, it is not clear which, if any, of these
polypeptides observed in the final stages of the purifications are actually part
of the native enzyme.

The above discussion has focused on the two major mammalian classes
of identified protein arginine N-methyltransferase activities: the Type I asym-
metric, hnRNP Al/histone-methylating enzyme and the Type Il symmetric,
myelin basic protein-specific enzyme. Other activities have been character-
ized from nonmammalian sources. For example, a distinct histone H4-spe-
cific methyltransferase has been characterized in plants (50, 51). A partially
purified wheat germ protein arginine N-methyltransferase preparation was
found to methylate endogenous histones, giving solely mono- and symmetric
dimethylarginine residues (50). In comparison, the Type I enzyme generally
catalyzes the formation of only monomethylarginine and asymmetric di-
methylarginine residues when incubated with histones (52) (Table II). The
wheat germ enzyme was also incapable of methylating myelin basic protein
whose only methylated arginine residue is found as either monomethylargi-
nine or symmetric dimethylarginine (50). Together with the fact that en-
dogenous histones from wheat germ but not those from calf thymus contain
symmetric dimethylarginine residues (50) and given the difference in the na-
ture of the in vitro-methylated reaction products, these results support the
conclusion that the wheat germ enzyme is distinct from its mammalian coun-
terpart, and we designate it Type III.

A fourth type of enzyme was purified from the photosynthetic protozoan
Euglena gracilis (53). This methyltransferase specifically monomethylated a
single arginine residue at position 38 in cytochrome ¢ from horse heart (53).
The enzyme did not methylate histones to a great extent, but did methylate
myoglobin at over half the velocity seen with cytochrome ¢ (53). The native
size of this Type IV enzyme is estimated to be 36 kDa by gel filtration (53)
and is therefore much smaller than the native mammalian enzymes. The en-
dogenous methyl-accepting substrates for this enzyme have not been char-
acterized.

In summary, at least four types of protein arginine methyltransferases
have been identified in various eukaryotic species, ranging from the protists,
such as Leishmania sp. (3), to higher organisms, including humans (26). Pro-
tein arginine methylation has, however, never been observed in bacterial
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species. Liu and Dreyfuss (49) could not detect any Type I activity from E.
coli using recombinant hnRNP Al as the methyl-accepting substrate, al-
though they also could not detect the activity in Saccharomyces cerevisiae,
which was subsequently shown to have a Type I methyltransferase (5, 7). Ad-
ditional evidence for the lack of a Type I protein arginine N-methyltransferase
in E. coli comes from the fact that recombinant hnRNP Al is a better sub-
strate than its endogenous form, presumably because it is fully unmethylat-
ed (46). Despite the number of purifications published on this activity from
eukaryotic organisms, no peptide sequence results have been presented.
Therefore definitive proof of two or more distinct activities, either in sub-
strate or methylated product specificity, awaits the expression of recombi-
nant forms of all of these enzymes with purified substrates and amino acid
analysis of the reaction products.

lll. Identification of Protein Arginine
N-Methyliransferase Genes

A. Mammalian PRMT1

The first mammalian gene encoding a protein arginine N-methyltrans-
ferase was identified from a yeast two-hybrid screen (54, 55) designed to
identify proteins that could interact with murine TIS21, an immediate-ear-
ly/primary response gene product (56-58), and the closely related murine
BTG1 gene product (59, 60). From a rat cDNA library, a single clone, 3G,
was found to interact specifically with both bait proteins in the two-hybrid
screen as well as in in vitro binding experiments (6). A basic local alignment
search tool (BLAST) search through the National Center for Biotechnology
Information (NCBI) (http:/www.nchi.nlm.nih.gov/) (61) queried with the 3G
sequence against the nonredundant protein database identified the E. coli ri-
bosomal protein L11 methyltransferase as the highest scoring alignment for
a protein with a known function (6). This bacterial methyltransferase is
thought to methylate an amino-terminal alanine residue as well as an inter-
nal lysine residue (62, 63). The region of similarity between this protein
and 3G is relatively short (29 amino acids) but encompasses two highly con-
served regions common among a majority of soluble methyltransferases and
AdoMet-binding proteins (64). These regions, I and post I, are thought to be
involved in the binding of AdoMet, and recent crystallographic evidence on
a catechol O-methyltransferase and two DNA methyltransferases demon-
strates a direct interaction between these regions and AdoMet (65). In addi-
tion to region I and post I, 3G also was found to have two additional motifs
common to methyltransferases (IT and III) (64)(Fig. 2). From this sequence
homology data, it was likely that 3G was also a methyltransferase.
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Using an amino-terminal glutathione S-transferase fusion (GST) to 3G,
various protein substrates were tested as possible substrates (6). Although the
fusion protein was not able to methylate isoaspartyl-containing peptides (66)
or the catalytic subunit of protein phosphatase 2A (67, 68), it was able to
methylate peptide R1 (69), which contains a single methylation site for the
Type I protein arginine N-methyltransferase (Section V,A) (6). Although the
peptide was only monomethylated on the arginine residue, analysis of in vi-
tro-methylated histones and recombinant hnRNP Al demonstrated the pres-
ence of both mono- and asymmetric dimethylarginine (6). These results
prove that the 3G ¢DNA, derived from a rat mRNA, encodes a Type I pro-
tein arginine N-methyltransferase, or at least its catalytic subunit. The sug-
gestion that the hnRNP Al and the histone arginine methyltransferases are
identical is also strongly supported by these results: the identical methylated
arginine products are formed from a methylation reaction with recombi-
nantly expressed and purified GST-3G and either of the substrates. Howev-
er, the affinity of the methyltransferase fusion protein for hnRNP A1 is much
greater than for crude histones (6). In addition, myelin basic protein and cy-
tochrome ¢ were not substrates for the fusion protein. The gene encoding this
protein has been termed PRMT1 (Protein aRginine N-Methyl Transferase.
The PRMT1 protein has a calculated polypeptide molecular mass of 40.5
kDa and elutes as a native 180-kDa polypeptide species by gel-filtration chro-
motography (6). Recent results with the yeast two-hybrid system indicate that
PRMT1 is able to at least dimerize with itself (J. Tang and H. Herschman,
personal communication) and it is possible that the native enzyme is a ho-
motetramer, although more complex subunit structures cannot be eliminat-
ed at this point. Northern analysis of the PRMT1 transcript shows that it is
present in all tissues tested, and in RAT] fibroblast cells it is constitutively
expressed and its mRNA levels are not up-regulated after mitogen stimula-
tion (6).

Human homologs of PRMT]1 have recently been identified in two sepa-
rate studies (8, 9). The human HCP1 (highly conserved protein) was identi-
fied as a multicopy cDNA suppressor of a yeast irel5 mutant (9). This muta-
tion causes a decrease in the expression of the inositol 1-phosphate synthase
and inositol transporter genes (70). Suppressors of the ire15 mutation allowed
growth on inositol-free minimal agar plates (9). The published sequence of
the human HCP1 is very similar to the rat sequence, except for a region be-
tween amino acids 147 and 175 that could be the result of a frameshift from
sequencing errors (8). Indeed, an insertion of an A at nucleotide position 468
and an insertion of the dinucleotide GC at position 549 establishes a new
open reading frame that is 96% identical in amino acid sequence to the rat
PRMT]1 protein (Fig. 2). The possible activity of HCP1 as a methyltranferase,
however, was not assessed in this report (9).
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A second human PRMT1 homolog was identified in a yeast two-hybrid
screen designed to find proteins that interact with the intracytoplasmic do-
main of the interferon-o,3 cytokine receptor (8). This human PRMTI ho-
molog was designated IR1B4 and is identical in sequence to the corrected
HCP1 sequence (Figure 2)(8). The methyltransferase activity of human
PRMT1 (IR1B4) was demonstrated by the fact that a histone-methylating ac-
tivity could be coimmunoprecipitated using antibody to the interferon re-
ceptor IFNAR1 (8). In addition, extracts from a human myeloma cell line
grown in the presence of an antisense construct of human PRMT1 (IR1B4)
had an inhibitory effect on the level of endogenous protein arginine N-
methyltransferase activity (8).

The relationship of the PRMT1 methyltransferase to the previously par-
tially purified Type I histone and hnRNP Al methyltransferases shown in
Table I is not clear at this point. The native enzyme size of the PRMT1 en-
zyme appears to be smaller (180 kDa versus 275-450 kDa) than that ob-
served in the previous preparations, and the catalytic unit has a lower mo-
lecular mass (40.5 kDa) than even the smallest of the major polypeptide
species identified in any of the purifications (Section II,B).

In addition to the human PRMT1 homolog experimentally identified by
both Nikawa et al. (9) and Abramovich et al. (8), searches of the database of
expressed sequence tags (AbEST at NCBI) revealed three potential splicing
variants of the human PRMT], represented by human ¢cDNA clones R99195,
H87819, and H71767 (Fig. 3). We obtained and fully sequenced the insert
within each of these clones (J. Gary, unpublished). With the exception of the
amino terminus, the sequences of the human clones are nearly identical to
the rat PRMT1 sequence. In fact, the differences seen may represent poly-
morphisms or errors in library construction. For example, clone H87819
(identical to the human sequences HCP1 and IR1B4) encodes a Met instead
of Phe at amino acid position 77, whereas clone R99195 has a Val replacing
a Leu at position 322, and clone H71767 has two Asp residues replacing two
Glu residues at positions 335 and 348. The most significant differences be-
tween the human variants and the rat PRMT1 are found at the amino termi-
nus (Fig. 3). From Fig. 3, the relatedness of R99195 to H87819 by alterna-
tive splicing is apparent. H87819 can be derived by splicing out the 121-bp
segment of R99195, but the origin of the 5’ fragment of H71767 is less evi-
dent.

We have expressed all three variants as GST fusion proteins. All are able
to methylate an artificial substrate, GST-GAR (J. Gary, unpublished). This
substrate was constructed by fusing the coding region of GST (from pGEX-
2T; Pharmacia) in-frame with the amino-terminal region of human fibrillar-
in (amino acids 1-148) (Section IV,B.1} (R. Kagan and J. Gary, unpublished).
This region of fibrillarin is known to contain asymmetric dimethylarginine in
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vivo (71) and is therefore a substrate for the Type I protein arginine N-methyl-
transferase PRMT1. The reason for the three differently spliced forms of the
human PRMT1 in vivois not clear. Experiments using hypomethylated RAT1
fibroblast extracts (AdOx treated) (6) together with the different forms of the
methyltransferase have not yet revealed any variation in methyl-acceptor sub-
strate specificity (J. Tang and . Gary, unpublished). Perhaps the different 5’
untranslated regions of each of the different mRNA transcripts play an im-
portant role.

In theory, the EST database should reflect the abundance of certain tran-
scripts in vivo: common mRNAs should be randomly cloned proportionate-
ly more than rarer transcripts. Therefore, it is interesting to note that the
H87819 splice variant has been identified twice in the literature (as HCP1
and IR1B4) in screens for specific functions but the other two clones have
not, because the H87819 and R99195 amino termini are unique in dbEST
and the H71767 form is present in at least five other clones.

Another study identified a rat gene encoding a protein with sequence ho-
mology to the rat PRMT1 between the methyltransferase regions I and II1,
but that was divergent outside of these regions (248). The gene is currently
designated PRMT3. A GST-PRMT3 fusion enzyme can methylate GST-
GAR (248), which classifies it as another Type I protein arginine N-methyl-
transferase.

An additional potential human arginine N-methyltransferase gene has
been proposed based on sequence similarity alone and has been designated
hHMT?2 and PRMT2 (GB X99209, H. Scott, unpublished; GB U80213, N.
Katsanis, unpublished). We had also identified this gene from BLAST search-
es of dbEST as human clones T75034 and T77642 (J. Gary, unpublished).
The sequence of this potential methyltransferase (GB X99209 and U80213)
is more distantly related to the rat PRMT1 than is the rat PRMT3 (27% amino
acid identity between PRMT1 and PRMTZ2; 44% identity between PRMT1
and PRMT3), but the sequence within the conserved methyltransferase re-
gions is very similar. The hHMT2/PRMT?2 gene product has an additional in-
teresting sequence feature: the amino-terminal portion has an SH3 domain,
which is present in many signal transduction proteins and is known to bind
a polyproline motif (72). We have expressed this protein as a GST fusion and
have not detected any activity toward the synthetic Type I methyltransferase
substrate GST-GAR, proteins present in the rmt] “hypomethylated” mutant
yeast cytosol, nor myelin basic protein, the Type II substrate (A. Frankel and
J. Gary, unpublished). Therefore it seems premature to designate this species
as a protein arginine N-methyltransferase.

B. Saccharomyces cerevisiae RMT1

On identification of the rat PRMT1 as a Type I protein arginine N-methyl-
transferase, BLAST searches against the nonredundant protein database re-
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vealed a homolog in the yeast S. cerevisiae with 45% amino acid identity, the
hypothetical ODPI gene product (5). ODP1 was originally identified as an
open reading frame downstream of the gene PDX3 (73), and then was later
resequenced through the yeast genome sequencing effort (yeast open read-
ing frame YBR0320) (74) (Fig. 2). It encodes a potential protein product with
a calculated molecular mass of 39.8 kDa and contains the conserved methyl-
transferase regions I, post I, II, and II1, as well as the post III region that is
not found in PRMT1 or its mammalian homologs. This sequence similarity,
combined with biochemical data on the rat PRMTI gene product, strongly
implicated the ODPI gene product as a Type I protein arginine N-methyl-
transferase as well. A previous analysis of yeast ribosomal proteins indicated
the presence of methylated arginines in vivo (75). However, a recent attempt
to detect a Type I arginine N-methyltransferase activity in yeast was unsuc-
cessful (49).

The ability of a GST-Odp1 fusion enzyme to methylate the synthetic R1
peptide substrate (69) was the first experimental indication that Odpl is a
protein arginine N-methyltransferase (5). The fusion protein was also able to
mono- and asymmetrically dimethylate histones, hnRNP Al, and to a lesser
degree cytochrome ¢ and myoglobin, but did not methylate myelin basic pro-
tein at all (5) (J. Gary and M. Yang, unpublished). We thus renamed ODP],
calling it RMT1, for protein aRginine N-Methyl Transferase, to signify its abil-
ity to mono- and asymmetrically dimethylate a broad range of substrates. In
vivo and in vifro experiments using a strain in which the chromosomal copy
of RMT1 was disrupted showed that the mutant strain was viable but high-
ly defective in the ability to form N-methylated arginine derivatives, whereas
the parent strain produced only mono- and asymmetric dimethylarginine (5).

The in vitro methylation of cytosolic extracts from both the parent and
mutant cells with [*H]AdoMet allowed at least five proteins lacking these
arginine derivatives to be visualized by SDS-PAGE analysis and fluorogra-
phy (5). In addition, incubating the GST-Rmt1 fusion with cytosol from this
mutant strain resulted in the specific mono- and asymmetric dimethylation
of at least 13 polypeptides (5). Similar experiments with in vivo-labeled ex-
tract from each strain show that at least four polypeptide species (55, 42, 38,
and 29 kDa) are no longer methylated in rm¢l mutants (J. Gary, unpub-
lished). This is a rather broad substrate specificity compared to the mam-
malian GST-PRMT]1 fusion protein that recognizes only a single 55-kDa
species in the mutant yeast extract (presumably Npl3 by SDS-PAGE migra-
tion) as well as 55- and 65-kDa polypeptides in untreated RAT1 fibroblast
cytosolic fractions (5,6). This difference in substrate specificity might be ex-
plained if mammalian cells have multiple Type I methyltransterases with
varying specificities instead of one enzyme that recognizes the majority of
the substrates (6).
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Rmt1 is responsible for over 80% of the in vivo and in vitro asymmetric
arginine dimethylating activity in yeast (5). Approximately 65% of the in vivo
monomethylating activity can be attributed to Rmt1 (5). We are currently at-
tributing this significant in vitro Rmtl-independent activity to a less abun-
dant protein arginine N-methyltransferase enzyme that may be released dur-
ing homogenization from a cellular compartment, where it would not
normally encounter such high concentrations of hypomethylated proteins
(5). The protein responsible for this activity has not been identified.

RMT1 was also identified in a screen for mutants that caused synthetic
lethality with a temperature-sensitive mutant allele of NPL3 in yeast (7). The
Npl3 protein has been implicated in various processes {24), including nuclear
protein import (76), pre-rTRNA processing (77), as well as binding and shut-
tling mRNA out of the nucleus (78, 79). Null mutants of NPL3 are not viable
(76); therefore, a partially impaired temperature-sensitive mutant was used to
screen for mutants that might further exacerbate the phenotype of the npl3
temperature-sensitive mutant, indicating either that the proteins have some
physical interaction or are present in the same or overlapping pathways (7).
The screen yielded four mutants, all in a single complementation group des-
ignated SLNI (synthetically lethal with NPL3). The SLNI gene was identified
by complementation and found to be identical to RMT1 (7). Importantly, a
null disruption mutant of RMT1/SLNI is viable and does not have any of the
phenotypes associated with a npl3 mutant (7). It was shown that immuno-
precipitated yeast Rmtl/SInl as well as recombinant Rmt1/Sln1-Myc methy-
lated Npl3 and recombinant hnRNP A1 in vitro (7). With this information, the
authors renamed SLNJ calling it HMTI (hnRNP methyltransferase) (7), al-
though it seems more reasonable to now identify it as simply RMTI because
of its broad substrate specificity. Despite the fact that the type of methylated
residue formed by Hmtl was not determined, analysis of the CNBr cleavage
products of methylated Npl3 indicated that the site of methylation was in the
carboxy-terminal region of Npl3 (7, 24). This region of Npl3 has a glycine- and
arginine-rich (GAR) domain (80) containing the consensus methylation site
for Type I protein arginine N-methyltransferases (Section V,A).

The subcellular localization of the Rmtl/Hmt1-Myc construct was found
to be nuclear, as determined by indirect immunofluorescence, and is con-
sistent with the presence of a weak bipartite nuclear localization signal (7).
Preliminary immunofluorescence data indicate that the rat PRMTI is pre-
sent in the nucleus, as well (J. Tang and H. Herschman, personal communi-
cation). This result is interesting because PRMT1 was identified by its asso-
ciation with a protein, TIS21, that is completely cytosolic (58), and
IR1B4/hPRMT1 was identified by its interaction with the cytoplasmic tail of
a plasma membrane receptor (8). Furthermore, some of the early purification
studies indicated a cytosolic localization (13, 37).
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C. Reconciling the Purification and Cloning Data

The past three decades of research concerning the identities of protein
arginine N-methyltransferases in different mammalian tissues have provided
a database that is often conflicting and convoluted. From the purification
data alone, there appear to be at least two major mammalian enzymes (Sec-
tion IL,B). However, there are discrepancies among the results of the partial-
ly purified methyltransferase preparations, and it is also unclear how the re-
cently constructed GST fusion enzymes are related to these activities.

The Type | asymmetric arginine methyltransferase activity originally cor-
responded to a histone methyl-accepting activity and was also considered by
some to be distinct from the Type 1I symmetric myelin basic protein-specif-
ic methyltransferase based on this substrate preference alone (30, 38, 40).
However, data from various purifications of the Type I histone methyltrans-
ferase showed that arginines in histones were methylated to all three deriva-
tives (Table II). This could be due to the substrate directing different types of
methylation from the same enzyme due to the sequence or structure sur-
rounding the methylation site (45). But in light of the evidence from experi-
ments with more highly purified enzyme and substrate (5, 6, 49), the pres-
ence of symmetric dimethylarginine in histones may be due instead to
contamination with the Type II (symmetric) myelin basic protein methyl-
transferase in each of these partial purifications and the subsequent action
of both enzymes on histones. Histones do contain arginine residues in sev-
eral different contexts as potential methylation sites and may allow varying
degrees of catalysis by both types of enzymes. Myelin basic protein-specific
methyltransferase preparations do methylate histones in vitro, but always to
a lesser degree (40, 41). It will be very important in future work to determine
whether histones are actually being methylated by the Type II enzyme and
if these histones contain mostly symmetric or asymmetric dimethylarginine
residues. From these results, it may be possible to distinguish between the
presence of a contaminating Type I methyltransferase in Type Il preparations
or whether the Type II enzyme can also recognize symmetric methylation
sites within histones.

Both the Type I asymmetric (RNA-binding protein-specific) and Type 11
symmetric (myelin basic protein-specific) arginine methyltransferases ap-
pear to exist in larger complexes than their apparent constituent polypeptide
chains would suggest. By gel-filiration analysis, the masses for the enzymes
range from 150 to 500 kDa (Table I). In our identification of the rat PRMT1
enzyme from RAT1 fibroblast cells, we found that the native methyltrans-
ferase eluted from a Superdex S200 gel-filtration column as a 180-kDa
species (6). The native yeast enzyme, Rmtl, eluted at an approximate mo-
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lecular mass of 74 kDa by Superdex S200 gel-filtration analysis (. Gary, un-
published), suggesting it may be a homodimer.

At this point we cannot resolve the discrepancies seen in the native mo-
lecular masses of the mammalian enzymes. No attempts have been made so
far to compare directly the gel filtration behaviors of the different enzyme
preparations shown in Table I, and there is enough uncertainty in the exper-
imental descriptions that it is difficult to say whether the enzymes are of sim-
ilar size. For example, Gallwitz (25) did not mention what protein standards
were used in order to make the molecular mass calculation of 275 kDa for
the rat thymus enzyme. Ghosh et al. (40) did not run all of the standards
simultaneously, but rather over several column runs, and stated that the
runs were variable by as many as three fractions. Liu and Dreyfuss (49) did
not show the data for their determination of the molecular mass (450 kDa),
and Rawal et al. (48) did not run the standards with the sample. Finally, we
used endogenous rat proteins for the column calibration and therefore ran
the sample and the standards simultaneously (6). We, however, did not in-
clude a standard over 161 kDa and may have therefore underestimated the
mass (6).

Another problem has been attempting to assign those polypeptides iden-
tified in the mammalian purifications with the protein arginine N-methyl-
transferase gene products that have been recently characterized. The mole-
cular masses of the polypeptides remaining in the active pool after
purification range from 45 to 110 kDa by SDS-PAGE analysis (40, 48, 49);
however, both the mammalian and yeast proteins migrate on SDS-PAGE as
approximately 40-kDa species (5, 6). It is clear from the methylation experi-
ments using the GST fusion enzymes with homogeneous substrates such as
recombinant hnRNP Al or GST-GAR that PRMT1 and Rmtl are the cat-
alytic units of a Type I protein arginine N-methyltransferase.

The additional higher molecular weight polypeptides seen in many of the
purifications may be contaminating proteins and/or regulatory or additional
catalytic subunits. As previously mentioned, our gel-filtration and SDS-PAGE
analysis data are consistent with the native rat PRMT1 being a homotetramer
(homodimer for yeast), but the larger, more complex structures suggested by
the results of several purifications cannot be excluded until experiments such
as quantitative native immunoprecipitation of the methyltransferase can be
done. It is also possible that the situation is more complex. The PRMT1 prod-
uct may be a minor species within cells, and the genes encoding the actual
catalytic subunits of the Type I and Type II enzymes identified in the purifi-
cations (Table I) may have not yet, in fact, been identified. This seems un-
likely given that the substrate specificities of the GST-PRMT1 fusion pro-
tein and the Type I enzyme appear to be very similar, but further work is
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needed in this area. Even the designations Type I and Type II are tenuous,
because they are based solely on substrate and reaction product specificity.
These classes are not mutually exclusive. In fact, the Type I and Type 1I
methyltransferase complexes could feasibly differ only in their subunit orga-
nization. A similar scenario has been suggested for the phosphatase PP2A,
which has a complex and interchanging subunit structure, multiple sub-
strates and seems to affect various processes at different points in the cell cy-
cle (81-83). Although much of the current progress in this area has been
through the identification of new arginine methyltransferases from database
searches or yeast two-hybrid analyses, it may be more practical in the future
to follow the trail backward from newly or previously identified substrates.

IV. Methyl-Accepting Substrates for Protein Arginine
N-Methyltransferases

A. General

The first in vitro methyl-accepting substrates for protein arginine N-
methyltransferases were crude as well as fractionated histones from calf and
rat thymus (12, 13, 25). However, in vitro methylation reactions with en-
dogenous rat brain proteins showed that although the majority of the incor-
poration was into methylarginine derivatives, only 20% of the incorporation
was into the crude histone fraction (17, 84). These results indicate that his-
tones, although apparently they can be methylated in vitro, are not neces-
sarily the major én vivo substrates.

The identification of endogenous arginine methylation substrates is not
straightforward, because the in vivo methyl-accepting sites may already be
partially or fully occupied in tissue extracts and in purified proteins, reduc-
ing the incorporation of radioactivity from radiolabeled AdoMet in the in vi-
tro assays. For instance, the myelin basic protein from carp, which is not
methylated in vivo (35), is a fivefold better substrate than myelin basic pro-
tein from cows and is 17-fold better than myelin basic protein from rabbit in
terms of the [Clmethyl group incorporation into the protein from
[1*C]AdoMet (45). Nonetheless, specific polypeptide substrates can be de-
tected from cell lysates by fluorography after in vitro labeling with radiola-
beled AdoMet and a partially purified methyltransferase preparation. For ex-
ample, several substrates from human placental cell eytosol and nuclei were
identified using a Type I protein arginine N-methyltransferase partially puri-
fied from the same cells (26).

By incubating rat pheochromocytoma PC12 cells with adenosine dialde-
hyde, a specific inhibitor of S-adenosyl-L-homocysteine hydrolase, it was pos-
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sible to increase the proportion of unmethylated substrates within the cells
by causing an increase in the intracellular concentration of S-adenosylho-
mocysteine, a product inhibitor of all AdoMet-dependent methyltransferas-
es (85). About 72% of the endogenously incorporated methyl groups from an
adenosine dialdehyde-treated homogenate incubated with [PH]JAdoMet
could be accounted for by asymmetric dimethylarginine alone (85). Similar-
ly, specific substrates such as hnRNP Al were identified in adenosine di-
aldehyde-treated RAT1 fibroblast cells incubated with [*H]JAdoMet and the
GST-PRMT1 fusion (6). In this experiment, hnRNP A1 was immunoprecip-
itated from the methylation reaction containing adenosine dialdehyde-treat-
ed cytosol by either a specific monoclonal antibody or a control antibody.
Analysis of protein in the immunoprecipitated pellet by SDS-PAGE and flu-
orography indicated that a methylated band corresponding to the migration
position of hnRNP Al was present only in the lane using the anti-hnRNP Al
antibody and not the control antibody (6). Rather than using adenosine di-
aldehyde with yeast, it is possible to obtain hypomethylated cytosol through
genetic manipulations; yeast rm¢l null mutants are specifically devoid of a
majority of asymmetric dimethylarginine derivatized proteins (5). Therefore,
cytosol from these mutant cells would be expected to contain the in vivo sub-
strates in their unmethylated forms. Experiments using this hypomethylated
(rmtl) yeast cytosol allowed the identification of approximately 13 radiola-
beled polypeptide substrates using the GST-Rmtl fusion protein and
[3H]AdoMet (5). The actual identities of these polypeptides have not been de-
termined. However, a list of candidate gene products is described in Section
V,.B,1.

In the next section, we present the identities of known in vivo substrates,
determined directly by sequencing or amino acid analysis, for both types of
protein arginine N-methyltransferases. The methylation consensus sequence
for the two general types of substrates parallels the distinction between their
two respective methyltransferases. From this compilation of methylation
sites, it is also possible to predict other potential substrates from existing pro-
tein databases that contain both characterized as well as hypothetical pro-
teins from various genomic sequencing projects.

B. Asymmetric Dimethylarginine-Containing Substrates
|dentified in Vivo
1. FIBRILLARIN

Fibrillarin is a 34-kDa polypeptide component of a nucleolar small nu-
clear ribonuclear protein involved in the first processing step of preribosomal
RNAs (86). It is associated with the U3, U8, and U13 small nuclear RNAs
{87). Amino acid analysis of the rat protein indicated that approximately 13
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TABLE 111
List oF PosITiveELy DETERMINED iv VIvO SUBSTRATES OF ARGININE
METHYLATION AND THEIR HOMOLOGS FROM OTHER SPECIES

Definition Organism IDe

Fibrillarin
Homo sapiens 2182591
Mus musculus 2296547
Xenopus laevis 2214143
Drosophila melanogaster 2929566
Caenorhabditis elegans g1495012
Schizosaccharomyces pombe £544285
Giardia intestinalis 2520824
Leishmania major g544283
Tetrahymena thermophila® g578561

Nucleolin
Homo sapiens gl189305
Rattus norvegicus 2205790
Mus musculus 53453
Cricetulus griseus 2387050
Gallus gallus g212412
Xenopus laevis 64936

hnRNP Al
Homo sapiens 232344
Macaca mulatta g422724
Rattus norvegicus gl33255
Mus musculus gl507693
Xenopus laevis gl33258
Drosophila melanogaster g133253

Basic fibroblast Homo sapiens g183083

growth factor

Myelin basic protein
Homo sapeins gl187408
Rattus norvegicus g126804
Mus musculus 387414
Gallus gallus gl26798
Bos taurus gl26796
Cavia porcellus g126797
Ovis aries 2223882
Xenopus laevis g1816437
Raja erinacea“ gl177855
Squalus acanthias® gl177857
Heterodontus francisci® g126799

“Unique identification number of GenBank retrieval,
’No GAR or RGG.
°No R at 107,
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mol of asymmetric dimethylarginine are present per mole of fibrillarin, with
no mono- or symmetric dimethylarginine (7). Amino-terminal sequence
analysis identified six asymmetric dimethylarginine residues within the first
31 residues, and no unmodified arginine residues were detected. All of the
methylated arginines were present in a glycine- and arginine-rich (GAR) do-
main (71) (Section V,A). Rat fibrillarin homologs are present in many differ-
ent species, ranging from the Physarum polycephalum B-36 protein (88) to
human fibrillarin, although their methylated arginine content has not been
determined experimentally (Table III).

2. NUCLEOLIN

Nucleolin, a 110-kDa polypeptide, is one of two major phosphoproteins
from the nucleolus (89). It has also been implicated in several steps of ribo-
some biogenesis (90): regulation of RNA polymerase I transeription, modu-
lation of chromatin conformation, binding to nascent rRNAs (91, 92), and
possible shuttling between the nucleus and cytoplasm to facilitate transport
of ribosomal proteins (93). Rat nucleolin, originally designated C23, also con-
tains asymmetric dimethylarginine (approximately 9 mol per mole of nucle-
olin) and trace amounts of monomethylarginine in vivo (94). Sequence analy-
sis of a 53-amino acid tryptic peptide derived from the carboxy-terminal
region of the protein identified 10 asymmetric arginine residues, but no
mono- or symmetric dimethylarginine, nor any unmodified arginine residues

(20).

3. HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN Al

Sequence analysis of a carboxy-terminal tryptic peptide fragment of calf
thymus unwinding protein 1 (UP1) indicated the presence of a single asym-
metric dimethylarginine residue at position 193 (194 if an initiator Met is in-
cluded) out of 195 residues, and amino acid composition analysis also re-
vealed one residue of asymmetric dimethylarginine per polypeptide (95). The
UP1 used in this study may not have been full length, however, because its
rat homolog, helix-destabilizing protein (HDP) (96), has an additional 124
residues at the carboxy terminus. This region in HDP contains the GAR do-
main, suggesting that the one residue of methylated arginine per polypeptide
in UP1 may underestimate the total asymmetric dimethylarginine present in
the full-length protein. Subsequently, it was determined that HDP is identi-
cal to hnRNP Al (97, 98). Kumar et al. (97) determined that endogenous
hnRNP Al from calf thymus contained 3.1 asymmetric dimethylarginine
residues per protein. The earlier determination of 0.31 residues of asym-
metric dimethylarginine per hnRNP Al molecule (43) cannot be explained
assuming that full-length hnRNP A1l was analyzed.

The hnRNP Al protein is a 34-kDa polypeptide and a major component
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of the 408 ribonucleoprotein particle (43). A role for hnRNP A1 has been es-
tablished in the differential selection of proximal or distal 5’ splice sites (99,
100). In vitro, hnRNP Al can promote alternative exon skipping in certain
constructs (99). As in the previous examples of in vivo substrates, hnRNP A1
is also nuclear localized and may shuttle to the cytoplasm as well (101, 102).

Recombinant hnRNP Al has the distinction that it is the only in vivo sub-
strate that has been extensively used as a methyl-accepting substrate in vitro.
It has been used to monitor enzyme activity in several purifications of the
Type I methyltransferase (Section ILB) (Table I). Analysis of the in vitro-
methylated hnRNP Al with various endo- and exoprotein hydrolases, in-
cluding V8 protease, trypsin, and carboxypeptidase B, suggested that the site
of methylation is the same arginine (position 194; SSQRGRS) that was de-
termined to be the methylated residue in UP1 (47). Arginine residue 196 is
not methylated; carboxypeptidase B treatment of the tryptic peptide KQE-
MASASSSQRGR releases only free arginine, not a methylated derivative.
The fact that the bond at Arg-194 is not cleaved by trypsin and that after the
carboxypeptidase B treatment the radioactivity is still associated with the
peptide suggests that the methylation of the only remaining arginine occurs
at position 194 (47). The methylation status of the other four arginines in the
GAR region could not be absolutely determined, but rather was suggested
only by the methylation of smaller tryptic peptide fragments derived from
the region of the protein carboxy-terminal to residue 196 (47). In a separate
study, sequence analysis of a tryptic fragment corresponding to amino acids
197-215 shows an unidentified amino acid at position 206 that is encoded
as an arginine residue, possibly indicating the presence of an asymmetric di-
methylarginine residue at that position (47, 97).

Although hnRNP Al has been the most extensively studied, the 408 ri-
bonucleoprotein particle is composed of at least 11 additional polypeptides
(44). In addition to hnRNP Al, five other unidentified polypeptide compo-
nents of this particle were found to contain asymmetric dimethylarginine in
vivo (44). Amino acid analysis of bulk ribonuclear proteins from the 408 core
particle showed that 0.5 mol% of the amino acids was asymmetric dimeth-
ylarginine, and that specifically hnRNP A2 contained 1.4 asymmetric di-
methylarginine residues per polypeptide (43).

4. Basic FiBrosrAsT GROwTH FACTOR

The mammalian mitogenic protein, basic fibroblast growth factor
(bF'GF), can stimulate growth in a wide range of mesodermal and neuroec-
todermal cell types (103, 104) as well as vascular endothelial cells (105). Al-
though this protein is a potent mitogen, an active mechanism for the secre-
tion of bFGF from cells in vivo has remained elusive (106). The protein has
no secretion signal sequences and has the general features of a cytosolic pro-
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tein (107). In fact, evidence exists to support the idea that bFGF is actually
only released from cells after cell death andsor cell lysis (108—111). Therefore,
although the determined mitogenic action of bFGF seems to separate it from
the other methylated RNA-binding substrates mentioned above, the true
function of this polypeptide intracellularly remains to be determined.

This polypeptide has been determined to be an 18-kDa species by the iso-
lation of human bFGF (112) and sequence analysis of 2 human ¢cDNA clone
(113, 114). Amino-terminally extended forms of bFGF have also been isolat-
ed, ranging from just two additional amino acid residues (115) to an addi-
tional 53 residues, creating a 25-kDa protein (114). Interestingly, these high-
molecular-weight forms of bFGF are translated from alternative CUG start
codons (116). Sequence analysis of tryptic fragments of the 25-kDa bFGF iso-
lated from guinea pig brains suggested the presence of at least three sites of
arginine methylation in the context of a GAR domain (114). The putative
methylated phenylthiohydantoin—amine acid derivative eluted slightly earli-
er than a symmetric dimethylarginine derivative from myelin basic protein
(117}, suggesting that the methylated residue is an asymmetric dimethylargi-
nine.

Although the 18-kDa form of bFGF is predominantly cytoplasmic, the
larger forms of bFGF are specifically localized to the nucleus (106, 118), and
it has been suggested that nuclear localization is dependent on the methyla-
tion of the peptide (106). When NIH 3T3 cells were incubated with a gen-
eral inhibitor of AdoMet-dependent methyltransferases, 5'-methylthio-
adenosine, the larger forms of bFGF were not posttranslationally modified,
as determined by differential electrophorectic mobility on SDS-PAGE (106).
This presumably unmethylated bFGF did not accumulate in the nucleus as
was found in control cells. This result was not due to a decrease in the sta-
bility of the unmodified form (106). In fact, treatment with methylthio-
adenosine actually stabilized all forms of bFGF in pulse-chase experiments
and specifically increased the expression of the high-molecular-weight forms
(106).

5. HISTONES?

It is important to note that there are uncertainties about the methylation
of histone fractions, the original methyl-accepting substrate of the Type I en-
zyme in in vitro studies. For instance, it is still not certain exactly what types
of methylated arginine residues are present in the in vitro-methylated prepa-
rations and whether the methyl acceptors are indeed histone polypeptides!
Amino acid analysis of in vitro methylation reactions containing histones,
[BH]AdoMet, and a partially purified preparation of Type I methyltransferase
indicates the presence of a small amount of symmetric dimethylarginine
residues (26, 38, 39) (Table II). However, four additional studies did not de-
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tect the symmetric form in similar methylation assays with their Type I meth-
yltransferase preparations (30, 48, 119) or with a recombinant GST-PRMT1
methyltransferase fusion purified from E. coli (6) (Table II). The radiolabeled
symmetric dimethylarginine residues detected in the former three studies
may be due to a contaminating Type II arginine methyltransferase that
methylates the exogenous histones.

Several fractionated histone preparations as well as individually purified
histones have been used as substrates for the asymmetric protein arginine N-
methyltransferase (12, 13, 25, 26, 38, 52). The “histone” substrates used in-
clude the “sulfated histone fraction,” the arginine-rich fraction, the lysine-
rich fraction, calf thymus fractions IIb—III and IV, {2a1(IV), {1, {2a, {2b, {3,
and chicken fraction IV, as well as pure histone H1, H2A, H2B, and H4. The
histones in these protein preparations have been assumed generally to be un-
contaminated. Therefore, the experimental determination of arginine-specif-
ic methylation involved only the bulk precipitation and quantitation of the
radioactivity present in the total protein of the reaction. Quantitation often
involved direct determination of radiolabeled methylated arginine content by
amino acid analysis of protein acid hydrolysates. However, it was also com-
mon to just count the total acid precipitable counts from the reaction and as-
sume they corresponded to the amount of radiolabeled methylated arginine.

Given the difference in the in vitro activity of the methyltransferase on
hnRNP Al and histones (0.49 pg of hnRNP Al gives an activity similar to
100 pg of histones) (5), it is possible that the presumed histone methylation
is due to the preparation having a small amount of contamination with a true
substrate and that histones are not, in fact, methyl-accepting substrates. None
of the studies, except for those dealing with the Type III wheat germ histone
methyltransferase (50, 51), analyzed tryptic fragments or performed amino
acid analysis that would prove the actual arginine methylation of histones in
vitro.

By incubating calf thymus histone fraction IIAS from Sigma, a histone
preparation common to the arginine methylation literature, with the purified
rat Type I methyltransferase fusion enzyme (GST-PRMT1) or yeast fusion
enzyme (GST-Rmtl) and [*H]AdoMet, we found only a single, major meth-
ylated polypeptide (Fig. 4). We were able to visualize the histones by sepa-
rating the components of the reaction on a detergent—acid-urea gel system
(120, 121) and Coomassie staining the gel (Fig. 4). Fluorography indicated
that the radiolabeled polypeptide corresponded to the elution position of
histone H2B (120). Another band, which is 5- to 10-fold less intense, was also
observed on the fluorograph and migrates at a position similar to histone
H2A or H3 (Fig. 4). Significantly, histones H1 and H4, which previously had
been suggested to be substrates (26, 38), are present but are not methylated
under the conditions used here (Fig. 4). The protein sequences of histones
H2B, H2A, and H3 do not contain sequences similar to the glycine- and argi-
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FIG. 4. Histone H2B is a candidate methyl-accepting substrate from in vitro arginine-
methylated calf thymus histone fraction IIAS. The rat and the yeast Type I protein arginine N-
methyltransferase fusions, GST-PRMT1 and GST-Rmtl, respectively, were incubated with 50
g of calf thymus histone fraction ITAS (Sigma) and [*H]AdoMet in a reaction identical to those
previously described (5, 6). The reactions were stopped by the addition of sample loading buffer
and boiling for 5 min. The samples were then separated on a detergent-acid-urea gel (120, 121)
to resolve the various histone components. A photograph of the stained gel is shown (A). The gel
was then prepared for fluorography as described previously (5, 6). The fluorograph was exposed
for 3 days at —80°C (B). A species running similarly to the published migration position of H2B
(120) was the major methyl-accepting species. A minor methylated species was also seen in the
area where H2A and H3 are known to run (120).

nine-rich region or the consensus methylation sequence that is found in in
vivo substrates (Section V,A). However, the histones do contain many argi-
nine residues and they may become artifactual sites of methylation when pre-
sent at high enough concentrations. In fact, even poly(arginine) has been
identified as a substrate when as much as 3 mg was used per reaction (13,
38). As with the other reports of histone methylation in vitro, we cannot rule
out the possibility that contaminating methyl-accepting proteins run similar-
ly to the labeled bands and are the actual methyl-accepting substrates in the
reaction. Indeed, the known in vivo substrates for the Type I protein arginine
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N-methyltransferase are very abundant in the nucleus and may be ubiquitous
contaminants of histone preparations. At the least, we can state that under
our conditions, using recombinant methyltransferase fusion proteins and
histone fraction IIAS, we observed the methylation of a single major and one
minor polypeptide in vitro, and not the multiple histone species suggested by
the literature (12, 13, 25, 26, 38, 52).

From the data described above, it is not clear which histones, if any, are
methylated in vitro and evidence for the presence of methylated arginines in
vivo is even more conflicting. Methylated arginines have been suggested to
be present in histones in vivo from labeling experiments with rat tissues and
mammalian cell culture using [methyl-'*C]Met (122-124). Unfortunately,
the identities of the radiolabeled peaks, supposedly representing methylated
arginine species, from the amino acid-analysis of the acid hydrolyzed pro-
teins were not directly compared to free methylated arginine standards. It
was also reported that histones isolated from rat liver nuclei contained meth-
ylated arginines, whereas those from calf thymus did not (125). However, in
additional studies, no methylated arginines were detected in histones isolat-
ed from rat organs (126, 127). It is possible that, as mentioned above, the
histones isolated in the experiments in which methylarginine was detected
were contaminated with other nuclear or nucleolar proteins that are actual
in vivo substrates. In fact, it was an additional purification step after the usu-
al acid extraction of “crude histones” that demonstrated that a histone prepa-
ration could be contaminated with nonhistone proteins containing asym-
metric dimethylarginine (127).

The situation in nonmammalian cells may be different, however. The
most compelling evidence for the in vivo methylation of histones is a report
that the methylation pattern in Drosophila histone H3 shifts from lysine to
arginine after a heat-shock treatment at 37°C (128). In this case, thin-layer
chromatography detected both symmetric and asymmetric dimethylarginine
in acid hydrolysates of histone H3 isolated from Drosophila Kc 111 cells after
heat shock (128). A final determination as to whether histones contain meth-
ylarginine derivatives in vivo awaits the application of the mass spectroscopy
technique either described by Edmonds et al. (129) or used by Kouach et al.
(130) on a variety of histones isolated under different conditions and from dif-
ferent organisms. It is certainly possible that histones are methylated in some
species (flies and plants) (51) and not in others (mammalian).

6. OTHER POTENTIAL in Vivo GAR DoMAIN-CONTAINING
SUBSTRATES
Two additional proteins have been suggested to contain asymmetric di-

methylarginine in vivo: ICP27 from the herpes simplex virus and Npl3 from
yeast. ICP27 (infected cell protein) is an immediate-early gene product pro-
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duced by the herpes simplex virus soon after infection of a cell (131). The pro-
tein is essential for virus growth and it is specifically required for the viral
transition to the late phase of infection (132), as well as the general stimula-
tion of viral DNA replication (133). A direct mechanism for its mode of ac-
tion has not been determined. However, it is thought to be posttranslational
through the altering of the pre-mRNA processing machinery (134, 135). Con-
sistent with these functions, ICP27 is found in the nucleus and also accu-
mulates in the nucleolus (136, 137). The in vivo methylation of ICP27 was
demonstrated in African green monkey kidney Vero cells labeled with
[methyl-3H]Met in the presence of protein synthesis inhibitors (138). The
methylation of the protein was shown to be dependent on the presence of
consensus asymmetric arginine dimethylation sites in the amino-terminal
third of ICP27 (138). However, direct amino acid analysis or protein se-
quencing of ICP27 has not been done to confirm the identity of the meth-
ylated residues as asymmetric dimethylarginine.

Similarly, the evidence supporting the in vivo arginine methylation of
yeast Npl3 is based on the presence of a carboxy-terminal consensus se-
quence for asymmetric arginine methylation (7). CNBr cleavage of Npl3 iso-
lated from yeast labeled in vivo with [methyl->H]Met versus [>°S]Met indi-
cated that methylation occurs in the carboxy-terminal region of the protein
(7). Additional evidence for in vivo methylation came from the discovery of
an antibody that was specific for Npl3 isolated from yeast, but not from E.
coli (24). It was subsequently found that the antibody recognizes the bacte-
rial recombinant Npl3 if it is incubated with yeast extracts and AdoMet. Bind-
ing was competitively inhibited by peptides corresponding to the consensus
asymmetric arginine dimethylation site (R1 or R3) (24, 69). The authors con-
cluded that the epitope recognized by the antibody included the asymmetri-
cally dimethylated arginines of Npl3 (24). The NPL3 gene was originally iso-
lated because a mutant of this gene was defective in nuclear protein import
(76). However, it is currently believed that the protein is also involved in the
binding and export of mRNA from the nucleus (139). Temperature-sensitive
mutants of NPL3 accumulate mRNA in the nucleus (79), and the wild-type
protein shuttles between the nucleus and the cytoplasm (78).

Although neither ICP27 nor Npl3 have been proved to contain asym-
metric dimethylarginine in vivo, we have included them in this section be-
cause of the strong indirect evidence.

7. CANDIDATE in Vivo SUBSTRATES

Several other possible methyl-accepting substrates have been identified
in vivo, including the high-mobility group proteins 1 and 2 from calf thymus,
heat-shock proteins HSP70A and HSP70B from chicken fibroblasts, as well
as myosin from rats. The mono- and asymmetric dimethylation of these pro-
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teins was determined by amino acid analysis of acid hydrolysates derived
from each of the endogenously isolated proteins. These studies, however, do
not address the possibility of contamination in their preparations of these pu-
tative methyl-accepting substrates. Therefore, the methylated arginines in
these isolates could conceivably be due to contamination with a small
amount of a highly methylated Type I protein arginine N-methyltransferase
substrate, such as fibrillarin or hnRNP Al. It will be necessary to obtain
amino acid sequence data from these possible methyl-accepting substrates
in order not only to identify the type of methylated residue but also to posi-
tively determine the identity of the substrate protein.

i. High-mobility group (HMG) proteins are nonhistone proteins associ-
ated with chromosomal DNA (140). Although the functions of HMG1
and HMG2 remain unclear, they are known to bind DNA in the mi-
nor groove of AT tracts (141). It has also been shown that the proteins
induce DNA bending and may promote cis-acting protein—protein in-
teractions or be important in the compaction of DNA (142). Direct
amino acid analysis of endogenous HMG1 and HMG2 isolated from
calf thymus indicated the presence of asymmetric but not mono- or
symmetric dimethylarginine (143).

ii. Two of the major species in the 70-kDa heat-shock protein super-
family have been shown to be methylated on arginine residues in vivo
in chicken embryo fibroblasts (144) and in mouse 3T3 fibroblasts
(145). These proteins act as molecular chaperones to ensure proper
protein folding under stressed and unstressed conditions. Protein
methylation in both systems is tightly linked to protein synthesis
(145). The level of monomethylarginine in the HSC70 homolog is
markedly reduced in 3T3 cells but not in chicken cells on arsenite
treatment that induces the heat-shock response. The level of mono-
methylarginine is reduced, however, in the chicken HSP70B protein
after such treatment. Significantly, peptide binding and ATPase ac-
tivities are similar in purified preparations of recombinant rat HSC70
(presurnably unmethylated) and bovine brain HSC70 (presumably
methylated), suggesting that methylation may not affect these prop-
erties of the proteins (146).

iii. There is a limited literature describing the methylation of myosin on
arginine residues. Only the asymmetric derivative was found in the
myosin of cultured rat muscle cells labeled with [methyl-1*C]Met
(147). Arginine-methylated myosin was also detected directly in tis-
sues from rat fetuses and pups younger than 7 days old. Adult rats had
no detectable methylated arginine residues in myosin (147, 148). Be-
sides the lack of protein sequence data, no attempts have been made
to determine which polypeptide chain of myosin is actually methy-
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lated. This developmental regulation of methylarginine content in
myosin has not been reported for the other constitutively methylated
asymmetric substrates such as fibrillarin (71), which makes it more
unlikely that the methylated arginines in the myosin preparations are
derived from a contaminating protein.

C. Symmetric Dimethylarginine-Containing in Vivo
Substrates—Myelin Basic Protein

Several studies have identified only the mono- and symmetrically di-
methylated arginine, at position 107, corresponding to the bovine sequence,
in myelin basic protein from human, monkey, bovine, rabbit, guinea pig,
chicken, turtle, and frog species; however, there was no mono- or symmetric
dimethylarginine found in carp myelin basic protein (18, 21, 22, 31, 32, 34,
35). Only two studies have identified asymmetric dimethylarginine in myelin
basic protein (19, 149); these preparations may have been contaminated,
however, with other proteins containing this residue (34, 35).

Mammalian myelin basic protein is one of the major protein components
of the myelin sheath (150). It is located in compact myelin and interacts with
opposed cytoplasmic membrane surfaces, perhaps playing an essential role
in maintaining this structure (151-153) (see Ref. 154 for review). The protein
exists in two isoforms, 18.5 and 14 kDa, generated from the same gene by
differential mRNA splicing (155). In the rat, the smaller form of myelin ba-
sic protein is identical to the larger form, except for a 40-amino acid internal
deletion, and it is also methylated on the corresponding arginine (33). The
two isoforms can be further posttranslationally modified to create one of
eight charge isomers (155). Other posttranslational modifications of this pro-
tein include phosphorylation, ADP-ribosylation, and conversion of arginine
residues to citrulline residues (155).

Myelin basic protein is the only example of a protein known to contain
symmetric dimethylarginine in vivo. To date, all of the Type II arginine
methyltransferases have been isolated from the brain tissue from various
species (Table I), matching the localization of the only known substrate.
Methylation experiments with hypomethylated, adenosine dialdehyde-treat-
ed rat PC12 cells (Section IV,A) also suggest that there may be far fewer sym-
metric dimethyl-accepting arginine substrates than asymmetric ones (85).
Amino acid analysis of these PC12 extracts after the addition of [*PH]AdoMet
showed that only 2.9% of [*H]methyl group incorporation was into symmet-
ric dimethylarginine, compared to 71.5% for asymmetric dimthylarginine
(85). This result should be viewed with some caution, because this type of
analysis necessitates that the protein methyltransferases can recognize their
substrates after completion of protein synthesis and folding. It may be that
the enzymes responsible for the asymmetric versus symmetric dimethylation
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of arginine residues are differentially able to methylate methyl-accepting sub-
strates that have been released from the ribosome. In fact, Type II methyl-
transferase activity has been found in other tissues besides brain (29), sug-
gesting that other nonmyelin basic protein substrates may exist for this
methyltransferase.

V. Determination of Arginine
Methyltransferase Substrates

A. Sequence Analysis of in Vivo Asymmetric
Methylation Sites

From the four amino acid sequences in which the actual methylated
residue(s) were directly determined, a total of 20 asymmetric dimethylargi-
nine residues have been identified (Fig. 5A). Because the methylated arginine
residues of fibrillarin and bFGF are found near the amino terminus and those
of nucleolin and hnRNP Al are near the carboxy terminus, it appears that
the methylation site is independent of its location within the polypeptide.
This is also supported by the observation that the GST-GAR fusion protein
is a substrate {Section IILA) (J. Gary, unpublished).

By compiling data on the residues surrounding the methylated arginine
residue, it is possible to generate a consensus sequence for asymmetric di-
methylarginine formation: (G/F)GGRGG(G/F) (Fig. 6). Only the arginine and
glycine at positions 0 and +1 are found in all methylation sites (Fig. 6).
Whether the glycine residue at position +1 is essential for methylation is not
known. We chose to limit our comparison to positions —3 to +3 among these
sequences, because the percentage of residue conservation had dropped to
below 50% by the third position away from the arginine (Fig. 6). For these
proteins, the methylation occurs at an RGG-methylation site that is within
the larger context of the GAR domain (Fig. 6). The term “RGG” is used to
describe the actual site of asymmetric methylation; the Arg-Gly sequence is
completely conserved for known Type I methyltransferase substrates, and the
final Gly is included to distinguish this site from the myelin basic protein
symmetric methylation site Arg-Gly-Leu (Section V,C)

In order to determine the general nature of the consensus generated here,
we also separately compiled the residues surrounding the arginine residues
in the GAR regions from the homologs of the known in vivo substrates from
different species (Fig. 6 and Table III). Interestingly, the known in vivo
methylation site for hnRNP Al is not a particularly good match to the con-
sensus (compare Figs. 5A and 6). In fact, a peptide identical to a portion of
this sequence (SSQRG) is a very poor substrate for a partially purified Type
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A

rat Fibrillarin ~ FSPRGGGFGCRGGFGDRGGRGGGRGGR (GGF)
rat Nucleolin ~ FGGRGGGRGGFGGRGGGRGGRGGFGGRGRGGFGGRGGFRGGRGGG
guinea pig
bFGF (25 kDa-form) ~ VCCRGRGRGTA

rat UP1/hnRNP Al SSQRGR (S)

B 203 236
rat hnRNPAl  GGGRGGGFGGNDNFGRGGNF SGRGGFGGSRGGG

monkey hnRNPA1  GGGRGGGFGGNDNFGRGGNFSGRGGFGGSRGGG
mouse hnRNPA1  GGGRGGGFGGNDNFGGFGGSRGGG
Xenopus nRNPA1 ~ FGGRGGNFGGNRGGGGGFGNRGYG
Drosophila hnRNPAl  GGGRGGPGGRAGGNRGNMGGGNYGNQNGGGNWNNGGNNWGNNRGGN

F1G. 5. Sequences of proteins containing Type I protein arginine N-methyltransferase
methylation sites. (A) The sequences surrounding arginine residues that have been directly de-
termined to be methylated in vivo. These asymmetrically dimethylated arginine residues are
boldfaced and underlined. Residues in parentheses were not reported in the original studies but
were taken from the corresponding GenBank entry and are included here for the compilation
of the consensus sequence. (B) The GAR domains of hnRNP Al proteins from various organ-
isms.

I protein arginine N-methyltransferase from rat liver and calf brain, but a pep-
tide (GNFGGGRGGGFGG) corresponding to a portion of the GAR motif
six residues away is a much better substrate (156). For these reasons, in the
expanded compilation we included only those arginine residues that were
clearly in the GAR domain (Figs. 5B and 6). A surprising feature is that the
fibrillarin from Tetrahymena thermophila does not contain a GAR domain
and is therefore presumably not arginine methylated in vivo. In the end, the
results of this expanded comparison are not drastically different from those
obtained with just the known substrates (Fig. 6).

The structure of the GAR domain has not been determined. This domain,
however, could adopt higher order structures akin to other proteins that have
high percentages of glycine residues, e.g., silk and collagen. The structure of
the larger GAR domain may not necessarily be crucial for methylation. This
short RGG consensus noted above seems to be sufficient to direct asymmet-
ric arginine methylation, as seen in the methylation of the synthetic peptide
R1 (GGFGGRGGFG) by a Type I protein arginine N-methyltransferase from
rat PC12 cells (69) as well as the rat GST-PRMT1 and yeast GST-Rmtl fu-
sion proteins (5, 6).

From this consensus sequence, the likelihood that histones, specifically
H2B, H2A, and H3 (possible histone substrates identified in Fig. 4), are in
vivo substrates of the same enzyme that methylates hnRNP Al and fibrillar-
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in is low. Neither of the histones contain sequences resembling the RGG con-
sensus sequence in a GAR domain. The in vitro methylation of these histones
may be due to an artifactual in vitro activity of the Type I methyltransferase
on the histones or to the presence of a contaminating Type I methyl-accept-
ing substrate in the histone preparation.

Of the other potentially arginine-methylated proteins described in Sec-
tion IV,B,7, only the HMG1 and HMG2 proteins have directly correspond-
ing protein sequences in the NCBI database that can be examined for the
methylation consensus. Neither the bovine HMG1 (GB X12796) nor the pig
HMG2 (GB J02895) protein contains RGG-methylation consensus se-
quences. For the other proteins, without experimental protein sequence data
it is not clear which of the protein sequences present in the protein database
correspond to the methylated HSP70A and HSP70B (145, 157); furthermore,
the methylation site within myosin was not specifically determined to be on
the light or heavy chain (147, 148). In these latter cases, examination of sev-
eral HSP70 sequences as well as myosin heavy- and light-chain sequences
revealed that these proteins also do not contain the methylation sites. It is al-
ways possible, however, that an additional methyltransferase is responsible
for the activity. Interestingly, however, the myosin heavy chain 1B from the
amoeba does contain consensus asymmetric arginine dimethylation sites. In
either case, myosin distinguishes itself as a possible methyl acceptor for the
Type I protein arginine N-methyltransferase because it is one of only a few
potential substrates whose primary function does not involve binding to
RNA.

B. RNA-Binding Proteins May Be the Major Group of
Substrates for the Type | Protein Arginine
N-Methyltransferases

1. POTENTIAL Saccharomyces cerevisiae SUBSTRATES

Using the methyl-accepting consensus sequence derived above for the
Type I protein arginine N-methyltransferase, it is possible to identify other
candidate proteins through protein database searches. Such a search was per-

Fic. 6. Frequency of amino acid residues that are found at positions surrounding known or
proposed methylated arginine residues. For each row of pie charts, the number of sequences
and all of their known or proposed methylated arginines (indicated in parentheses, respective-
ly) were compiled in the subgroups denoted in the text on the right side of the figure. The meth-
ylated arginine residue is designated to be at position 0 and the three flanking amino acids on
either side are also shown. A percentage for the amino acid that is most frequently present at a
particular position is given under the amino acid abbreviation. Amino acids that are present less
than 15% of the time at a particular position were included in the OTHER category.
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formed by Najbauer et al. (69) with a single methylation consensus sequence
(FGGRGGF) against all of the proteins in the GenPept database (release
72.0, November, 1992). This search identified the members of the nucleolin,
fibrillarin, and hnRNP A1 families of known in vivo substrates. Four puta-
tive S. cerevisiage methyl-accepting substrates were also listed: Garl, Npl3,
Ssbl (now Sbpl), and Nsrl.

Using the consensus sequence defined above, we chose to search for po-
tential substrates in the yeast S. cerevisiae, because not only is the sequence
of the entire genome now available, but also because a gene encoding a Type
I protein arginine N-methyltransferase catalytic subunit (RMT1I) was identi-
fied in this organism (5, 7). Our original analysis of the rmt1 mutant yeast
strain indicated that there were at least five polypeptides that were endoge-
nously methylated in vitro in the parent versus the mutant strain (5). Addi-
tional in vivo labeling experiments with these two strains using [*H]AdoMet
show that at least four individual peptides are methylated in an RMTI-de-
pendant manner (J. Gary, unpublished). Furthermore, the addition of
GST-Rmtl to rmtl cytosol caused the methylation of approximately 13 dis-
tinct polypeptides (5), suggesting that a number of different methyl-accept-
ing substrates are present in yeast cells.

Initial searches of the S. cerevisice genome were performed on the
BLAST server at the Stanford Genome Database (http:/genome-www.stan-
ford.edu/Saccharomyces/) using a string of 21 amino acids composed of three
repeats of the methylation site consensus determined above. Because all of
the full-length in vivo substrates for the Type I methyltransferase contain
multiple methylated arginine residues, we used this longer search sequence
to eliminate putative positives that contained only a single arginine in an
RGG context. To make the search exhaustive, each of the GAR domains iden-
tified in this first tier of the search was used to search the database again. The
regions of similarity between the consensus search sequence and those re-
turned by the BLAST server sometimes did not contain arginine residues in
the proper context determined above, most likely due to the fact that the
search string was relatively short and highly repetitive; for instance, poly(Gly)
sequences containing no arginine residues were common false positives.
Therefore the sequences returned by the server had to be examined manu-
ally to remove those that did not contain a GAR region or any RGG consen-
sus sites. From these searches, 10 proteins were identified as possible sub-
strates for the Type I protein arginine N-methyltransferase (Table IV).

As might be expected, the compilation of the amino acid sequences sur-
rounding the putative arginine modification sites in the GAR domains of
these potential yeast substrates shows a consensus similar to the one derived
from the known substrates (Fig. 6). However, two differences were found that
should be noted. At position —1, Ser and Phe residues are found with Gly as
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TARLE IV
List oF PUTATIVE TYPE I ARGININE N-METHYLTRANSFERASE SUBSTRATES
FROM Saccharomyces cerevisiae

Nucleic acid

ORF name Common names ID# Localization” binding Ref.
YDR432w NPL3 /NOP3 / g172051 Nu/Cy + 77, 139
MTS1/MTRI3
YDLO14w NOP1 g1430978 No + 161, 247
YHRO89c¢ GARI g487935 No + 80
YHLO034c¢ SBP1/SSBR1 g508771 No/Nu + 177, 179
YNL112w DBP2 g1302034 ND ND 186
YGR159¢ NSR1/SHES5 g1323271 No + 167, 172
YLR398¢ SKI2 2410320 No ND 181
YCLO1lc RLF6 /GBP2 g1907116 ND + 174
YOL123w HRPI s NAB4s 21420003 ND ND 160
NAB3
YGL122¢ NAB2 g1322681 Nu + 176

“Unique identification number for GenBank retrieval.
®Nu, Nuclear; No, nucleolar; Cy, cytoplasmic; ND, not determined.

the predominant residues. At position +3, a more diverse group of amino
acids was found than would have been predicted from the known substrates.

One of the substrates identified by the search of the yeast genome data-
base is the NPL3 gene product (also known as the genes NOP3, NAB1, MTS1,
and MTR13), for nuclear protein localization (76). Npl3 has been implicated
in a wide variety of cellular processes: nuclear protein import (76), rRNA pro-
cessing (77), association with and export of poly(A+) RNA from the nucleus
(78, 79, 139), mitochondrial protein import (158), and involvement in mat-
ing-type silencing (159). Current models propose that Npl3 shuttles between
the nucleus and the cytoplasm as a carrier of mRNA (78, 139) and also may
be involved in mRNA splicing (160; C. Siebel and C. Guthrie, unpublished).
As described earlier, the yeast Type I protein arginine N-methyltransferase
was identified in a synthetic lethal screen to identify genes that could exac-
erbate the phenotype of an npl3 temperature-sensitive allele (7). In addition,
Npl3 was found to be in vivo and in vitro methylated in its carboxy-terminal
region, where the GAR domain is also located (7, 24).

Of the other nine substrates identified by the homology searches, six
(Nopl, Garl, Sbpl, Nsrl, RIf6, and Nab2) have been experimentally shown
to bind nucleic acids, and the remaining three (Dbp2, Ski2, and Hrpl) dis-
play sequence similarity to nucleic acid-binding species as well (Table IV).
Three of these potential methyl-accepting substrates (Nop1, Garl, and Nsr1)
appear to be nucleolar and are involved in ribosome biogenesis. Nopl is the



106 JONATHAN D. GARY AND STEVEN CLARKE

yeast homolog of fibrillarin (161-163), and is also found to be associated with
small nucleolar RNA (164). This nucleolar protein is essential for yeast via-
bility and various temperature-sensitive mutants of NOPI are impaired in
pre-rRNA maturation and processing (I165). Garl is also an essential nucleo-
lar protein that is required for rRNA processing (80, 166). The gene, in yeast,
was identified on a Southern blot by its hybridization to a cDNA probe de-
rived from the GAR domain of Xenopus fibrillarin; as an aside, the putative
methyl-accepting substrates NOPI and SSB1 (now SBPI) were also identi-
fied in this screen (80). Nsrl is a nucleolar protein (167) that was originally
identified as the protein p67, which could specifically bind to the nuclear lo-
calization sequence of histone H2B (168). Sequence analysis revealed that
NSR1 is related to mammalian nucleolin (169, 170). Null mutants of this gene
have a slow-growth phenotype and are deficient in pre-rRNA processing
(171). The NSR1 gene was then subsequently cloned under two separate cir-
cumstances: as a cold-shock inducible gene (170), as well as from a yeast ge-
nomic screen using a human hnRNP Al ¢cDNA as the probe (172). NSR1 was
also recently cloned in a screen designed to detect proteins with the ability
to bind to a single-stranded telomeric repeat in vitro; another possible
methyl-accepting substrate, RIf6, was also found during this screen (173). Al-
though the localization of Rlf6 has not been determined, its ability to bind
telomeric repeats in vitro as well as its requirement for the proper distribu-
tion of the Rapl telomerase-associated protein within the nucleus suggest
that its localization is at least nuclear (174). The importance of nuclear Rapl
protein localization, and therefore RIf6, is underscored by the fact that this
protein has been shown to be responsible for telomere length regulation in
the protein-counting mechanism established in yeast (175).

Other yeast candidates for asymmetric methylation at arginine residues
are also localized to the nucleus and interact with RNA. The essential NAB2
gene was cloned in a screen identifying proteins that interact with polyade-
nylated mRNA (176). Nab2 is a nuclear protein that can be purified from the
polyadenylated mRNA fraction of yeast cells in which proteins have been
cross-linked to mRNA in vivo by UV irradiation (176). Sbpl is a nuclearmu-
cleolar protein that was originally identified as the single-stranded nucleic
acid-binding protein Ssb1(177-179). Sbpl is not essential for viability and
seems to not be required for promoting mRNA splicing in vitro, but it may
compete for mRNA binding with true splicing factors or be involved in some
aspect of RNA metabolism (179, 180). HRPI was found because mutations
in this essential gene suppressed the phenotype of an npl3 temperature-sen-
sitive allele (160). Hrp1l has sequence homology to the hnRNP A and hnRNP
B families and is similarly localized to the nucleus (160).

The last two potential yeast methyl-accepting substrates identified are the
putative RNA helicases Ski2 and Dbp2. One of the functions of the nucleo-
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lar protein Ski2 (181) is to act as an antiviral protein in vivo by blocking the
translation of viral mRNAs that are not capped or polyadenylated (182). Un-
der normal conditions, it may inhibit the translation of fragmented mRNAs,
which may also lack these 5’ or 3’ features (183-185). DBP2 was identified
in a two-hybrid screen for proteins that interact with Upf1, a protein involved
in the selective degradation of nonsense codon-containing mRNAs (186).

All of the proposed endogenous substrates of the yeast Type I protein argi-
nine N-methyltransferase appear to be nuclear or even nucleolar. All of the
known substrates of the mammalian enzyme are also nuclear. From the fact
that the known substrates as well as all of the putative methyl-accepting pro-
teins in yeast interact with RNA, it is tempting to speculate that methylation
of arginine residues can modulate the nucleic acid interactions of these pro-
teins.

2. POTENTIAL SUBSTRATES FROM OTHER ORGANISMS

We also performed database searches on the entire NCBI nonredundant
protein database (February, 1997) in order to identify additional substrates
in organisms other than S. cerevisiae. The search was done in a fashion sim-
ilar to that described above for the yeast example, although the second tier
of searches was not done. Non-GAR-containing sequences were again man-
ually excluded. The 28 highest scoring sequences are compiled in Table V.
The consensus sequence obtained for these proteins (Fig. 6) is very similar to
that of the known substrates for the Type I arginine methyltransferase. The
glycine residue at position —1 is less frequently observed, similar to the situ-
ation seen with the yeast candidate protein substrates (Fig. 6).

Several of the substrates in Table V are homologs or family members of
known substrate proteins or proposed yeast substrates for the Type I protein
arginine N-methyltransferase: hnRNPs (U and A3), helicases, nucleolar pro-
teins (Nopp44/46 and the “nucleolin homolog” C27HS5.3), and the
Schizosaccharomyces pombe Gar2 nucleolar protein involved in ribosome
biogenesis. As previously noted, the common feature of almost all of these
proteins is that they have either been directly shown, or are thought on the
basis of sequence similarity, to bind nucleic acids, mostly RNA. Only one pro-
tein on the list, myosin heavy chain 1B, is not known to bind nucleic acids as
a primary function.

We should note that many of the same proteins were identified in a pre-
vious database search for substrates of the Type I protein arginine N-methyl-
transferase (69). We have, however, excluded two of the sequences original-
ly identified in that report, based on our criteria for selecting putative
substrates. Cytochrome P450 and the mouse replication protein A were not
included here because the RGG-methylation consensus of these proteins was
not present in the context of multiple repeating methylation sites. However,
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TABLEV

FROM VARIOUS ORGANISMS

Nucleic acid

Definition Organism 1D binding?
RBP56 Homo sapiens gl613775 By homology
EWS Homo sapiens gl666067 +
hTAFII68 Homo sapiens g1628403 +
hnRNP A2 Homo sapiens g500638 +
FUS/TLS RNA-binding protein Homo sapiens P35637¢ By homology
hnRNP U Homo sapiens g32358 +
Pigpen Bos taurus Ref. 2194 By homology
Ribosomal protein 52 Rattus rattus g37717 By homology
FLI2 Mus musculus g193323 +
hnRNP A3 Xenopus laevis P51968° By homology
GCR 101 Drosophila melanogaster $49193¢ I

caz RNA-binding protein Drosophila melanogaster 554729 +

p62 putatative ATP-dependent Drosophila melanogaster P1909° By homology

RNA helicase

T01C3.7 Caenorhabditis elegans g1495012 By homology
ORF from yk76b9.5 Caenorhabditis elegans g1255346 ?
F58GI11.2 Caenorhabditis elegans g1742993 By homology
C27H5.3 Caenorhabditis elegans 540269 By homology
GAR2 Schizosaccharomyces pombe P41891° +
DBP2 p68 RNA helicase Schizosaccharomyces pombe 2173419 +
GAR1 Schizosaccharomyces pombe Q06975¢ +
GBP1 Chlamydamonas rheinhardi g520518 +
AtGRP2b Arabidopsis thaliana 1063684 By homology
Bmsqd-1 Bombyx mori 2784909 By homology
Cutinase negative-acting protein Fusarium solani gl438951 +

RNA helicase, PRH75 Spinacia oleracea g1488647 By homology
Nopp44/46 Trypanosoma brucei g1314705 +
Glycine-rich protein Solanum lycopersicum 514985¢ P
Glycine-rich RNA-binding protein Daucus carota Q03878 By homology
EBNA-1 Epstein—Barr virus g1334880 +
1CP27 Herpes simplex virus P36295°¢ ?
Myosin heavy chain 1B Acanthamoeba castellanii MWAXIB® —

“Unique identification number for GenBank retrieval.
bAs listed in the reference (ID) provided in column 3.
“Unique identification number for Swiss-Prot retrieval.

4See reference list,

“Unique identification number for PIR retrieval.

we want to stress the fact that the presence of a single RGG-methylation con-
sensus in a protein without a larger GAR domain does not exclude proteins
from being in vitro substrates and therefore possible in vivo methyl-accept-
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ing substrates as well. In fact, three proteins that were not identified from the
protein database search are methylated in vitro. Expressed forms of the frag-
ile X protein, FMRP, as well as Drosophila PSI and SXL,, can be methylated
by the GST fusion of the yeast Type I protein arginine N-methyltransferase
in vitro (J. Gary and S. Warren, unpublished; J. Gary and D. Rio, unpub-
lished). Interestingly, these three proteins are also nucleic acid-binding pro-
teins (138, 187, 188). In addition, PSI and SXL, like hnRNP Al, are regula-
tors of mRNA splicing (188-191). Sequence analysis of the SXL and PSI
proteins indicate that each contains one possible asymmetric arginine meth-
ylation site, and they are not optimal consensus sequences compared to the
consensus proposed above. FMRP, on the other hand, has up to seven
arginines in a small GAR domain (131). Perhaps only two or three of these
are in an RGG context that is within the consensus parameters.

C. Analysis of the in Vivo Symmetric Methylation Site
of Myelin Basic Protein

Biochemical evidence supports the idea that the mammalian Type 11
myelin basic protein-specific symmetric protein arginine N-methyltrans-
ferase is distinct from the Type I asymmetric methyltransferase (6). This con-
clusion is also supported by the identification of a consensus methylation site
that is similar to but distinct from the asymmetric methylation site (Fig. 6).
The Type II consensus site was determined by aligning the known as well as
the analogous postulated methylation sites within myelin basic proteins from
various organisms (Table III) in a manner similar to that noted previously. Al-
though the arginine residue, like the Type I methyltransferase substrates, is
still generally flanked on both sides by a glycine residue, additional glycine
residues are apparently absent from positions ~2 and +2. Instead, these po-
sitions generally contain lysine and leucine residues, respectively. Interest-
ingly, myelin basic proteins from the marine organisms shark, skate, and dog-
fish do not have an arginine at the analogous position (107) to the bovine
protein. These proteins have not been tested in an in vitro methylation reac-
tion with a Type Il methyltransferase preparation in order to determine if an-
other arginine residue may be methylated. On the other hand, the myelin ba-
sic protein from carp is known not to be methylated in vivo (35), but it does
seem to contain a methylatable arginine residue because it was found to be
the best substrate for a bovine brain Type II protein arginine N-methyltrans-
ferase (45). The exact position of the in vitro-methylated arginine in the
myelin basic protein from carp, however, was not determined.

Direct analysis of the methyl-accepting site for the Type 1I methyltrans-
ferase has been approached via synthetic peptide substrates. Rawal et al.
(156) performed activity assays with a partially purified calf brain prepara-
tion of the Type Il protein arginine N-methyltransferase, using various pep-
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tides based on the myelin basic protein sequence surrounding Arg-107 as
methyl-accepting substrates. They found that the peptide matching residues
104-109 (GKGRGL) was a good methyl acceptor, but peptides where the
flanking glycine residues on either side of Arg-107 were changed indepen-
dently to several other amino acids, including histidine, phenylalanine, glu-
tamine, leucine, and aspartate, were not substrates (156). It is of particular in-
terest to note that the circularized peptide (by disulfide formation)
CGKGRGLC was found to be a better substrate than its linear version (156).
This may be an important indication that tertiary structure also plays a role
in substrate recognition by the Type II methyltransferase. In native full-
length myelin basic protein, Arg-107 is only five residues away from a tripro-
line sequence, thought to impose a sharp bend in the polypeptide (155, 192),
and this feature may have been mimicked by the synthetically circularized
peptide.

D. Other Protein Arginine Methyltransferase
Consensus Methylation Sites

1. PranT TYPE III HisTONE H4-SPECIFIC ARGININE
METHYLTRANSFERASE

The Type I1I methyltransferase was isolated from wheat germ extract and
specifically mono- and symmetrically dimethylates endogenous histones as
well as calf thymus histone H4 (50). In a subsequent study, the site of meth-
ylation was determined by amino acid analysis of peptide fragments from calf
histone H4 incubated with [1*C]AdoMet and a preparation of the wheat germ
Type III methyltransferase (51). A single peptide fragment corresponding to
residues 24-35 was radioactive and contained only monomethylarginine
(51). The site of methylation could be established because this peptide con-
tains only one arginine residue at position 35. The amino acid context sur-
rounding this methylation site (PAIRRLA) is different from all the other argi-
nine methyltransferases and supports the recognition of this enzyme as a
separate subtype.

2. TypE IV CYTOCHROME ¢-SPECIFIC ARGININE
METHYLTRANSFERASE

An activity able to monomethylate an arginine residue in cytochrome ¢
in vitro has been identified in the protist Euglena gracilis (53) and designat-
ed the Type IV enzyme. The arginine methylation site in cytochrome ¢ was
determined to be at position 38 in the horse heart protein that was presum-
ably used because the endogenous E. gracilis cytochrome c is fully meth-
ylated in vivo (53). The arginine is in a context distinct from the asymmetric
or myelin basic protein consensus sequences. Using cytochrome ¢ sequences
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from horse, human, yeast, mouse, and rat cells, the consensus amino acids
surrounding the analogous Arg-38 are (/L)FGR(K/H) (S/T)G. It would seem
from the consensus sequence data that if the modification does occur in vivo,
the cytochrome ¢ methyltransferase may also be a distinct enzyme. Interest-
ingly, the yeast arginine methyltransferase fusion protein (GST-Rmtl),
known to have a broader substrate specificity, is able to poorly methylate cy-
tochrome ¢, whereas the mammalian GST-PRMT]1 does not (5, 6). Despite
the activity of the GST-Rmtl fusion protein toward cytochrome c, it is un-
able to methylate myelin basic protein (5), which would seem to have a
methylation site closer to its own consensus sequence.

VI. Functional Roles for the Profein Arginine
N-Methyltransferase and Arginine Methylation

A. Asymmetric Methylation

The importance of asymmetric protein arginine N-methylation is under-
scored by the number of possible substrates involved in important cellular
processes (Table V) and the presence of the activity in many different organ-
isms and tissues (2). By attempting to understand aspects of both the asym-
metric protein arginine N-methyltransferase and the substrates it acts on, we
may begin to ascertain the significance of this posttranslational modification
in the context of a cell. In the following sections we describe possible func-
tions for asymmetric arginine methylation.

1. SicNAL TRANSDUCTION

Perhaps the clearest evidence to support a role for the Type I protein argi-
nine N-methyltransferase in signal transduction can be seen from the ways
in which the mammalian methyltransferase genes have been cloned. Rat
PRMT1 was found because of its interaction with TIS21 and BTG1 in a yeast
two-hybrid system (6). TIS21 is an early-response/immediate-early gene
product, the expression of which is up-regulated independently of protein
synthesis in response to a mitogenic signal such as hormones, serum, or phor-
bol esters (56, 58). Its closely related family member BTG1 was originally
identified because of its proximity to a breakpoint found in leukemias; how-
ever, it was found that BTG1 expression could also be induced by epidermal
growth factor in RAT1 fibroblast cells (6). Interestingly, in dissociated brain
cells from embryonic mice, a Type I arginine methyltransferase activity is
stimulated 120 and 130% by the B-adrenergic agonist (—)isoproterenol and
by epinephrine, respectively (193).

The first human homolog of rat PRMT1, HCP1, was identified in a screen
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for genes that allowed irel5 mutant yeast cells to overcome their inability to
grow without inositol. HCP1 expression in the irel5 yeast cells caused an in-
crease in the transcription of INOI mRNA, encoding inositol 1-phosphate
synthase, which is greatly reduced in the mutant cells (9, 70). In a third study,
the human homolog of PRMT1 was also isolated as a protein that specifical-
ly interacts with the intracytoplasmic domain of the cytokine receptor
INFAR1 (8). This domain of the receptor provides a docking site for proteins
already known to be involved in signal transduction, such as tyrosine and ser-
ine/threonine kinases (194, 195).

Another role for Type I arginine methylation in signal transduction may
be in the induction of the heat-shock response, at least in nonmammalian sys-
tems. After a heat shock or arsenite treatment, the methylation states of argi-
nine residues within histone H3 and two of the 70-kDa heat-shock proteins
are changed. Histone H3 in Drosophila shows an increase in methylarginine
content (mono- and asymmetric dimethylarginine) (128) and HSP70A and
HSP70B from chicken fibroblasts have decreased levels of monomethylargi-
nine (144, 145). It is not clear whether the decrease in methylation of
HSP70A and HSP70B is due to a true decrease in methylation or an artifact
of the inability of the endogenous methyltransferase to cope adequately with
the rapid overexpression of these proteins in response to a heat shock. In ei-
ther case, the function of this change in the state of methylation is not un-
derstood. However, it is known that a large portion of HSP70 becomes lo-
calized to the nucleus after a heat shock (145).

There have been several reports that correlate signal transduction with
possible changes in arginine methylation in unidentified proteins. For exam-
ple, lipopolysaccharide stimulation of pre-B cells results in increased mem-
brane protein methylation (196), whereas epidermal growth factor and nerve
growth factor stimulate methylation within PC12 cells (197). However, there
is no evidence that the increases in protein methylation are associated with
arginine residues. Experiments designed to look specifically at the results of
inhibiting both of the protein arginine N-methyltransferases found that vari-
ous S-adenosylhomocysteine analogs, such as 35'-deoxy-5'-S-(2-methyl-
propyl)-5'-thioadenosine (SIBA), were good inhibitors of the Type I and Type
II methyltransferases, but did not affect the protein lysine methyltransferase
activity (198). These same analogs also inhibited foci formation in chick em-
bryo fibroblasts transformed by the Rous sarcoma virus, circumstantially
linking arginine methylation and the process of viral transformation (198).
Sinefungin and SIBA both cause a decrease in all three methylated arginine
derivatives in vivo when administered to murine splenic lymphocytes and in-
hibit the normal cellular lymphoproliferative response to lipopolysaccharide,
again implicating the involvement of an arginine methyltransferase in a sig-
naling pathway (199).
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In fact, arginine methylation may even cooperate with protein phos-
phorylation events to control activity. A second posttranslational modification
of the S. cerevisiae methyl-accepting substrate Npl3 has been proposed, where-
by the serine residues adjacent to the proposed methylated arginine residues
are phosphorylated (C. Siebel and C. Guthrie, unpublished). Having this phos-
phorylated SR domain (24, 200) overlap with an arginine-methylated GAR do-
main could give rise to multiple modes of regulation of Npl3 activity (24).

2. NUCLEAR LOCALIZATION

There are several examples whereby the GAR domain and even the argi-
nine methylation event have been directly implicated in promoting nuclear
import. Almost all of the known asymmetric dimethylarginine-containing
proteins are localized to the nucleus and even more specifically the nucleo-
lus. A majority of the proposed substrates from yeast and other organisms are
similarly localized (Table IV).

Many studies have been done characterizing the signal for nuclear im-
port. Most of the nuclear proteins that are actively imported contain basic
amino acid stretches that are termed nuclear localization sequences (NLSs)
(201). Those destined for the nucleolus often contain additional sequences
for this targeting (201). The GAR domains of many of the proposed substrates
for the Type I protein arginine N-methyltransferase were assessed for the abil-
ity to promote nuclear or nucleolar targeting. A yeast npl3 mutant missing
the carboxy-terminal portion of the protein containing the GAR domain fails
to localize to the nucleus (78). Import of nucleolin into the nucleus requires
a NLS, but its further localization into the nucleolus requires the GAR do-
main and the adjacent RNA-binding domains (202, 203). The yeast Nsr1 pro-
tein also requires both the GAR domain and the RNA-binding domains for
proper nucleolar import (167). Interestingly, a mutant form of the herpes sim-
plex virus protein ICP27, lacking the RGG sites, is nuclear but not nucleolar
localized (131, 132, 249). Conflicting results were reported when similar ex-
periments were performed with both hnRNP Al and Garl. The nuclear lo-
calization signal within hnRNP Al is contained within a 40-amino acid do-
main in the carboxy-terminal region, 30 amino acids downstream from the
GAR domain (204). With Garl, it was also found that neither of the GAR do-
mains was sufficient for nucleolar localization, and they did not seem to be
required because the central domain and an adjacent basic domain alone
were sufficient for proper localization (201). However, having a nuclear lo-
calization signal in close proximity to or overlapping a nucleotide-binding re-
gion (Section VI,A,4) suggests a possible mechanism for the shuttling of cer-
tain proteins between the nucleus and the cytoplasm, such as with hnRNP
Al and Npl3 (78, 101, 102, 250). When the proteins are imported into the
nucleus, they encounter a high concentration of mRNA substrate to bind.
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The binding of mRNA with or near to the GAR domain could partially block
the localization function of the domain, allowing the protein and its “cargo”
to exit into the cytoplasm. The bound RNA species could then dissociate be-
cause of the lowered cytosolic concentration, and the empty shuttle protein
would then be actively targeted back to the nucleus.

Although all of the above examples are still consistent with the GAR do-
main playing an accessory role in nuclear or nucleolar import, a direct role
for not only the GAR domain but also the asymmetric dimethylation of
arginines within the GAR domain was shown for the nuclear import of the
high-molecular-weight forms of basic fibroblast growth factor. The 18-kDa
form of bFGF is predominantly cytoplasmic; however, the higher molecular
weight forms are preferentially found in the nucleus and contain asymmet-
rically dimethylated arginine residues (Section IV,B,4) (114, 117, 118, 205).
These higher molecular weight forms are transcribed from alternative up-
stream CUG start codons, and the amino-terminal extension contains a GAR
domain (116). After the addition of the methyltransferase inhibitor 5'-
methylthioadenosine to 3T3 cells, the high molecular weight forms of bFGF
were no longer preferentially localized to the nucleus as in the control cells
(106). The higher molecular weight forms of bFGF from methylthioadeno-
sine-treated 3T3 cells demonstrate increased electrophoretic mobility com-
pared to when they are immunoprecipitated from untreated cells (106). This
change in mobility was assumed to be due to methylation, because the shift
is dependent on the presence of methionine, although no direct measure-
ment of the amount of methylation in these higher molecular weight bFGF
species from methylthioadenosine-treated cells was reported (106). Further-
more, methylthioadenosine did not increase the turnover rate of either form
of bFGF and it actually enhanced the level of expression of the higher mo-
lecular weight form (106).

3. NUCLEIC ACID BINDING

The most common feature of the proteins that contain GAR domains is
their ability to bind single-stranded nucleic acids (Tables IV and V). For ex-
ample, the GAR domain of the yeast Nab2 protein, when in vitro transcribed
and translated in various protein contexts, binds poly(G), poly(U), and single-
stranded DNA linked to a solid support resin (176). A GAR domain from the
herpes simplex virus protein, ICP27, can also confer RNA-binding abilities
when fused to heterologous proteins (138). ICP27 is critical for several viral
functions, all of which affect cellular mRNA processing; perhaps the ability
of the ICP27 GAR domain to bind nucleic acids may explain why RGG-de-
ficient forms of ICP27 do not allow efficient replication of the herpes sim-
plex virus in Vero cells (131, 138). In Epstein—Barr-virus infected cells, a sim-
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ilar decrease in transcriptional activiation was observed when a mutant
EBNA-1 protein with altered GAR domains was expressed compared to a
wild-type version of the protein (206, 207).

These examples are, however, in proteins that have not been positively
confirmed to contain methylated arginine residues. Therefore, the study of
the function of the GAR domain in hnRNP proteins, where methylation is es-
tablished, may be more relevant to understanding its role in RNA binding.
The carboxy-terminal domain of hnRNP A1 (residues 203-236 in rat hnRNP
Al; see Fig. 5B), containing the GAR domain, provides cooperative binding
to single-stranded DNA cellulose and may be responsible for the protein—
protein interactions important in this cooperativity (208). The carboxy-ter-
minal domain is also necessary for the alternative splicing activity, the stable
RNA binding, and the optimal annealing activity of hnRNP A1 (100, 208).
Interestingly, bacterially produced hnRNP A1l constructs that have had their
carboxy-terminal GAR domain removed are not functional in their ability to
bind RNA or promote alternative splicing (100). Similarly, in hnRNP U, loss
of the GAR domain abolishes single-stranded DNA binding activity in vitro,
but an expressed form of the GAR domain of this protein alone is able to bind
single-stranded DNA (209). It is important to note that in all of the in vitro
studies performed with hnRNP Al, the protein was isolated from recombi-
nant E. coli cells that do not have arginine methyltransferase activity. To ex-
amine the effect of methylation of the GAR domain, the nucleic acid-bind-
ing abilities of methylated versus unmethylated recombinant hnRNP Al
were compared (210). It was found that the methylated form of the protein
eluted earlier in a salt gradient from a single-stranded DNA—-cellulose col-
umn, indicating a weaker binding compared to the unmethylated form (210).
The general association of the GAR domain with single-stranded nucleic
acids is thought to be through the interaction of the positive charge on the
arginine residues and the negative charge on the phosphate backbone (211).
More specific interactions may arise through specific hydrogen bonds that
are possible with the guanidino nitrogens and the nucleic acids. The methy-
lation of these nitrogens does not affect the gross charge of the side chain,
but the addition of two methyl groups onto a single nitrogen may disrupt the
more specific hydrogen bond interactions (211). This hypothesis is consistent
with the experimental data showing a decreased affinity for single-stranded
DNA by the methylated form of hnRNP Al. Because only 1.45 arginines per
hnRNP Al molecule {out of a total of six potential sites) were shown to be
methylated in vitro (210), the difference in binding affinity may be more sub-
stantial in more fully methylated proteins in vivo. A “less-specific” form of
hnRNP Al may be advantageous in light of the fact that the protein is re-
sponsible for differential 5’ splice site selection (99, 212).
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4. DEVELOPMENTAL ASPECTS

The Type I methyltransferase activity seems to be developmentally regu-
lated. Arginine methyltransferase activity from either the whole homogenate
or the cytosolic fraction is high in rat fetal brain and then declines rapidly af-
ter birth (213). Although the arginine methyltransferase activity is reduced by
half in the first 30 days after birth (213), monomethylarginine residues in rat
brain increase with a sigmoidal curve over the first 180 days (2). The initial
increase begins at day 15, and the half-maximal content is reached at 45 days
(2). During this same period, the content of asymmetric dimethylarginine
residues did not vary (2).

Similar experiments with synchronized HeLa S-3 cells showed that Type
I methyltransferase activity gradually increases after the initiation of mitosis
and reaches a maximum 18 hr later in late G, (214). In a separate experiment,
levels of methylated endogenous substrates, the 40S and 60S ribosomal sub-
units, were examined throughout the cell cycle (215). The levels of arginine-
methylated 40S subunit were highest in late G, and the arginine-methylat-
ed 60S subunit was most abundant in early S phase (215).

5. ARGININE METHYLATION WITH UNKNOWN CONSEQUENCES

There are many other substrates that are potentially asymmetrically
methylated in vivo (see Table V and Section IV,B,7), of which several do not
have a function or do not appear to be related to nucleic acid-binding pro-
teins. Determining the function of these proteins and trying to assess the role
of the arginine methylation is an obvious course of action. Among these pro-
teins are histones, which may be methylated in vivo in response to a heat
shock, as well as HMG1 and HMG2. The interactions of both of these pro-
teins with DNA may be modulated by arginine methylation. A histone
methyltransferase has even been suggested to be involved in the oddly
shaped chromosomal structures seen in cells with chronic erythremic myelo-
sis (216, 217).

Methylated arginine residues are resistant to proteolytic degradation by
trypsin (20, 27, 31). This has led to the hypothesis that the modification may
be involved in protecting certain proteins from proteolytic degradation. This
resulting stabilization may be beneficial to some of the other uncharacter-
ized substrates, including the heat-shock proteins HSP70A and HSP70B, cy-
tochrome ¢, and myosin.

6. CONCLUSIONS

The roles discussed above for asymmetric protein arginine N-methylation
are not mutually exclusive and they can be brought together under a rather
general model described below. It is intriguing that proteins that are respon-
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Control of Type I protein
arginine N-methylation

ACTIVE PASSIVE

Allows for a change . Maintenance of normal
in cellular function - > cellular functions

F1G. 7. A schematic of the two possible modes of in vivo Type I protein arginine N-meth-
ylation.

sible for binding single-stranded nucleic acids may be localized to the cor-
rect organelle by the same sequence that aids in the cooperative binding of
the nucleic acid substrate. In addition, this system provides a way for the cell
to receive extracellular signal inputs and transmit them directly to the nu-
cleus.

In its simplest form, the model proposes that asymmetric dimethylation
of arginine residues can occur in two modes, the passive and the active (Fig.
7). Passive methylation is proposed to be constitutive and occurs typically in
unstimulated cells, under conditions of “normal” metabolism. For example,
proteins such as fibrillarin and nucleolin have been found only in their fully
methylated forms in vivo (20, 71), and these proteins as well as others may
require this complete derivatization for proper localization and/or function.
However, under certain conditions, “active” methylation of new, normally
under- or unmethylated (or even unexpressed) substrates is required. In re-
sponse to an external stimulus (cytokine, hormone, heat, etc.) the methyl-
transferase activity may be modulated to change substrate specificity and
therefore affect cellular processes. For example, the reported levels of asym-
metric dimethylarginine in hnRNP Al in vivo vary (43, 97); therefore, the
methylation state of hnRNP Al may be changing under certain conditions
to nonspecifically modify splicing patterns in mRNA transcripts. In these
studies, hnRNP A1 was isolated from HeLa cells grown to cell densities that
varied by as much as three orders of magnitude (43, 97). Perhaps the differ-
ence in the density of cell-cell contacts could trigger a change in the argi-
nine methylation levels.

The conditions under which the asymmetric methyltransferase activity
shifts from passive to aclive may be as general as a response to a positive
growth signal, as seen in the up-regulation of methyltransferase activity in re-
generating hepatic tissue in rats (218). This pathway could include interac-
tions with the methyltransferase regulators TIS21 and BTG1 to effect the de-
sired result. It is also possible that this branch of the active pathway is what
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causes the induction of INOI mRNA in yeast ire15 mutants. The active path-
way may also be induced under conditions that induce an inhibition of
growth, as in the treatment of human myeloma U266S cells with interferon-
B (8). This active pathway is blurred with the passive arm, however, because
during either type of response it is possible that the expression of passively
methylated substrates, which need to be methylated for proper function, is
also up-regulated. Perhaps this increase in Type I methyltransferase activity
is to cope with the enhanced expression of growth-induced methyl-accept-
ing substrates such as the pigpen protein, whose cellular levels increase dur-
ing the growth and differentiation of epithelial cell during angiogenesis (219).
Active up-regulation of the methyltransferase activity toward similar sub-
strates would constitute the crossover between these two pathways (Fig. 7).

As with other posttranslational modifications involved in signal trans-
duction, whether it be phosphorylation or methylation, it is important to re-
set the system back to the resting state by removing the modification. It is at
this point that the model proposed in Fig. 7 and the role of asymmetric di-
methylation of arginines in signal transduction are problematic. No demeth-
ylase has been identified for asymmetrically dimethylated arginine residues,
although one has been suggested for the myelin basic protein symmetrically
dimethylated arginine (220). Experiments with in vivo-labeled histones from
rat tissues indicated that the turnover of the methyltted arginines coincided
with the degradation of the histones (122-124). If the mechanism for the re-
moval of asymmetrically dimethylated proteins is specific proteolysis, it
would be a very costly method of signal transduction in terms of cellular re-
sources.

B. Symmetric Arginine Dimethylation
of Myelin Basic Protein

1. BACKGROUND

The relative and absolute content of mono- and symmetric dimethylargi-
nine in myelin basic protein reported in the literature varies widely among
species (19, 21, 22, 31, 32, 34, 35). Levels of symmetric dimethylarginine
residues range from 0.033-0.6 mol per mole of myelin basic protein when
isolated from human, monkey, bovine, chicken, guinea pig, rabbit, rat, frog,
and turtle tissues (19, 21, 35). In these same myelin basic protein isolates,
monomethylated arginine levels ranged from 0.17 to 0.48 mol per mole of
myelin basic protein (21, 35). These studies also determined the in vivo ra-
tios of symmetric dimethylarginine to monomethylarginine at position 107,
which varied as much as from 0.14 to 1.95 (19, 22, 32, 34, 35). In 1977, it
was hypothesized that this difference may not be due to different experi-
mental techniques, but rather to a difference in the in vivo ages of the myelin
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basic protein (221). This idea is supported by the fact that monomethylated
myelin basic protein from 2-day-old chickens has a half-life of 40 days, and
the symmetrically dimethylated species has an apparent half-life of less than
50 hr (34), whereas newly formed myelin basic protein from mouse brain, la-
beled with [*H]leucine, has a half-life of approximately 36 days (222).

Further evidence indicating a difference in the extent of arginine meth-
ylation of myelin basic protein in vivo with age was obtained from experi-
ments with rabbits, rats, and mice of different ages (12 days and 2 years; 8
days and 10 months; and 10 days and 6 months, respectively). Importantly,
myelination in mice begins 10 days after birth and reaches a maximum at 30
days, followed by a steady decline of accumulation (222), whereas in rats to-
tal myelin protein begins to accumulate at 10-15 days after birth as well;
however, it reaches a maximum level at 100 days that is sustained beyond 1
year after birth (221). In both animals, the expression of myelin basic protein
also follows the general trend of myelination. From the rabbits, rats, and
mice, as much as a 9-fold increase in symmetric myelin basic protein-derived
dimethylarginine residues and a 14-fold increase in myelin basic protein de-
rived-monomethylarginine were observed in the older animals versus the
younger ones (149). Interestingly, this large difference in the absolute
amounts of the two arginine derivatives is not reflected in the ratios of the
two, which did not vary greatly between the age groups (149).

Although an explanation for the increase of arginine methylation in old-
er animals is not obvious, it may at least suggest a functional relationship be-
tween the extent of methylation and myelination. In support of this hypoth-
esis, the Type II methyltransferase activity from mice is maximally active
toward exogenous bovine myelin basic protein at 17~40 days after birth, co-
inciding with the peak of myelination (222, 223). As expected, the levels of
methylated arginine derivatives also increased during this period (149, 221).
Furthermore, the methylation of myelin basic protein during myelination
may be under hormonal control, because Type II activity from cultured
mouse brain cells is stimulated by the administration of thyroid hormone
(224).

In addition to these studies, analyses were also conducted in mutant
strains of dysmyelinating mice. Jimpy mice produce normal levels of myelin
basic protein, but fail to incorporate it into the myelin sheath (225). Type I1
protein arginine N-methyltransferase activity was reduced by an average of
70% in brain extracts from the 21-day-old homozygous jimpy mice com-
pared to the normal controls; in the heterozygous mice activity levels re-
mained similar (90%) to the control level (225). Earlier in development
(12-15 days), significant differences in enzymatic activity could not be de-
tected among the three genotypes (225). The myelin basic protein from 23-
day-old heterozygous and homozygous jimpy mice contain 23 and 16%, re-
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spectively, of the symmetric arginine derivative compared to the mother con-
trol, as well as 32 and 7%, respectively, for the monomethylarginine species
(149). No explanation has been offered for the fact that heterozygous jimpy
mice are phenotypically normal and have almost wild-type levels of Type 11
methyltransferase activity, but have significantly reduced levels of myelin ba-
sic protein-derived methylated arginine derivatives (149, 225). Alternatively,
for the 12-day-old shiverer dysmyelinating mutant mice, the Type II protein
arginine N-methyltransferase activity from brain extracts was greater than
twofold higher than the normal controls, and fell to near normal levels by day
21 (226). The amounts of the specific methylated arginine derivatives were
not assayed for the shiverer mice.

2. FuncTioNAL MODELS

Attempts to understand how the methylation of the single arginine
residue could effect myelination began with the modeling of the myelin ba-
sic protein structure (192). Myelin basic protein is quite refractory to crystal-
lization techniques; however, early molecular modeling algorithms predict-
ed high levels of B-sheet that could not be confirmed experimentally (192).
The results of these modeling exercises was that a methylated versus an un-
methylated arginine would make different contacts with nearby residues.
Specifically, the methylated form would have favorable interactions with
Pro97, stabilizing the hairpin loop created by the triproline sequence (192).
A more recent analysis of the structure of myelin basic protein incorporated
data from three-dimensional reconstructions of electron microscope analy-
ses (155). This revised structure is based on the B-sheet backbone proposed
earlier (192); however, the myelin basic protein structure model could now
be constrained to fit the electron microscopy reconstruction data (155). In
this new model, myelin basic protein has a C-shaped configuration and is still
composed mainly of B-sheets. The area containing the triproline sequence
and the arginine methylation site is suggested to be in a position where post-
translational modifications may affect the global structure of the protein
(155). Interestingly, however, the methylation of the arginine was not men-
tioned in the study (155) as one of the possible in vivo modifications to myelin
basic protein.

Exogenously added myelin basic protein can induce the aggregation of
unilamellar myelin vesicles in vitro, which can be monitored by light-scat-
tering changes (227). Experiments comparing unmethylated carp myelin ba-
sic protein with the presumably in vivo-methylated bovine protein suggest-
ed that the arginine methylation was more efficient at promoting aggregation
by 0.93 kcalmol, whereas the unmethylated myelin basic from carp was
found to be no more efficient than other cationic proteins tested, such as
lysozyme or poly(histidine) (227). An additional increase (0.13 kcal/mol) in
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efficiency for the bovine myelin basic protein was observed after it had been
further methylated in vitro by a preparation of the Type II protein arginine
N-methyltransferase from bovine brain (227). Interestingly, the myelin basic
protein from carp was not arginine methylated in vitro and assayed for vesi-
cle aggregation (227). The authors concluded that the effect of arginine
methylation in the vesicle assay could not be attributed solely to the increased
hydrophobicity of the methylated arginine residue, but included additional
gains in free energy from more favorable ionic interactions (227).

Furthermore, incubation of mouse embryonic brain cells with the methyl-
transferase inhibitor sinefungin lead to an inhibition of the formation of com-
pact myelin without decreasing the gross amount of myelin basic protein
(228). From these results, it was suggested that the methylation of Arg-107
played a key role in the compaction of the myelin sheath. However, analysis
of various myelin fractions at different degrees of compaction showed that
the highest methyl acceptability was found in the most compact fraction of
multilayered myelin, suggesting that it was the least, and not the most, meth-
ylated fraction (229). It was proposed that the methylated myelin basic pro-
tein is excluded from the compact myelin because it is less cationic than the
unmethylated form, and the extent of positive charge of myelin basic protein
is thought to be critical for the association of the two opposing negatively
charged phopholipid membranes (229). However, in guanidine-HCI the na-
ture of the charge on methylated myelin basic protein was not different from
the unmethylated form; in fact, only after the removal of the denaturant was
any difference seen (229), although this may be attributable to improper re-
folding in vitro rather than to any real difference in vivo.

A solution to this apparent paradox established by the vesicle aggregation
experiments compared to assays on compact myelin is not at hand. It is pos-
sible that the arginine methylation of myelin basic protein is a dynamic rather
than a static process. One may speculate that the methylation of Arg-107 oc-
curs during or soon after its synthesis to prevent its rapid complexation with
the membrane and allow for proper folding in a fashion similar to the pro-
posed role of the phosphorylation of Thr-99 and Ser-166 (192). This scenario
would cause a reevaluation of the data indicating that methylation induced
favorable interactions with the membrane (227). The data may be viewed as
artifactual if the role of the methylation is only critical soon after the protein
is synthesized. Once the derivatized myelin basic protein is properly folded,
it could associate with the membrane and lose its arginine methylation {or
demethylation could precede membrane association). Indeed, as mentioned
above, the protein may only go from symmetric dimethylarginine to
monomethylarginine, as is observed in the experiment with young versus old
animals (149). This aspect of the model is supported by the discovery in a
crude preparation of the bovine brain myelin basic protein methyltransferase
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of a demethylase activity that could not be attributed to a loss of myelin ba-
sic protein through general proteolysis (220).

3. MyYELIN Basic PROTEIN METHYLATION
AND THE RELATIONSHIP TO DISEASE

Defects in myelination have been associated with alterations in methyl
group metabolism. For example, a deficiency of vitamin B,, (a necessary co-
factor for the synthesis of methionine, a precursor to the methyl-group donor
AdoMet) is associated with malformed myelin sheaths in subacute combined
degeneration disease (SCD) (27). Another inhibitor of AdoMet synthesis, 1-
aminocyclopentane carboxylic acid (cycloleucine), can induce myelin lesions
similar to those seen in SCD when injected into chickens (230) or when giv-
en to mice (231, 232). Finally, nitrous oxide (an inhibitor of methionine syn-
thetase) also causes these lesions in myelin, and the neurological as well as
the histological phenotypes can be fully reversed by supplementing the diet
with methionine (233). However, whether these effects are mediated in
whole or in part via arginine methylation in myelin basic protein is not clear.
Administration of cycloleucine to rats does cause a 26% decrease in myelin
basic protein methylation; however, no effect was found with nitrous oxide
treatment of rats, nor did a depletion of vitamin B,, in bats by dietary mea-
sures cause a significant decline (234).

The methylation of arginine residues and their eventual metabolism may
also reflect on pathological conditions. Levels of asymmetric dimethylargi-
nine in the urine of 12 patients with muscular distrophy were initially found
to be 2-fold higher than in 10 normal children, and the average ratio of the
asymmetric to the symmetric derivative increased from 1.4 to 2.6 (235). Lat-
er it was observed that both types of dimethylarginine residue levels were al-
most 10-fold higher in a single patient affected with muscular distrophy com-
pared to 9 unaffected individuals, and the ratio of the two residues was 1.6
(236). The discrepancy between these two studies has yet to be explained;
however, it may be due to differences in sample size or to the fact that chil-
dren (5-16 years old) were specifically used in the earlier study (235), while
presumably only a single adult was used in the later one, although the age of
the individual is not specifically stated (236). This change in the absolute ex-
cretion levels of dimethylarginine may still be of use for the early diagnosis
of this disease.

The levels of these dimethylated arginine derivatives in normal human
urine (16-71 mmolmg creatinine) are comparable to the levels of arginine
(6—-40 mmol/mg creatinine), but are significantly lower than for other meth-
ylated amino acids, such as 3-methylhistidine (120-385 mmol/mg creatinine)
(235, 236). This difference suggests that there is an active mechanism for the
metabolism of the proteolytic products of arginine-methylated proteins
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In fact, several enzymes have been characterized that may be involved in the
catabolism of these free methylated arginines in rats (237-241). Some of
the by-products of these reactions include NG-methylagmatine, ornithine, the
corresponding a-keto acids, and citrulline. The importance of these catabol-
ic enzymes may become relevant in light of the fact that methylguanidine
may be related to several uremic disorders (242). Additionally, free
monomethylarginine (243) is known to inhibit nitric oxide synthase in vitro
(244, 245), and perhaps the dimethylarginine derivatives can inhibit this en-
zyme as well.

VII. Future Directions

In this review, we have provided an overview of protein arginine meth-
ylation, a field in in which there is considerable activity at this time. Current
excitement comes from the identification of new protein arginine N-methyl-
transferase genes and the analysis of new potential methyl-accepting sub-
strates.

At present, at least two mammalian genes are known that encode cat-
alytically active arginine methyltransferase subunits, PRMT1 and PRMTS3.
Three splice variants of the PRMT1 gene in humans have also been de-
scribed. All can be classified as Type I methyltransferases based on their ac-
tivity with the synthetic substrate GST-GAR, but they still methylate only a
single 55-kDa polypeptide in rmtl yeast extracts, compared to the 13 sub-
strates recognized by the GST-Rmt1 yeast fusion Type I protein arginine N-
methyltransferase (5) (J. Tang and J. Gary, unpublished results). There are
also five “orphan” mammalian substrates (HMGI1, HMG2, HSP70A,
HSP70B, and myosin) that have been tentatively shown to contain meth-
ylated arginines in vivo but do not contain the asymmetric methylation con-
sensus. It is unclear whether distinct gene products are required for their
methylation. A gene for the Type II arginine methyltransferase has also not
yet been identified. Together, these findings suggest the existence of poten-
tially many more protein arginine N-methyltransferases in higher organisms
with different substrate specificities. The finding of additional protein argi-
nine N-methyltransferase substrates is critical for discovering new methyl-
transferases and determining the complexity of this family of enzymes and
ultimately its role in various cellular processes. At this stage, it will be im-
portant to reinvestigate those potential substrates identified only by amino
acid analysis with more purified forms of the enzymes and more sensitive
means of analysis, such as mass spectroscopy, to verify the original claims.
Having a larger pool of identified substrates, recombinantly expressed, gives
us the ability to either purify novel methyltransferases from cellular extracts
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or assess the activity of the methyltransferase fusion enzymes already con-
structed.

The most crucial and rewarding work will be done by those whose pro-
tein of interest is a substrate for a protein arginine N-methyltransferase. The
ability to obtain purified methylated or unmethylated protein from recombi-
nant bacterial cells coexpressing a protein arginine N-methyltransferase for
use in an in vitro assay will open the door to understanding the function of
this methylation event. The coexpression of the methyltransferase and the
substrate is suggested over in vitro methylation based on our results at-
tempting to stoichiometrically methylate recombinant Npl3 with
GST-Rmtl. Under all of the conditions tested, such as high AdoMet con-
centrations and thrombin removal of the GST moiety, we were unable to
achieve stoichiometric methylation (C. Seibel and J. Gary, unpublished). This
result supports earlier hypotheses that the methylation event was either co-
translational or very tightly coupled to it (246).

As more of the proteins listed in Table V are characterized, perhaps ad-
ditional in vifro assays will be developed and used to probe the functional
advantage of arginine methylation. In the yeast system, these types of func-
tional assays can be performed in vivo using an RMT1I versus an rmitl strain
in combination with mutations in the gene of choice. Indeed, this is how the
RMT1I gene was identified (7). Using this type of approach, it might be pos-
sible to ascertain what portions of the substrate proteins act in conjunction
with methylation, causing an interesting phenotype that may reveal its role
in nucleotide binding, signal transduction, or localization. For example, are
point mutations in the conserved RNA recognition motifs more deleterious
in an rmi¢l strain, or can a GAR domain deletion be rescued by including a
heterologous nuclear localization signal® Making synthetic substrates by the
addition of either Type I or Type II arginine methylation sites to certain pro-
teins may also be instructive.

The past 30 years of literature concerning the symmetric and asymmet-
ric dimethylation of arginine residues is large and often contradictory. As the
specific methyltransferase genes are cloned and expressed and methods of
detecting and analyzing the derivatized residues improve, it will be of great
importance to revisit many of the questions raised here with the hope of uni-
fying the record and providing a physiological rationale for this posttransla-
tional modification reaction.
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Baker’s yeast, Saccharomyces cerevisiae, is an excellent and an increasingly
important model for the study of fundamental questions in eukaryotic cell biolo-
gy and genetic regulation. The fission yeast, Schizosaccharomyces pombe, al-
though not as intensively studied as S. cerevisiae, also has many advantages as a
model system. In this review, we discuss progress over the past several decades in
biochemical and molecular genetic studies of the regulation of phospholipid me-
tabolism in these two organisms and higher eukaryotes. In S. cerevisiae, follow-
ing the recent completion of the yeast genome project, a very high percentage of
the gene-enzyme relationships in phospholipid metabolism have been assigned
and the remaining assignments are expected to be completed rapidly. Complex
transcriptional regulation, sensitive to the availablity of phospholipid precusors,
as well as growth phase, coordinates the expression of the structural genes en-
coding these enzymes in S. cerevisiae. In this article, this regulation is described,
the mechanism by which the cell senses the ongoing metabolic activity in the path-
ways for phospholipid biosynthesis is discussed, and a model is presented. Recent
information relating to the role of phosphatidylcholine turnover in S. cerevisiae
and its relationship to the secretory pathway, as well as to the regulation of phos-
pholipid metabolism, is also presented. Similarities in the role of phospholipase
D-mediated phosphatidylcholine turnover in the secretory process in yeast and
mammals lend further credence to yeast as a model system. © 1998 Academic Press
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l. Introduction

The questions our laboratory has studied for the past two decades involve
regulation of the pathways controlling metabolism of the membrane phos-
pholipids in two yeast species, Saccharomyces cerevisiae and Schizosaccha-
romyces pombe. In the evolution of living cells, the development of func-
tional membranes is presumed to have been an early and essential step ().
Membranes provide structural integrity to the cell, separating the inside of
the cell from its environment and, in eukaryotes, also defining the architec-
tural boundaries of cellular subcompartments. Ester-linked glycerophospho-
lipids, with their property of self-assembly into bilayers at the interface be-
tween aqueous environments, are a dominant feature of biological
membranes in eukaryotes and eubacteria (2).

Viewed from the perspective of metabolic regulation in eukaryotic cells,
the synthesis of biological membranes is enormously complex. A key chal-
lenge for the growing cell is the coordination of ongoing biosynthesis of phos-
pholipids to ensure their delivery at the crucial times, the right locations, and
in the correct proportions. This intricate choreography controls the propor-
tional synthesis of hundreds of molecular species consisting of a variety of
polar head groups and a wide array of combinations of fatty acid side chains
of varying chain length and desaturation. These diverse molecules must be
delivered to a multiplicity of cellular locations, a process requiring not only
intricate communication between multiple membrane sites separated by
aqueous environments, but also the regulated transport and exchange of
lipids between the membrane compartments.

A. Yeast as a Model System

In the baker’s yeast, S. cerevisiae, mechanisms by which the eukaryotic
cell exerts control over the complex process of membrane biogenesis can be
dissected using the unparalleled molecular genetics of this organism. Sac-
charomyces cerevisiae has long been the eukaryotic model organism of
choice for studies of fundamental processes such as transcriptional regula-
tion, recombination, secretion, protein sorting, and cell division. Its power-
ful and well-developed molecular genetics, well-characterized biochem-
istry, and ease of cultivation on chemically defined media are now coupled
with the availablity of the complete sequence of its genome (3). Further-
more, a project now well underway (4) will result in construction and analy-
sis of disruption mutants of all 5885 genes of the S. cerevisiae genome (5).
The set of experimental tools now available for investigation of basic cel-
lular processes in S. cerevisiae is unmatched in any other eukaryotic or-
ganism. However, S. cerevisiae differs from other eukaryotes even in some
fundamental cellular processes. For example, S. cerevisiae, unlike most eu-
karyotes, divides by budding rather than fission. Nevertheless, many features
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of the control of the cell cycle of S. cerevisiae have proved to be homolo-
gous to other eukaryotes (6).

Whereas S. cerevisiae has 5885 genes and 12 Mb of DNA, humans have
an estimated 50,000-100,000 genes and 3000 Mb of DNA (3, 7). However,
virtually all of the genes of S. cerevisiae are expected to have homologs in
other eukaryotic organisms (3). It is estimated that some 1200 million years
have elapsed since the lineages of S. cerevisiae and other fungi separated
from the eukaryotic lineages that led to multicellular animals and plants (8,
9). In terms of gene organization, S. cerevisiae has a much higher density of
coding sequences than any other well-studied eukaryote, including the fis-
sion yeast, S. pombe (3, 9). Saccharomyces cerevisiae has one protein coding
sequence per 2 kb on average in its genome as opposed to one potential cod-
ing sequence per 2.3 kb in S. pombe and one coding sequence per 30 kb in
humans (3). Indeed, S. cerevisiae has many fewer introns than any other eu-
karyote that has been studied, including S. pombe, which has a higher den-
sity of coding sequences than other eukaryotes (3). Only about 4% of the
genes in S. cerevisiae have introns, whereas approximately 40% of S. pombe
genes have introns (3). These two yeasts are very distantly related and are be-
lieved to have diverged from one another at least 1000 million years ago (8).
Presumably, those proteins that have homologs in both yeasts, and those fea-
tures of cellular organization and regulation that they share in common, ex-
isted prior to the separation of their lineages from their last common ances-
tor and, very likely, from the eukaryotic lineages leading to multicellular
organisms. We believe, therefore, that a comparative study of regulation in
these two organisms may reveal fundamental mechanisms of metabolic reg-
ulation common to all eukaryotes.

B. Phospholipid Synthesis in Yeast: A Brief Overview

With respect to the pathways of lipid metabolism, S. cerevisice and S.
pombe are fairly typical eukaryotes. They both synthesize the inositol- and
choline-containing phospholipids that are typical of all eukaryotes, via path-
ways (Fig. 1) that are, for the most part, similar to those in other eukaryotes
(10-12). The two yeasts differ from each other, with respect to phospholipid
metabolism, in one major aspect: S. pombe is unable to synthesize the pre-
cursor L-myoinositol 1-phosphate (I1-P) and is consequently an inositol
auxotroph (I3), whereas S. cerevisiae, like other eukaryotes, synthesizes I1-P
from glucose 6-phosphate (Fig. 1) (14).

Yeast, like other eukaryotes, synthesizes phosphatidylinositol (PI)? from
free inositol and cytidinediphosphate diacylglycerol (CDP-DG) (Fig. 1). Pl is
subsequently phosphorylated to form PIP and PIP, (Fig. 1). The existence of

2 Abbreviations: C, choline; CDP-C, cytidinediphosphate choline; CDP-DG, cytidine-
diphosphate diacylglycerol; CDP-DME, cytidinediphosphate dimethylethanolamine; CDP-E,
cytidinediphosphate ethanclamine; CDP-MME, cytidinediphosphate monomethylethanol-
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PIP and PIP, in S. cerevisiae was first described by Lester and colleagues (15),
who also demonstrated that those molecules exhibit an active metabolism of
their phosphomonoester groups in response to cellular ATP levels (16, 17).
This active metabolism can be reconstituted in vitro using an isolated plasma
membrane fraction and exogenous ATP (I8). Auger et al. (19) reported that
phosphatidylinositol-3-phosphate is as abundant as phosphatidylinositol-4-
phosphate in S. cerevisiae. A PI 4-kinase, which is essential for viability (20),
is encoded by the PIK1 gene (see Table I). Another potential PI 4-kinase gene,
STT4, was identified by mutations conferring staurosporine sensitivity (21).
Yoshida et al. (21) reported that the STT4 deletion mutant is viable and that
cell homogenates prepared from the deletion mutant exhibit decreased PI
4-kinase activity compared to wild type. However, PI 4-kinase activity has not
been directly documented for the Sttdp, in vitro. Dennis Voelker and col-
leagues (personal communication) isolated mutants defective in transport of
phosphatidylserine (PS) from its site of synthesis in the endoplasmic reticu-
lum/mitochondrial-associated membrane compartments to the location of the
PSD2-encoded PS decarboxylase in the Golgivacuole compartments (22).
They found a mutant (pstBI) with reduced transport of PS in vivo that is an
allele of sit4. The pstB1 mutant has reduced PI 4-kinase activity and shows
some accumulation of PS at the expense of phosphatidylethanolamine (PE).
These results suggest that PI 4-kinase activity plays a role in lipid transport to
the Golgi/vacuole (Dennis Voelker, personal communication). However, in
contrast to the results of Yoshida et al. (21), the deletion mutation construct-
ed by Dennis Voelker and colleagues is not viable.

amine; CL, cardiolipin; C-P, choline phosphate; CTP, cytidinetriphosphate; DAG, sn-1,2-dia-
cylglycerol; DGPP, diacylglycerol pyrophosphate; DHAP, dihydroxyacetone phosphate; DME,
dimethylethanolamine; DME-P, dimethylethanolamine phosphate; E, ethanolamine; E-P,
ethanolamine phosphate; FA, fatty acid; Glu-6-P, glucose-6-phosphate; gly-3-F, glycerol-3-phos-
phate; GroPC, glycerophosphocholine; GroPlus, glycerophosphoinositol; I, inesitol; lyso-PA,
1-acylglycerol-3-phosphate; MME, monomethylethanolamine; MME-P, monomethylethanol-
amine phosphate; PA, phosphatidic acid; PC, phosphatidylcholine; PDME, phosphatidy-
limethyethanolamine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PGP, phos-
phatidylglycerol phosphate; P1, phosphatidylinositol; PIP, phosphatidylinositol phosphate; PIP,,
phosphatidylinositol biphosphate; PMME, phosphatidylmonomethylethanolamine; PS, phos-
phatidylserine; S, serine; TG, triacylglycerol. For gene abbreviations see Tables I-V.

Fic. 1. Pathways of phospholipid biosynthesis and turnover in Saccharomyces cerevisiae.
This schematic details the metabolic steps and corresponding structural genes of phospholipid
biosynthesis in yeast. Allele designations are alongside reactions for which mutations have been
characterized on a biochemical level. The designations given are for the recessive mutant alle-
les rather than the wild-type structural genes. A more complete list of structural gene designa-
tions is given in Tables I-V. Mutations that cause Opi~ or Opc™ phenotypes are indicated. Meta-
bolic steps that have been shown to be regulated by inositol and choline are indicated by a
double line.
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A P1I 3-kinase that is essential for vacuolar protein sorting is encoded by
the VPS34 gene (23). The TORI and TOR2 genes, originally identified by
mutations that confer resistance to rapamycin, encode proteins with homol-
ogy to PI 3-kinase (24). Likewise, the TEL1 gene, which plays a role in main-
taining telomere length in yeast, encodes a product with homology to PI ki-
nases (25, 26). TEL1 also shows homology to the MECI (ESRI) gene of
yeast, which is involved in mitotic cell division. The MEC1 gene product also
exhibits homology to PI kinases, including those of TOR1 and TOR2 (27, 28)
(Table I). However, none of these gene products (i.e., Torlp, Tor2p, Tellp, or
Meclp) has been demonstrated to have PI kinase activity.

In terms of glycerophospholipid synthesis, yeast cells differ from mam-
malian cells primarily with respect to the mechanism by which they synthe-
size phosphatidylserine and the predominant route by which they synthesize
phosphatidylcholine (PC). Yeast synthesize PS from CDP-DG and serine (29)
in a reaction catalyzed by the membrane-associated enzyme PS synthase (30)
(Fig. 1), whereas, mammals synthesize PS via an exchange reaction with phos-
phatidylethanolamine and free serine {12). Yeast cells growing without cho-
line supplementation synthesize PC primarily via a three-step methylation of
PE (31-33), but can also synthesize PC from free choline via the CDP-
choline pathway (Fig. 1), originally documented by Kennedy and Weiss (34).
When yeast cells are growing in the absence of choline, the CDP-choline
pathway serves primarily to recycle choline from lipid turnover (35). This
pathway can serve as a major or predominant source of PC in yeast when
choline is supplied exogenously, especially in mutants with defects in syn-
thesis of PC via the methylation pathway (36-39). In mammals, however, the
CDP-choline pathway is the predominant route of PC biosynthesis (12). The
methylation pathway in mammals, first described by Bremer and Greenberg
(40), functions primarily in the liver (41, 42).

C. Phospholipid Turnover in Saccharomyces
cerevisiae: An Overview

In mammals, much has been learned in the past decade about the role of
lipid turnover in signal transduction. Currently, with the excitement sur-
rounding yeast as a model system, there has been much interest in learning
whether the signal transduction pathways involving metabolites generated
by lipid turnover, which act as second messengers in mammals, also occur
in yeast. Homologs of the mammalian phospholipases B, C, and D (PLB,
PLC, PLD) genes (Table 1I) have been detected in yeast, and gene disrup-
tions have been made (43-48). All such gene disruption strains created to
date are viable. For example, deletion of a phospholipase B gene (PLBI) re-
sults in no apparent phenotypic defect, although strains bearing that disrup-
tion have decreased lysophospholipase/phospholipase B activity (43).
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TABLE I
GENES ENCODING BIOSYNTHETIC ENZYMES INVOLVED IN PHOSPHOLIPID SYNTHESIS
Enzyme Gene designation Ref.
a-subunit of fatty acid synthetase FAS1 255-257
B-subunit of fatty acid synthetase FAS2 255, 256
Acetyl-CoA carboxylase ACCLFAS3? 226, 258
Acyl-CoA desaturase OLEl 259
Acyl-CoA synthetase FAAI 260
Acyl-CoA synthetase FAA2 261
Acyl-CoA synthetase FAA3 261
Acyl-CoA synthetase FAA4 262
Serine palmitoyltransferase subunit LCB1 263
Serine palmitoyltransferase subunit LCB2/SCS1” 264, 265
Fatty acyltransferase SLC1 179
Inositol phosphorylceramide synthase AURI 266
Inositol-1-phosphate synthase INO1 107, 121
CDP-DAG synthase CDS1CDGI¢ 130, 131
Phosphatidylserine decarboxylase PSDI° 166, 167
Phosphatidylserine decarboxylase PSD2 22
Phosphatidylserine synthase CHOLPSSI¢ 30, 159, 211, 212, 215
Phospholipid N-methyltransferase PEMLCHOZ2° 37, 147
Phospholipid N-methyltransferase PEM2/0OPI3¢ 129, 147
Choline kinase CKI14 170, 267
sn-1,2-Diacylglycerol EPTI 151, 171
ethanolaminephosphotransferase
sn-1,2-Diacylglycerol CPTI4 152, 171
cholinephosphotransferase
Choline phosphate:CTP CCTH 169
cytidyltransferase
Cardiolipin synthase CLS1 267a
Diacylglyceropyrophosphatase DPP1 188, 188a
DPP2/L.PP1¢ -
Phosphatidylinositol synthase PIS1 109, 110, 112
Phosphatidylinositol 4-kinase PIK1 20, 268
Phosphatidylinositol 4-kinase STT4 21
Phosphatidylinositol 3-kinase VPS34 23
Phosphatidylinositol 3-kinase TOR1 24
homologs® TOR2 -
MECVESRI 27,28
TEL1 25,26

“Alternative names for genes are indicated by a slash (i.e., ACCI'FAS3).

#The SCS1 gene designation has been used separately by Zhao et al. (265) to identify the subunit of ser-
ine palmitoyl transferase (also known as LCB2) and by Hosaka et al. (222) to identify a high-copy suppressor
of the irel5 mutation. The gene isolated by Hosaka et al. (222) is identical to the INO2 gene (220).

°Mutations in these genes lead to an Opi~ phenotype under certain growth conditions (see Fig. 1).

“Mutations in these genes lead to an Ope™ phenotype when combined with sec14* (Fig. 1).

¢Based solely on homology data.
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TABLE 11
GENES ENCODING PHOSPHOLIPASES
Enzyme Gene designation Ref.
Phospholipase B PLB1 43
Phospholipase C PLCI 44
Phospholipase D PLDLSPO14 45-47, 49, 269

The PLDI gene (45~47), originally isolated as the SPOI14 gene (49), is re-
quired for meiosis, but is not required for viability. PLDI encodes a protein
that appears to be primarily membrane-associated, with a predicted mo-
lecufar mass of 195 kDa. Assays in vitro have shown the enzyme to be PC
specific, Ca®* independent, stimulated by phosphatidylinositol 4,5-bisphos-
phate, and inhibited by oleate (45), similar to the human (h) hPLD1 gene
product (50). In fact, the hPLD1 gene was cloned based on its sequence ho-
mology to S. cerevisiae PLDI1. A phospholipase D activity distinct from
PLDI1p was first detected by Paltauf and colleagues (51) and was subse-
quently confirmed by others (52). The second PLD activity in yeast is PS/PE
specific, Ca?* dependent, not stimulated by PIP, in vitro, and is probably
structurally unrelated to PLD1p (51).

A phospholipase C gene (PLCI) has been identified in S. cerevisiae, and
it bears closest resemblance to the vy class of PI-PLC enzymes. Strains carry-
ing deletion mutations in PLCI are viable under normal laboratory condi-
tions, but display temperature-sensitive growth, osmotic sensitivity, and aber-
rant growth on galactose, raffinose, and glycerol (44). Strains carrying
mutations in PLCI also exhibit defective chromosome segregation (53). Al-
though Plclp was shown to cleave PI 4,5-P, in vitro, no in vivo PLC-medi-
ated turnover of polyphosphoinositides has been documented under normal
growth conditions in the presence of glucose. However, nitrogen starvation
and subsequent refeeding does lead to the production of DAG and inositol
1,4,5-trisphosphate (IP,), products of PLC-mediated turnover (54). Further-
more, Marini et al. (54a) reported a cell-cycle-dependent hydrolysis of PC to
DAG and choline phosphate (C-P), that is stimulated by the Cde28 protein
kinase.

Turnover via a PLC-mediated mechanism is not the only, or even the
major, route of phosphoinositide catabolism in S. cerevisiae. The complete
deacylation of PI, presumably via a PLB or PLA and a lysophospholipase,
to form extracellular glycerophosphoinositol (GroPIns) is a predominant PI
turnover route (55). The polyphosphoinositides can also turn over via a dea-
cylation event (56). The large, rapid, and reversible changes in the levels of
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PIP and PIP, demonstrated by Lester and colleagues to occur when S. cere-
visiae is alternately exposed to and starved for glucose were subsequently
shown to occur via deacylation events. Hawkins et al. (56) demonstrated
that the products of this polyphosphoinositide turnover are extracellular
glycerophosphoinositol 4-phosphate and glycerophosphoinositol 4,5-bis-
phosphate. This suggests that the nutrient signal of glucose refeeding acti-
vates one or more phospholipases A or B, which act on PI, PI 4-P, and PI
4,5P,.

The production and subsequent reutilization of extracellular GroPIns
produced by PI turnover is an interesting aspect of phospholipid metabolism
in yeast. Studies of PI turnover performed by Angus and Lester (55) revealed
the surprising fact that approximately half of the inositol and phosphorous
lost from PI during growth in rich media occurs as GroPIns in the media.
The remaining half occurs in the phosphoinositol sphingolipids and a small
percentage is phosphorylated to form PIP and PIP,. GroPIns accumulates in
the culture media at a level of approximately 25% of the cellular PI, com-
pared to much lower levels of extracellular glycerophosphocholine and glyc-
erophosphoethanolamine (55). It was shown that this process requires an en-
ergy source, because removal of glucose from the media reduces the
formation of extracellular GroPIns and increases the production of extracel-
lular inositol (57). Exogenously added PI was quantitatively converted to
GroPlIns, with the probable intermediate formation of monoacylglycero-
phosphoinositol, leading the authors to speculate that PI deacylation occurs
at the cell surface via phospholipases (57).

Paltauf et al. (58) showed that Saccharomyces uvarum, a near inositol
auxotroph, also produces extracellular GroPIns. In addition, the authors
found that on starvation for inositol, S. uvarum takes up [32P]phosphate and
PHlinositol from exogenous glycero[>2P]phospho[>H}inositol at approxi-
mately equal rates. Ongoing studies in our laboratory have demonstrated that
S. cerevisiae is also capable of reutilizing GroPIns, and that both the pro-
duction and reutilization of this metabolite are affected by inositol availabil-
ity (59). That is, extracellular GroPIns is produced at much greater rates when
inositol is available in the media, and GroPIns is reutilized by the cells only
when the levels of inositol in the media are low. In studies employing a strain
in which both of the inositol permeases (Table ITI) have been deleted (i.e., an
itrl itr2 mutant) (60), we have shown that GroPIns enters the cell via a trans-
porter distinct from the inositol permeases (59). In addition, studies with
[1*Clglycerophospho[*Hlinositol have indicated that, although GroPlns en-
ters the cell intact, the inositol moiety but not the glycerol moiety is incor-
porated into lipids. A GroPIns transporter gene (GITI) has now been cloned
(60a) and is currently under study.
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TABLE III
GENES ENCODING TRANSPORT PROTEINS INVOLVED IN
PHOSPHOLIPID METABOLISM

Function Gene designation Ref.
Inositol transport ITR1 60, 73
Inositol transport ITR2 60, 73
Choline transport CTRI (HNM1I) 229, 270
Clycerophosphoinositol transport GITI 59,60a
PI/PC transport SEC14 84, 85

Il. Regulation of Phospholipid Metabolism in Yeast

The focus of this article is primarily on the work on genetic regulaton of
lipid metabolism in yeast. Our laboratory has been involved in the analysis
of this regulation over the past 20 years and great progress has been made
during this period, by us and by many other laboratories, in elucidating the
mechanisms by which phospholipid biosynthetic pathways are regulated in
yeast (10, 11, 61-66). A connection between the regulation of phospholipid
biosynthesis and phospholipid turnover has also emerged (35, 59, 60a). Phos-
pholipid metabolism in yeast is controlled on multiple levels, including bio-
chemical control of enzymes in several parts of the pathway. These levels of
control have been reviewed by Carman and Zeimetz (65). The regulation in-
cludes diverse mechanisms, including noncompetitive inhibition of PS syn-
thase by inositol (67), regulation by sphingolipid bases (68, 69), regulation by
cytidinetriphosphate (CTP) (70), phosphorylation (71, 72), degradation of the
inositol transporters in response to inositol (73, 74), and regulation of choline
phosphate:CTP cytidyltransferase by the PI/PC transporter (74a).

Although the subject of localization of the phospholipid biosynthetic en-
zymes has been extensively explored in yeast (10, 75-78), the role of the
movement of the various lipids between compartments in the overall regu-
lation of phospholipid metabolism is largely unexplored. However, the dis-
covery of novel phenotypes related to organelle structure and secretory func-
tion associated wiih defects in lipid metabolism suggest that this area of ex-
ploration will be very fruitful (79). These novel phenotypes include aberra-
tions in the structure of various membrane-bound organelles in mutants de-
fective in the synthesis of long-chain fatty acids (79, 80) and vacuolar (81) and
mitochondrial defects (36) associated with chol mutants defective in PS syn-
thesis. Mitochondrial defects have been reported in a number of mutants de-
fective in PC synthesis (82). In addition, a secretory defect is associated with
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mutations in the PI/PC transporter protein (Secl4p) (83-85). Moreover, mu-
tations in the CDP-choline pathway for PC biosynthesis suppress the sec14%
defect (86, 87).

Much of the work in our laboratory has centered on transcriptional reg-
ulation, particularly the regulation of the INO1 gene, the structural gene for
inositol-1-phosphate synthase (IPS) (Table I). The INOI gene is the most
highly regulated of the coordinately regulated yeast genes encoding enzymes
of phospholipid biosynthesis. The INOI gene shows a complex pattern of
transcriptional regulation that is found in a large number of genes encoding
enzymes of phospholipid biosynthesis (10, 62, 64, 88). The native INO1 tran-
script shows 30-fold or more derepression (88), whereas other coregulated
enzymes show as little as two- to threefold derepression (89-92). Thus, vari-
ous reporter constructs made from the INOI promoter region (93, 94) have
become powerful tools for the analysis of the regulation controlling all the
coregulated genes of phospholipid biosynthesis (35, 38, 95-99).

A. Genetic and Biochemical Studies

1. INoSITOL-1-PHOSPHATE SYNTHASE MUTANTS IN
Saccharomyces cerevisiae

Given the high degree of regulation exhibited by the INOI gene, it was
fortuitous that our studies on regulation of phospholipid biosynthesis in S.
cerevisiae started with an analysis of the genetics and biochemistry of inosi-
tol biosynthesis. In yeast (100), as in other eukaryotic organisms (14,
101-104), 11-P is synthesized from glucose-6-phosphate (Fig. 1) in a complex
reaction series that involves a coupled oxidation/reduction reaction, steric
rearrangement, and ring closure and is catalyzed by the cytoplasmic enzyme
inositol 1-phosphate synthase (103-