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Cytochromes P450 (P450s) incur phosphorylation. Although
the precise role of this post-translational modification is
unclear, marking P450s for degradation is plausible. Indeed, we
have found that after structural inactivation, CYP3A4, the major
human liver P450, and its rat orthologs are phosphorylated dur-
ing their ubiquitin-dependent proteasomal degradation. Pep-
tide mapping coupled with mass spectrometric analyses of
CYP3A4 phosphorylated in vitro by protein kinase C (PKC) pre-
viously identified two target sites, Thr*** and Ser*>°. We now
document that liver cytosolic kinases additionally target Ser*”®
as a major site. To determine whether such phosphorylation is
relevant to in vivo CYP3A4 degradation, wild type and CYP3A4
with single, double, or triple Ala mutations of these residues
were heterologously expressed in Saccharomyces cerevisiae
pep4A strains. We found that relative to CYP3A4wt, its S478A
mutant was significantly stabilized in these yeast, and this was
greatly to markedly enhanced for its S478A/T264A, S478A/
S420A, and S478A/T264A/S420A double and triple mutants.
Similar relative S478A/T264A/S420A mutant stabilization was
also observed in HEK293T cells. To determine whether phos-
phorylation enhances CYP3A4 degradation by enhancing its
ubiquitination, CYP3A4 ubiquitination was examined in an in
vitro UBC7/gp78-reconstituted system with and without cAMP-
dependent protein kinase A and PKC, two liver cytosolic
kinases involved in CYP3A4 phosphorylation. cAMP-
dependent protein kinase A/PKC-mediated phosphorylation
of CYP3A4wt but not its S478A/T264A/S420A mutant
enhanced its ubiquitination in this system. Together, these
findings indicate that phosphorylation of CYP3A4 Ser*’%,
Thr?%%, and Ser*?° residues by cytosolic kinases is important
both for its ubiquitination and proteasomal degradation and
suggest a directlink between P450 phosphorylation, ubiquiti-
nation, and degradation.
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Hepatic cytochromes P450 (P450s)® are integral endoplas-
mic reticulum (ER)-anchored hemoproteins engaged in the
oxidative biotransformation of various endo- and xenobiotics.
Of these, human CYP3A4 is the most dominant liver enzyme,
accounting for >30% of the hepatic microsomal P450 comple-
ment, and responsible for the oxidative metabolism of over 50%
of clinically relevant drugs (1). In common with all the other
ER-bound P450s, CYP3A4 is a monotopic protein with its
N-terminal ~33-residue domain embedded in the ER mem-
brane with the bulk of its structure in the cytosol. Our in vivo
studies of the heterologously expressed CYP3A4 in the yeast
Saccharomyces cerevisiae as well as of its rat liver CYP3A2/
3A23 orthologs in primary hepatocytes have revealed that
human and rat liver CYPs 3A are turned over via ubiquitin
(Ub)-dependent proteasomal degradation (UPD) (2-8). Thus,
CYPs 3A represent excellent prototypic substrates of ER-asso-
ciated degradation (ERAD), specifically of the ERAD-C path-
way (6—11). Consistent with this CYP3A ERAD process, our
studies of in vivo and/or in vitro reconstituted systems have led
us to conclude that CYPs 3A are ubiquitinated by the UBC7/
gp78 Ub-ligase complex and recruited by the p97-Npl4-Ufd1
complex before their degradation by the 26 S proteasome (4 -8,
12). Because all these processes are energy-dependent, it is not
surprising that in vitro reconstitution of CYP3A4 UPD requires
ATP. However, inclusion of y-S-[>**P]ATP in an in vitro recon-
stituted CYP3A4 ubiquitination system catalyzed by rat liver
cytosolic fraction II (FII) resulted in CYP3A4 protein phospho-
rylation, ie. y-[*’P]phosphoryl transfer onto CYP3A4 target
residues (13, 14). This phosphorylation was enhanced after
cumene hydroperoxide (CuOOH)-mediated CYP3A4 inactiva-
tion. The physiological role, if any, of this CYP3A4 post-trans-
lational modification is unclear.

CYP3A4 is not the only P450 that is phosphorylated. Since
the in vitro phosphorylation of a hepatic P450 (CYP2B4) by
cAMP-dependent protein kinase A (PKA) was first described
(15), various P450s, particularly those belonging to the subfam-
ily 2, were documented to be phosphorylated in cell-free sys-

3 The abbreviations used are: P450, CYPs, cytochrome P450; CuOOH, cumene
hydroperoxide; ER, endoplasmic reticulum; ERAD, ER-associated degrada-
tion; FlI, fraction Il; HMM, high molecular mass; LC-MS/MS, liquid chroma-
tography-tandem mass spectrometry; Lys-C, lysylendopeptidase C; PKA,
cAMP-dependent protein kinase A; PKC, protein kinase C; Ub, ubiquitin;
UBC, genes for Ub-conjugating enzymes; UPD, Ub-dependent proteaso-
mal degradation; MALDI, matrix-assisted laser desorption ionization; MS,
mass spectrometry; E1, ubiquitin-activating enzyme; E2, ubiquitin-conju-
gating enzyme; E3, ubiquitin-protein isopeptide ligase; DTT, dithiothreitol.
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tems, hepatocyte incubations, and intact animals (16-32).
Common features of such P450 phosphorylation were the pres-
ence of a cytosolically exposed PKA recognition sequence
(RRXS) with the Ser residue as the exclusive kinase target, and
the ensuing loss of prosthetic heme, conversion to the inactive
P420 species, and consequent dramatic functional inactivation
(15-20). Studies in intact rats also identified CYPs 3A and 2C6
as kinase targets (21). Although both these P450s lack the hall-
mark PKA recognition sequence, apparently they possess sec-
ondary PKA targeting sequences or are phosphorylated by
other protein kinases such as PKC. Indeed, in vitro studies
revealed that P450s were phosphorylated in an isoform-
dependent manner by either PKA or PKC, except for CYP2B1,
which was heavily phosphorylated by both (20). Over the years
since this particular post-translational P450 modification was
recognized, it has been assigned various functional roles (17,
29-33). Among these, as first proposed by Taniguchi et al. (16)
and later explored both by Eliasson et al. (23-26) and us (13,
14), P450 phosphorylation served as a marker for its degrada-
tion. Accordingly, the phosphorylation of CYP2E1Ser'** and
CYP3A1Ser®** by a microsomal cAMP-dependent protein
kinase has been proposed to predispose these P450s but not the
similarly phosphorylated CYP2B1 to proteolytic degradation
by an integral ER Mg?"-ATP-activated serine protease (23—
27). However, heterologous expression of CYP2E1S129A/
S129G site-directed mutants in COS7 cells apparently had no
effect on its relative stability thereby revealing that if CYP2E1
phosphorylation is important for its degradation (34, 35), then
alternate Ser/Thr residues (i.e. in plausible secondary PKA rec-
ognition sites, Lys-Lys-Ser*°-Lys and Lys-Lys-Ser***-Ala) may
be recruited.

On the other hand, on the basis of rapid phosphorylation of
CuOOH-inactivated CYP3A4 that precedes its ubiquitination
and 26 S proteasomal degradation in an in vitro liver cytosolic
FII-catalyzed system, we have proposed that CYP3A4 phospho-
rylation was essential for targeting it to proteins participating in
its UPD/ERAD (13). Indeed, several examples of similar phos-
phorylation for targeting proteins to UPD exist, of which IkBa
phosphorylation is the most notable and perhaps the best doc-
umented (36 —47; see “Discussion”).

Our in vitro studies with specific kinase inhibitors as probes
identified both PKC and PKA as the major FII kinases respon-
sible for CYP3A4 phosphorylation (14). Indeed, in vitro model
studies of CYP3A4 with PKC as the kinase, coupled with
lysylendopeptidase C (Lys-C) digestion of the phosphorylated
protein and liquid chromatography-tandem mass spectromet-
ric (LC-MS/MS) analyses of the Lys-C digests, identified two
PKC-phosphorylated CYP3A4 peptides 2**ESRLEDpTQK?*°
and *“*FLPERFpSK**! unambiguously phosphorylated at
Thr?**and Ser*?° (14). These same residues were also phospho-
rylated in corresponding studies with PKA.* Furthermore,
although both native and CuOOH-inactivated CYP3A4 were
phosphorylated at Thr***, Ser**® phosphorylation was particu-
larly enhanced after CuOOH-mediated CYP3A4 inactivation
(14). Corresponding studies of CuOOH-inactivated CYP3A4

4 X. Wang, K. F. Medzihradzsky, and M. A. Correia, unpublished observations.
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using rat liver cytosolic FII as the source of the kinase(s),
revealed 2P phosphorylation of both these peptides as well as
that of an additional CYP3A4 peptide *”’LS(p)LGGLLQP-
EKPVVLK*?, Unlike the unambiguous mass spectrometric
identification of Thr?** and Ser®® as the phosphorylated
CYP3A4 residues, the phosphorylation of Ser*”%, the only plau-
sible phosphorylatable residue in this **P-labeled peptide, was
not similarly established. Nevertheless, the predominant phos-
phorylation of Thr*** in native CYP3A4 (14), but of two addi-
tional residues in the CuOOH-inactivated enzyme, is consist-
ent with the inactivation-induced structural unraveling of this
enzyme with exposure of otherwise concealed and/or kinase-
inaccessible domains (48). Such unraveling of CYP3A4 pro-
tein stems from the irreversible modification of its active site
by fragments generated from CuOOH-mediated oxidative
destruction of its prosthetic heme (49). In this study, using
mass spectrometric analyses of Lys-C digests of FII-phos-
phorylated CYP3A4, we have provided unambiguous evi-
dence that in addition to Thr?** and Ser*?°, Ser*”® is indeed
phosphorylated. More importantly, through alanine-scan-
ning mutagenesis of these three residues, we now document
that although neither the structural conformation nor the
catalytic function of this triple CYP3A4T264A/S420A/
S478A mutant is altered, its degradation after heterologous
expression in S. cerevisiae is significantly impaired. This is also
true of CYP3A4T264A/S420A/S478A mutant degradation in
human embryonic kidney (HEK293T) cells. Furthermore, using
an in vitro reconstituted CYP3A4 ubiquitination system, cata-
lyzed by human Ub-conjugating E2 enzyme UBC7 and integral
ER protein gp78 as the E3 Ub ligase (12), we document that
PKA/PKC-mediated phosphorylation of the wild type CYP3A4
(CYP3A4wt) considerably enhanced its UBC7/gp78-mediated
ubiquitination. Together these findings reveal the critical
importance of CYP3A4 phosphorylation at these residues for
its UPD and suggest a direct link between phosphorylation and
its ubiquitination and degradation.

EXPERIMENTAL PROCEDURES

Materials—Calpain inhibitor I was purchased from Calbio-
chem, and okadaic acid was obtained from Invitrogen. Sodium
vanadate, B-glycerophosphate, sodium fluoride, and phenyl-
methylsulfonyl fluoride were obtained from Fisher, whereas
aprotinin, a-macroglobulin, leupeptin, pepstatin A, 1-chloro-
3-tosylamido-7-amino-2-heptanone-HCI, creatine phosphate,
creatine phosphokinase, calyculin A, ATP, Ub, CuOOH, DTT,
glutathione (GSH, reduced form), and ammonium bicarbonate
were obtained from Sigma. MG262 (benzyloxycarbonyl-Leu-
Leu-Leu-B(OH),) was purchased from BostonBiochem (Bos-
ton, MA). Nickel-nitrilotriacetic acid superflow resin was
obtained from Qiagen (Valencia, CA); TALON Dynabeads was
from Invitrogen, and MALDI matrix a-cyano-4-hydroxycin-
namic acid was from Waters. POROS 50R2 beads were pur-
chased from Applied Biosystems Inc (Foster City, CA). y-S-
[**P]ATP (specific activity, 6000 Ci/mmol) was obtained from
PerkinElmer Life Sciences.

Rat brain PKC (catalytic subunit) was obtained from Calbio-
chem-Novabiochem, whereas recombinant PKA (catalytic sub-
unit) was from New England Biolabs (Ipswich, MA). Endopro-

VOLUME 284 -NUMBER 9-FEBRUARY 27, 2009



TABLE 1
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Primers and mutant constructs used in this study

Constructs

Primers

Templates

Expression system

Single pYES2-ADH-3A4-CYC mutants

T264A Sense, GTCGCCTCGAAGATgCACAAAAGCACCGAG pYES2-ADH-3A4-CYC Yeast
Antisense, CTCGGTGCTTTTGTGCATCTTCGAGGCGAC
S420A Sense, GTTCCTCCCTGAAAGATTCgcCAAGAAGAACAAGGACAAC pYES2-ADH-3A4-CYC Yeast
Antisense, GTTGTCCTTGTTCTTCTTGgCcGAATCTTTCAGGCAGGAAC
S478A Sense, AGATCCCCCTGAAATTAGCCTTAGGAGGACTTCTTCAAC pYES2-ADH-3A4-CYC Yeast
Antisense, GTTGAAGAAGTCCTCCTAAGYCTAATTTCAGGGGGATCT
Double pYES2-ADH-3A4-CYC mutants
T264A/S420A Sense, GTTCCTCCCTGAAAGATTCgcCAAGAAGAACAAGGACAAC pYES2-ADH-3A4T264A-CYC Yeast
Antisense, GTTGTCCTTGTTCTTCTTGgCcGAATCTTTCAGGGAGGAAC
T264A/SA78A Sense, AGATCCCCCTGAAATTAGCCTTAGGAGGACTTCTTCAAC pYES2-ADH-3A4T264A-CYC Yeast
Antisense, GTTGAAGAAGTCCTCCTAAGYCTAATTTCAGGGGGATCT
S420A/S478A Sense, AGATCCCCCTGAAATTAGCCTTAGGAGGACTTCTTCAAC pYES2-ADH-3A4TS420A-CYC Yeast
Antisense, GTTGAAGAAGTCCTCCTAAGGCTAATTTCAGGGGGATCT
Triple pYES2-ADH-3A4-CYC mutants
T264A/S420A/S478A  Sense, AGATCCCCCTGAAATTAgcCTTAGGAGGACTTCTTCAAC pYES2-ADH-3A4T264AS420A-CYC Yeast
Antisense, GTTGAAGAAGTCCTCCTAAGgCTAATTTCAGGGGGATCT
Single, double, or triple pPCW3A4His, mutants
T264A Sense, GTCGCCTCGAAGATgCACAAAAGCACCGAG pGEM-3A4-His, DH5aF
Antisense, CTCGGTGCTTTTGTGCATCTTCGAGGCGAC
S420A Sense, GTTCCTCCCTGAAAGATTCgcCAAGAAGAACAAGGACAAC pGEM-3A4-His, DH5aF
Antisense, GTTGTCCTTGTTCTTCTTGgCcGAATCTTTCAGGGAGGAAC
S478A Sense, AGATCCCCCTGAAATTAGCCTTAGGAGGACTTCTTCAAC pGEM-3A4-Hisg DH5aF
Antisense, GTTGAAGAAGTCCTCCTAAGgCTAATTTCAGGGGGATCT
T264A/S420A Sense, GTTCCTCCCTGAAAGATTCgcCAAGAAGAACAAGGACAAC pGEM-3A4-T264A-His, DH5aF
Antisense, GTTGTCCTTGTTCTTCTTGYCcGAATCTTTCAGGGAGGAAC
T264A/S478A Sense, AGATCCCCCTGAAATTAGCCTTAGGAGGACTTCTTCAAC pGEM-3A4-T264A-His, DH5aF
Antisense, GTTGAAGAAGTCCTCCTAAGgCTAATTTCAGGGGGATCT
S420A/S478A Sense, AGATCCCCCTGAAATTAGCCTTAGGAGGACTTCTTCAAC pGEM-3A4-S420A-His, DH5aF
Antisense, GTTGAAGAAGTCCTCCTAAGYCTAATTTCAGGGGGATCT
T264A/S420A/S478A  Sense, AGATCCCCCTGAAATTAGCcCTTAGGAGGACTTCTTCAAC pGEM-3A4-T264AS420A-Hisg DH5aF

Antisense, GTTGAAGAAGTCCTCCTAAGYCTAATTTCAGGGGGATCT

teinase Lys-C (sequencing grade) was from Roche Applied
Science. Ub-activating enzyme E1 was purchased from Biomol
(Plymouth Meeting, PA). Human cytosolic C-terminal gp78
(E3) and murine UBC7 (E2) were expressed in Escherichia coli
and purified as described (50), respectively, from plasmid
pGEX-gp78C encoding the human cytosolic C-terminal gp78
domain (residues 309 -643) and pGEX-MmUBC?7 encoding
murine UBC?7. Both plasmids were gifts from Dr. A. M. Weiss-
man. All other buffers and reagents were of the highest com-
mercial grade.

Alanine-scanning Mutagenesis—To determine the role of the
three phosphorylated CYP3A4 Thr>®*, Ser**°, and Ser*”® resi-
dues in CYP3A4 degradation, single, double, and triple muta-
tions of these three amino acids to Ala were introduced into
expression vectors by Quick-Change site-directed mutagenesis
(Stratagene, La Jolla, CA). PCR amplification was performed
using mutant sense and antisense primers with pYES2-ADH-
3A4-CYC as a template to produce mutant CYP3A4 constructs
for heterologous expression in yeast strains. Corresponding
mutations were also introduced first into pGEM-3A4(His),
vector, and then the mutant CYP3A4(His), construct was
cloned into pCWori™ vector to generate the mutant constructs
for expression in E. coli DH5aF strain. The primers used in
mutagenesis and the mutant constructs are described (Table 1).
The authenticity of each plasmid construct, the presence of the
desired mutation, and the absence of extraneous mutations
were verified by DNA sequencing.

E. coli Expression of CYP3A4(His)s and Its Ala Mutants—
Wild type, C-terminally His.-tagged CYP3A4 (CYP3A4wt) was
generated as described (14), or its corresponding single, double,
or triple Ala mutant incorporated into a pCWori™ vector was
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expressed in DH5aF cells grown in TB media at 37 °C and
induced with isopropyl B-p-thiogalactopyranoside; the tem-
perature was lowered to 30 °C and then allowed to grow as
described previously (14). Recombinant CYP3A4wt and its
mutants were purified by Ni**-affinity chromatography with
hydroxylapatite chromatography for detergent exchange, as
described previously (14). Stock aliquots were stored at —80 °C
until use.

Effect of Ala-scanning Mutagenesis on CYP3A4 Structure and
Function—To determine whether mutation of Thr*®*, Ser*?,
and/or Ser*”® to Ala affected CYP3A4 folding and thus its ter-
tiary structure, the CO-induced spectral analyses of purified
recombinant wild type and single, double, and triple mutants
were carried out as described (51). The corresponding protein
concentration of the purified recombinant enzymes was deter-
mined by bicinchoninic acid assay. Their relative testosterone
6B-hydroxylase was also assayed as a functional CYP3A4
marker to verify their relative functional competence after site-
directed mutagenesis (51).

CYP3A4 Inactivation by CuOOH—Recombinant CYP3A4(His),
expressed in E. coli was purified by Ni** -affinity chromatogra-
phy coupled with detergent exchange on hydroxylapatite and
stored in potassium phosphate buffer (KPB; 50 mm, pH 7.6),
containing 20% glycerol, EDTA (0.1 mm), and DTT (0.5 mm),
exactly as described previously (14). CYP3A4(His), (1.1 nmol)
was inactivated by incubation with CuOOH (1.5 mm), in the
presence of GSH (1 mMm) and EDTA (1 mMm) in KPB, in a final
volume of 40 pul at 37 °C for 15 min in a shaking water bath. The
reaction was terminated by the addition of DTT to a final con-
centration of 5 mm. The mixture was placed on ice, until imme-
diate use in phosphorylation reactions. In preliminary studies,
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the inactivation of CYP3A4 or its triple mutant by CuOOH was
confirmed by >95% loss of the typical P450-reduced CO spec-
tra relative to a non-CuOOH-treated control incubated in par-
allel (14).

Phosphorylation of CuOOH-inactivated CYP3A4 by Rat Liver
FII—CuOOH-inactivated CYP3A4 (1 nmol, 30 ul) was next
incubated with FII (4 mg/ml; prepared as detailed in the sup-
plementary material), Hepes buffer (50 mm, pH 7.5), 15% glyc-
erol, MgCl, (10 mm), and freshly prepared protease inhibitors
as follows: a,-macroglobulin (1 ug/ul), aprotinin (2.4 ug/ul),
leupeptin (0.5 pg/ul), calpain inhibitor I (176 um), soybean
inhibitor I (10 wg/ml), E-64 (50 um), pepstatin (1.4 ug/ul), cre-
atine phosphate (10 mm), creatine phosphokinase (10 units/
ml), EGTA (1 mm), okadaic acid (1.5 mm), calyculin A (1 mm),
ATP (0.5 mm), and y-[3*P]JATP (10 uCi/ul, when 32P-labeled
CYP3A4 was generated) in a final volume of 250 ul, at 30 °C for
30 min in a water bath shaker at 250 rpm.

Isolation of Phosphorylated CuOOH-inactivated CYP3A4—
After incubation, a binding buffer consisting of sodium phos-
phate buffer (50 mmM, pH 8.0), 300 mm NaCl, and 0.01% Tween
20 containing 50 mM NaF, 1 mm NazVO,, 25 mm B-glycero-
phosphate was added to the above P450 phosphorylation mix-
ture followed by 40 ul of TALON Dynabeads (Invitrogen; 40
mg/ml suspension; binding ratio, 1 mg of beads, 10 ug of a
30-kDa His-tagged protein), and the mixture was shaken for 20
min at room temperature. The beads were then sequentially
washed free of contaminating proteins and sedimented mag-
netically four times with the same binding buffer. Bound
CYP3A4(His), was eluted from the Dynabeads with a buffer
consisting of 50 mm phosphate-buffered saline, 300 mm NaCl,
250 mM imidazole, 0.01% Tween 20, 1% Triton X-100, and 2%
B-mercaptoethanol. The eluates were then mixed with an equal
volume of SDS-PAGE loading buffer (Tris (62.5 mmMm, pH 6.8),
25% glycerol, 10% SDS containing 50 mm DTT, and 5% 3-mer-
captoethanol), boiled at 95 °C for 5 min, and subjected to SDS-
PAGE on 9% Tris-HCI gels.

The relative protein phosphorylation of CuOOH-inactivated
CYP3A4WT and its T264A/S420A/S478A triple mutant was
similarly determined after inclusion of [y-**P]ATP in the phos-
phorylation reaction. The corresponding native P450 pro-
teins incubated in parallel in the absence of CuOOH were
included as plausible controls for this phosphorylation reac-
tion. SDS-PAGE was carried out on 4-20% Tris-HCI gels,
following which the gels were dried and then exposed to
Phosphorlmaging screens, and visualized using a Typhoon
scanner.

Mapping CYP3A4 Phosphorylation Sites by Mass Spec-
trometry—Sample preparation for mapping phosphorylation
sites in CYP3A4(His), was carried out exactly as described
above except that [y->*P]ATP was omitted from the phospho-
rylation reaction. At the end of the reaction, buffer containing
phosphatase inhibitors (NaF, sodium vanadate, and 3-glycero-
phosphate) was added as described above, and the phosphoryl-
ated CYP3A4(His), was “fished” out of the mixture with mag-
netic TALON Dynabeads. At this point, several experimental
strategies to map phosphorylation sites on the isolated CYP3A4
protein were explored. In the first strategy, the purified protein
was directly digested on the cobalt magnetic TALON beads
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with Lys-C (Lys-C:CYP3A4, 1:20, w/w, in 25 mM ammonium
bicarbonate, pH 8) at 37 °C for about 12—16 h with constant
rotation. The digestion was terminated by the addition of 1.5
volumes of 7% formic acid, 0.2% trifluoroacetic acid, and the
enzymatic peptides were analyzed in the modular mass spec-
trometric tool without any pre-fractionation as described (52).
In another strategy, the isolated CYP3A4 protein was further
separated by SDS-PAGE; the gel was stained with Coomassie
Brilliant Blue (Pierce); the gel band (=55 kDa) corresponding to
CYP3A4 was excised, and the protein was analyzed by the
standard in-gel digestion/peptide extraction/mass spectromet-
ric procedure, except that Lys-C was used as the protease (52).
In yet another strategy, the CYP3A4 phosphopeptides were
enriched after digestion of the protein with Lys-C protease,
using a phosphopeptide enrichment kit from Pierce, essentially
as recommended by the manufacturer. Phosphopeptides were
then purified using a step-elution reversed phase procedure
(OligoR3:POROS 50R2 (1:2) loaded on top of Zip Tip), washed
with 0.1% trifluoroacetic acid, and eluted with 50% MeOH, 50%
acetonitrile, containing 0.1% trifluoroacetic acid as described
(52—54). The eluates were directly loaded on the sample plate
and subjected to analyses by the above-mentioned modular
mass spectrometer (52).

Phosphosite Identification by MALDI-MS and MALDI-MS"
Analyses—For peptide extraction, digests were mixed with
POROS 50R2 beads (2.5 ul) and incubated at 4 °C for about
8-10 h with strong shaking. The peptide-bound beads were
packed into a ZipTip C18 column, washed with 0.1% trifluoro-
acetic acid (20 ul), and eluted with two sequential 5-ul aliquots
of 30% acetonitrile in 0.1% trifluoroacetic acid, followed by four
sequential elutions with 5-ul aliquots of 60% acetonitrile in
0.1% trifluoroacetic acid. Aliquots (5 ul) of each peptide eluate
were directly spotted onto the MALDI target plate and covered
with a saturated a-cyano-4-hydroxycinnamic acid matrix solu-
tion (2.5 ul), as described (52-55). The peptides were then sub-
jected to MALDI-MS/MS” analyses on an orthogonal time-of-
flight prTOF mass spectrometer (PerkinElmer Life Sciences) in
tandem with a vVMALDI-Ion Trap mass spectrometer (Thermo
Electron) with an interchangeable MALDI target plate. MS/MS
data with neutral loss of 98 Da and MS/MS/MS data for identity
of phosphopeptide were analyzed exactly as detailed (52).

Yeast Expression of CYP3A4wt and Its Single, Double, or
Triple T264A, S420A, and/or S478A Mutants—Expression
vector pYes2-ADH-3A4-CYC (modified from pYES2/CT,
URA-marked, under the control of ADH1 instead of GAL1I pro-
moter) harboring CYP3A4wt or one of its mutants (Table 1)
was heterologously expressed in pep4A yeast strain (RHY106-4;
ade-2-101 met2 his3A200 lys2-801 ura3-52 pep4A; kindly pro-
vided by Prof. Randy Hampton, University of California, San
Diego; 56, 57), exactly as described previously (5). This strain is
defective in Pep4p master protease required for maturational
processing of proteases critical for vacuolar protein degrada-
tion, but it contains a fully active UBC and HRD gene comple-
ment and thus a functional UPD as its sole P450 degradation
machinery (HRD indicates genes involved in HMG-CoA reduc-
tase degradation). Details of the yeast cell transformation pro-
tocol and culture conditions have been described previously
4,5, 8).
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As discussed in detail previously (5, 8), of the existing meth-
ods for monitoring protein degradation in yeast, most are suit-
able for relatively short turnover but not long turnover proteins
such as the P450s (56-58). Unlike cultured hepatocytes
wherein protein synthesis and degradation occur continuously
and concurrently, protein degradation in yeast occurs largely in
the stationary phase. At this point the de novo protein synthesis
is drastically reduced, making pulse-chase degradation analyses
of proteins such as P450s extremely inefficient on one hand and
erratic on the other. The latter is apparently because of the fact
that a fraction of the newly labeled pool gets diverted to a stable
pool (58). Similarly, the cycloheximide chase approach (56, 57)
is also unsuitable for the longer lived P450s. Cycloheximide can
perturb cellular physiology via translational shut-off of protein
synthesis during the relatively longer time courses required to
monitor P450 degradation thereby altering this process (58,
59). A regulatable promoter such as GALI-10 would be ideal,
but then in yeast, P450s, including CYP3A4, are very poorly
expressed from plasmids under such promoters (4, 5, 60). For
these combined reasons, P450 degradation was as described
previously (4, 5), monitored by the stationary chase analyses.
Briefly, yeast strains transformed with CYP3A4wt or CYP3A4
mutant expression plasmid or the corresponding empty vector
were grown at 30 °C in SD medium with appropriate supple-
ments, as specifically indicated. Cells were harvested at an early
culture stage during the logarithmic growth phase of the cul-
ture (A of ~0.8 at 600 nm), at a mid-stage after “stationary
chase” (generally 1012 h after reaching an A of 0.5 at 600 nm),
or at a late stage, i.e. 12 h after reaching an A,, = 0.8.

Microsomal Preparation—Yeast microsomal fractions were
prepared from spheroplasts and enriched by removal of the
other cellular contaminants by a differential sucrose gradient
ultracentrifugation exactly as described previously (5). The
microsomal pellet was overlaid with KPB, pH 7.4, containing 1
mMmDTT, 0.1 mm EDTA, 20% (v/v) glycerol, and protease inhib-
itors and stored at —80 °C until used.

CYP3A4wt/CYP3A4 Mutant Immunoblotting Analyses—
Microsomal protein (50 ng) from early, mid-stage, and late
stage cultures was used in these analyses. The protein content
was normalized after methanol/H,SO, precipitation and ace-
tone washes of yeast microsomes to eliminate interference in
the protein assay of variable amounts of adventitious chro-
mophoric material (4, 5). Microsomal CYP3A4wt/CYP3A4
mutant protein content was assayed by Western immunoblot-
ting analyses after transfer onto a nitrocellulose membrane
using goat anti-CYP3A4 IgG as the primary antibody (1:5,000,
v/v) and rabbit anti-goat horseradish peroxidase-coupled sec-
ondary antibody (1:30,000, v/v), with a Pierce Pico ECL detec-
tion system. The immunoblots were densitometrically quanti-
tated using Image] software as described previously (4, 5). The
relative CYP3A4wt/CYP3A4 mutant content at the mid- or late
stages of culture was expressed as the percentage of the corre-
sponding CYP3A4wt/CYP3A4 mutant content (100%) at the
early stage. Values depicted represent the mean *+ S.D. of at the
least 3-5 individual experiments.

Degradation Analyses of CYP3A4wt and Its T264A/S420A-
S478A Mutant in HEK293T Cells—This human cell line is com-
monly used in studies of mammalian protein degradation and
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therefore chosen for verification of our yeast findings (50,
61— 64). The mammalian expression plasmids were first gener-
ated by PCR amplification of pYES2-ADH-3A4-CYC and
pYES2-ADH-3A4T264A/S420A/S478 A-CYC templates using
3A4-forward (5'-AAGGATCCATGGCTCTCATCCCAGAC-
3’) and 3A4-reverse (5'-AACTCGAGTCAGGCTCCACT-
TACGGT-3’) primers to generate CYP3A4wt and T264A/
S420A/S478A mutant constructs containing 5’-BamHI and
3'-Xhol restriction sites. The lentiviral vector (pHRCMV-GEFP-
Wsin8) derived from human immunodeficiency virus 1, known
to effectively infect human cells, was used for HEK293T cell
transfection. pHRCMV-GFP-Wsin8 was digested with BamHI
and Xhol restriction enzymes to excise the green fluorescent
protein sequence and create a BamHI-Xhol pHRCMV-Wsin8
vector. CYP3A4wt and T264A/S420A/S478A mutant con-
structs containing 5'-BamHI and 3’-Xhol restriction sites were
digested with Xhol to facilitate directional cloning into the
BamHI-Xhol pHRCMV-Wsin8 vector to generate the corre-
sponding pHRCMV-3A4wt-Wsin8 and pHRCMV-T264A-
S420A-S478A-Wsin8 expression plasmids. A corresponding
plasmid without the CYP3A4 sequence served as the empty
vector control.

HEK293T cells were grown to 90% confluency in 6-well col-
lagen-coated plates in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum and 1% penicillin/strepto-
mycin (culture medium). Before transfection this medium was
replaced with reduced serum minimal essential medium, Opti-
MEMS®. Cells were transfected individually with pHRCMV-
3A4WT-Wsinl8, pHRCMV-T264A-S420A-5478A-Wsinl8,
or pHRCMV-vector control-Wsin18 using Lipofectamine 2000
(4 png of DNA, 16.7 ul of Lipofectamine). The transfection was
terminated after 6 h by replacing the medium with the culture
medium. In preliminary studies, to determine the time course
of CYP3A4 expression, the medium was changed 24, 30, 36, 48,
60, and 72 h after transfection. The cells were washed with
phosphate-buffered saline and harvested at each of these time
points in lysis buffer consisting of Tris-HCI (20 mm, pH 7.5) 1%
Triton, NaCl (150 mm), 10% glycerol, EDTA (1 mm), EGTA (1
mMm), NaF (100 mm), tetrabasic sodium pyrophosphate (10 mm),
B-glycerophosphate (17.5 mwm), N-ethylmaleimide (5 mm),
Na;VO, (1 mm), and protease inhibitors phenylmethylsulfonyl
fluoride (1 mm), leupeptin (20 um), aprotinin (1.5 um), E-64 (50
uM), pepstatin (10 wm), antipain (10 um), 4-(2-aminoethyl)ben-
zenesulfonyl fluoride hydrochloride (1 mm), and bestatin (60
uM). The cells were lysed using an OMNI™™-TH homogenizer
and sonicated for 40 s. Lysates were clarified by sedimentation
at maximum speed in a table-top microcentrifuge at 4 °C for 15
min. Lysate supernatants (30 ug) were subjected to Western
CYP3A4 immunoblotting analyses (see above) and densitomet-
ric quantitation using Image]J software as described above.

Pulse-Chase Analyses—HEK293T cells were cultured and
transfected as described above. Thirty h after transfection, the
medium was replaced with Met/Cys-free Dulbecco’s modified
Eagle’s medium for 1 h and pulsed with 20 uCi/ml of Easy-Tag
35S-EXPRESS for 1 h. Each **S-labeled well was then washed
twice with ice-cold phosphate-buffered saline containing
excess Met (10 mm) and Cys (1.4 mm). The **S-labeled protein
was chased with 10 mm Met, 1.4 mMm Cys medium with or with-
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out the proteasomal inhibitor MG262 (10 um). Cells were har-
vested in the lysis buffer at the time of chase (0-time) and at 3 or
6 h thereafter. Lysates were prepared as described above.

Aliquots (600 pg of protein; 200 ul) were immunoprecipi-
tated with goat anti-P450 3A4 IgG (1 mg), essentially as
described below. Immunoprecipitated CYP3A4 was eluted
with 50 ul of an SDS-PAGE loading buffer (described above) by
boiling at 95 °C for 5 min. Aliquots of these eluates (30 ul) were
subjected to SDS-PAGE on 4-20% Tris-HCI gels and subse-
quent Phosphorlmager analyses. Other aliquots (15 ul) were
diluted with KPB buffer to 100 ul and mixed with 6 ml of scin-
tillation mixture for radioactivity determination.

Ubiquitination of CuOOH-inactivated CYP3A4wt and Its
Triple Mutant—CYP3A4wt or mutant (250 pmol) was CuOOH
inactivated as described above and then incubated at 30 °C for
5-90 min in a reconstituted ubiquitination system consisting of
E1 (0.68 um), human UBC7 (4.25 um), gp78C (the cytosolic
63-kDa E3 ligase domain; 1 um), ATP (5 mm), creatine phos-
phokinase (20 units), creatinine phosphate (20 mm), MgCl, (12
mwm), 3*P-Ub (115 um; prepared as described (12)), Hepes buffer
(50 mm, pH 7.4, containing 20% glycerol), EGTA (0.5 mm),
EDTA (0.5 mm), PKC (0.004 units), PKA (0.004 units) in a final
volume of 70 ul. Control reactions were incubated in parallel
for 90 min in the absence of ATP, CYP3A4wt, CYP3A4 triple
mutant, or PKA/PKC. Each reaction was terminated with 30 ul
of SDS-PAGE 5X loading buffer (250 mm Tris, pH 6.8, 20%
SDS, 0.02% Coomassie Blue, 30% glycerol, DTT (584 mm), and
25% B-mercaptoethanol) and boiled at 95 °C for 5 min before
being subjected to SDS-PAGE on 4-20% Tris-HCI gels. The
gels were then dried and exposed to Phosphorlmaging screens
and visualized using a Typhoon scanner.

CYP3A4 Immunoprecipitation Analyses—To establish that
CYP3A4 was indeed ubiquitinated, CYP3A4wt or its mutant
was immunoprecipitated from 90-min reactions identical to
those detailed above, including control incubations in the
absence of ATP, CYP3A4wt, CYP3A4 triple mutant, or PKA/
PKC. At the end of each reaction, N-ethylmaleimide (5 mwm,
final concentration) was added followed by 10% SDS to a final
concentration of 2%, and the samples were boiled for 5 min.
CYP3A4 was immunoprecipitated with goat anti-CYP3A4 IgG
(3 mg) bound to protein A-Sepharose CL-4B (200 ul) after the
mixture was rotated end-to-end at 4 °C overnight essentially as
described (3, 6). The immunoprecipitated CYP3A4 was solubi-
lized with 100 ul of SDS-PAGE loading buffer containing 5%
SDS, 20% glycerol, DTT (50 mm), and 5% B-mercaptoethanol in
50 mm Tris buffer, pH 6.8, boiled for 5 min, and then equivalent
aliquots (48 ul) were subjected to SDS-PAGE on 4-20% Tris-
HCI gels. The gels were then dried and exposed to Phosphor-
Imaging screens and visualized using a Typhoon scanner.

Statistical Analyses—Analyses were performed by Student’s ¢
test using Microsoft Excel. A value of p < 0.05 was considered
statistically significant.

RESULTS

Rat Liver Cytosolic FII-mediated CYP3A4 Phosphorylation,
Mass Spectrometric Analyses—Following incubation with rat
liver cytosolic FII, CYP3A4 protein isolated with TALON
Dynabeads was subjected to mapping of phosphorylation sites
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FIGURE 1. Identification of the Ser*”® phosphorylation site of CYP3A4 by
MALDI-MS" analyses. A, MALDI-MS spectrum of Lys-C digested CYP3A4.
Some of the enzymatic peptides are labeled in the spectrum. B, MALDI-MS
spectrum of Lys-C digested CYP3A4 after the phosphopeptide enrichment
performed as described in the text. All the detected peaks were subjected to
MS/MS analysis to identify the peptides. The majority of the observed peaks
was assigned to Lys-C enzymatic peptides of CYP3A4, except the two most
abundant peaks, which were observed at m/z 1770.025 and 1672.050.
C, MS/MS spectrum of the peptide at m/z 1770.025. The assignment of the
observed fragments revealed the identity of the peptide (477-492) from
CYP3A4 with two modifications. One modification is phosphorylation of
Ser*”® residue. Another is modification of Lys**? by 1 Da (see possible expla-
nations in the text). The spectrum also revealed a prominent peak of loss of 98
Da from the parent peptide, which corresponds to the fragment with m/z
1672.050 also observed in the previous spectrum (B).

by mass spectrometry. The typical MALDI-MS spectrum of
Lys-C-digested CYP3A4 is shown in Fig. 1A. After ~80 ion
peaks with the signal-to-noise ratio above 1.5 were detected in
the spectrum, the detected species were further subjected to
MS/MS analysis (52). All fragmentation spectra were examined
for the presence of a fragment distanced by 98 Da from the
parent peptide, which is a very characteristic signature of phos-
phorylation arising because of the losses of elements of phos-
phoric acid (65). Such analysis consistently revealed the ion
species at m/z 1770.025 that exhibited the neutral loss of 98 Da.
Furthermore, the same ion peak at m/z 1770.025 was also the
most abundant species in the MALDI-MS spectrum of the pep-
tides obtained after phosphopeptide enrichment of the Lys-C
digest (Fig. 1B). Although the majority of the peaks in this spec-
trum was mapped as Lys-C fragments of the digested protein,
the identity of the ion peak at /2 1770.025 could not be readily
assigned. Interpretation of the MS/MS spectrum of the ion spe-
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ciesat m/z 1770.25 revealed the identity of the peptide (residues
477-492) from CYP3A4 with two modifications (Fig. 1C). One
modification is phosphorylation of Ser*”® residue. The other is
modification of Lys*** by ~1 Da, which can be due to the pos-
sible conversion of the C-terminal carboxyl group to amide or
oxidative conversion of lysine to aminoadipic semialdehyde
(66, 67). The spectrum also revealed a prominent peptide peak
with loss of 98 Da from the parent peptide, which corresponds
to the fragment at m/z 1672.050 also observed in the spectrum
in Fig. 1B. Thus, our findings reveal that CYP3A4 Ser*”® is phos-
phorylated by liver cytosolic kinases within LSLLGGLLQPE-
KPVVLK (where underline indicates Ser*”®) situated in its sub-
strate-recognition sequence 6 domain. Aliquots of the CYP3A4
digests were also subjected to LC-MS/MS that once again
revealed Ser®”® to be the major phosphosite along with the pre-
viously identified Thr*** and Ser**® residues (14) (data not
shown). CYP3A4 protein phosphorylation at Ser*”®, Thr*¢*,
and Ser*?° thus may have an important biological role.
Retention of Typical CYP3A4 Structure-Function Character-
istics after Alanine-scanning Mutagenesis—To determine the
relative importance of these phosphorylation sites to CYP3A4
degradation, Thr?®*, Ser**°, and/or Ser*”® were mutated to Ala
singly or in combination via site-directed mutagenesis of an
E. coli CYP3A4 expression plasmid, and the corresponding
recombinant CYP3A4 proteins were purified to homogeneity.
UV-visible spectral analyses of each recombinant CYP3A4 Ala
mutant revealed comparable CO-reduced binding spectrum to
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FIGURE 2. CO-binding spectra of reduced CYP3A4wt and its T264A/
S420A/S478A (TSSm) mutant before and after CuOOH inactivation. The
relative spectra of equivalent protein concentrations of CYP3A4wt ((J) and its
TSSm mutant (A) reveal a comparable maximum absorption at 450 nm, the
typical P450 structural signature. The spectra of corresponding CuOOH-inac-
tivated proteins (ll, A) reveal that this spectral signature is abolished after
P450 inactivation. Spectral analyses of all purified CYP3A4 mutants revealed
comparable spectra and spectral content to that of CYP3A4wt (Table 2).

TABLE 2

Effects of Ala-scanning mutagenesis of Thr 478

264 Ser*2°, and/or Ser

that of the wild type, as shown for the extreme case of the triple
mutant (Fig. 2). The recombinant CYP3A4 proteins also exhib-
ited comparable holo-P450 content (nmol/nmol protein)
(Table 2), thereby indicating no gross structural alterations of
the single, double, or triple mutants. Functional reconstitution
of the purified recombinant proteins also revealed comparable
activity as determined by the CYP3A4-selective functional
marker, testosterone 63-hydroxylase (Table 2). Together, these
findings verify that mutation of Thr***, Ser**°, and/or Ser*”® to
Ala, singly or in combination, had little effect on CYP3A4 struc-
ture and/or function.

Relative Phosphorylation of CYP3A4wt and Its T264A/
S420A/5478A Mutant—CYP3A4wt and its triple mutant were
first CuOOH-inactivated (Fig. 2) and then incubated in parallel
with rat liver cytosol in the presence of [y->**P]JATP and an
ATP-generating system, which confirmed the previously
observed phosphorylation of CYP3A4 protein (Fig. 3) (14). As
expected, the triple mutant was phosphorylated to a consider-
ably lesser extent than the wild type protein by rat liver cytosolic
FII. Although the extent of the phosphorylation was greatly
attenuated, it was not completely abolished in the triple
mutant, thereby revealing the plausible existence of additional
phosphorylatable residues other than Thr?**, Ser**°, and
Ser®”®, However, it is noteworthy that the “native” P450 con-
trols incubated in parallel were also phosphorylated, albeit to a
lesser extent than the corresponding CuOOH-inactivated
enzymes, consistent with our previous findings (14).

Relative Role of Thr*®*, Ser*°, and Ser*”® Phosphorylation in
CYP3A4 UPD—To determine the relative importance of each
of these phosphorylatable residues to CYP3A4 ERAD, the in
vivo degradation of single, double, and triple CYP3A4 mutants
was examined in UBC/HRD/pep4A S. cerevisiae strains that
have Pep4p-dependent vacuolar/autophagic lysosomal degra-
dation deleted leaving UPD as the sole functional proteolytic
pathway. CYP3A4wt and its T264A, S420A, and S478A single,
double, and triple mutants were heterologously expressed in
yeast, and their relative stability was monitored as described
previously (4, 5, 8). Western immunoblotting analyses revealed
comparable losses of the initial (early stage) content of either
T264A or S420A and the wild type at mid and late stages,
thereby excluding a major role for either Thr*** or Ser**° phos-
phorylation by itself in CYP3A4 ERAD (Fig. 44). In contrast, a
statistically significant S478A mutant stabilization relative to
the wild type was observed at these times, indicating that Ser*”®
phosphorylation may be relevant to CYP3A4 degradation (Fig.

on CYP3A4 structure and function

For experimental details see under “Experimental Procedures.” Values are mean * S.D. of three separate determinations. Testosterone 6p3-hydroxylase activity was
determined with purified recombinant CYP3A4wt and mutant CYP3A4 proteins, functionally reconstituted with P450 reductase and cytochrome b, as described (50).

CYP3A4 ;gi:ifilﬁ‘::t Holo-P450 content P 41;[(;) i:);(iti?/ct;::lnt Testosterone 63-hydroxylase activity
nmol/ml nmol/ml nmol/ml pmol 6B-hydroxytestosterone formed/pmol P450/min
Wild type 4.17 + 0.15 3.49 = 0.15 0.81 = 0.17 15.0 £ 0.6
T264A 5.98 = 0.35 4.25 * 0.44 0.71 = 0.21 11.9*0.3
S420A 10.5 £ 0.75 8.71 = 0.57 0.84 = 0.21 15.6 £ 0.4
S478A 7.22 *+ 0.65 5.38 = 0.40 0.75 + 0.17 144 *£ 0.6
T264A/S420A 5.57 £ 0.20 4.54 + 0.26 0.82 = 0.15 12.5 £ 0.4
T264A/S478A 14.7 £ 0.38 11.1 £0.36 0.76 = 0.13 12.6 £ 0.3
S420A/S478A 3.46 * 0.15 2.53 = 0.29 0.73 = 0.19 142 £ 04
T264A/S420A/S478A 5.63 = 0.30 4.34+0.11 0.77 = 0.13 175 £ 0.7
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FIGURE 3. In vitro phosphorylation of CYP3A4wt and its T264A/S420A/
S478A mutant (TSSm) by Fll in the presence of y-S-[*2P]ATP. A, relative
extent of phosphorylation of each protein was examined by Phosphorimager
scanning after Dynabead TALON extraction and SDS-PAGE analyses of com-
parably sized aliquots as detailed (see under “Experimental Procedures”).
These data are representative of incubations carried out in at least three sep-
arate experiments. B, P450 phosphorylation (region between 50 and 250 kDa)
was quantitated from the Phosphorlmager scanned gels using ImageJ soft-
ware. Values depicted represent the mean = S.D. of three individual experi-
ments. The phosphorylation of CuOOH-inactivated CYP3A4wt protein was
increased statistically significantly over the corresponding native CYP3A4wt
at p < 0.01. Similar statistically significant differences at p < 0.01 were also
observed between the phosphorylation of native CYP3A4wt and that of the
native TSSm protein, as well as between that of CuOOH-inactivated
CYP3A4wt and CuOOH-inactivated TSSm protein. The difference between
the phosphorylation of the native TSSm protein and its corresponding
CuOOH-inactivated species was statistically significant at p < 0.05. wt, wild

type.

4A). To probe whether CYP3A4 degradation requires phospho-
rylation at more than one site, corresponding double (T264A/
S420A, T264A/S478A, or S420A/S478A) and triple (T264A/
S420A/5478A) CYP3A4 mutants were similarly probed to
determine whether they more profoundly impaired CYP3A4
ERAD than the single mutant (Fig. 4B). Intriguingly, both the
double (T264A/S478A and S420A/S478A) mutants containing
S478A mutation showed a statistically significant doubling of
their stability at both the end points examined, whereas the
triple (T264A/S420A/S478A) mutant showed a dramatic 4-fold
stabilization of the protein (Fig. 4B), thereby revealing that
mutation of all these phosphorylatable CYP3A4 residues con-
siderably influences its degradation. In contrast to the signifi-
cant stabilization of the degradation of either CYP3A4 S478A
double mutant, that of the CYP3A4 T264A/S420A double
mutant was not similarly stabilized (Fig. 4B). These findings
thus indicate that of the three identified phosphorylated
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FIGURE 4. Relative degradation of CYP3A4wt and T264A, S420A, and/or
S478A mutants in S. cerevisiae. A, Western immunoblotting analyses of
microsomal proteins (50 ng) at early (E), mid (M), and late (L) stages of culture
of CYP3A4wt and single mutants of T264A, S420A, and S478A. B, correspond-
ing analyses of CYP3A4wt and double and triple mutants of T264A, S420A,
and S478A. Immunoblots of microsomes from individual yeast cultures (n =
3-4) were subjected to Western immunoblotting analyses and densitometric
quantitation as detailed (see under “Experimental Procedures”). Values
(mean = S.D.) are expressed as percent of early stage CYP3A4wt or mutant
content. Statistically significant differences by the Student’s t test in CYP3A4
mutant protein stabilization from CYP3A4wt at corresponding stages of cul-
ture are indicated by the p value. wt, wild type.

CYP3A4 residues Ser®”® was by far the most critical to CYP3A4
degradation.

Degradation Analyses of CYP3A4wt and Its T264A/S420A/
S478A Mutant in HEK293T Cells—To verify that the differen-
tial degradation of these CYP3A4 proteins in yeast was relevant
to mammalian cells, their degradation was monitored in
HEK293T cells after transient expression of a lentiviral vector
encoding CYP3A4wt and the triple mutant proteins. In prelim-
inary experiments, the time course (24-72 h) for maximal
expression of these CYP3A4 proteins was found to be between
30 and 36 h, with CYP3A4 degradation predominating thereaf-
ter. CYP3A4 degradation was monitored by [**S]Met/Cys
pulse-chase analyses (Fig. 5, A and B) as detailed under “Exper-
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FIGURE 5. Degradation of CYP3A4wt and its T264A/S420A/S478A mutant
(TSSm) by pulse-chase analyses in HEK293T cells. Pulse-chase analyses of
HEK293T cells were carried out as detailed after 30 h of transfection of the
CYP3A4wt and TSSm expression plasmids and the corresponding vector con-
trol, in the presence or absence of the proteasome inhibitor, MG262 (10 um).
At 0, 3, and 6 h after the chase, cells were harvested and lysates subjected to
CYP3A4 immunoprecipitation as detailed (see under “Experimental Proce-
dures”). Aliquots of CYP3A4 immunoprecipitates were subjected to SDS-
PAGE analyses and Phosphorimager scanning. A representative scan is
shown in A. The corresponding **S-labeled CYP3A4 over the time course was
monitored using ImageJ software. Values depicted represent the mean =
S.D. of three individual experiments. Open symbols represent CYP3A4wt ()
and its TSSm mutant (A) from cells treated without MG262. Closed symbols (l,
A) represent the corresponding values from cells treated with MG262. Statis-
tically significant differences at p < 0.05 were observed between CYP3Awt +
MG262 (¥), TSSm = MG262 (**), and CYP3Awt versus TSSm (8) at 3 h, and
between TSSm = MG262 (1) at 6 h. Statistically significant differences at p <
0.01 were observed between CYP3Awt = MG262 (+) and CYP3Awt versus
TSSm (#) at 6 h. B, aliquots of >*S-CYP3A4 immunoprecipitates were also mon-
itored by scintillation counting. Values depicted represent the mean = S.D.
from the three individual experiments in A. Statistically significant differences
at p < 0.05 were observed between CYP3Awt = MG262 (¥), TSSm = MG262
(**), and CYP3Awt versus TSSm (§) at 3and 6 h.

imental Procedures.” After initial 3*S labeling, CYP3A4 immu-
noprecipitation analyses revealed that both CYP3A4wt and its
triple mutant were degraded over the 6-h time course, irrespec-
tive of whether the data were monitored by PhosphorImager
screening and Image] analyses (Fig. 5A4) or scintillation count-
ing (Fig. 5B) of the corresponding CYP3A4 immunoprecipi-
tates. However, the degradation of the triple mutant was signif-
icantly slower than that of CYP3A4wt. These findings from
pulse-chase analyses of relative CYP3A4wt and its triple
mutant degradation in HEK293T cells (Fig. 5), despite the
shorter experimental time course, are thus essentially similar to
those observed in the yeast (Fig. 4B). Furthermore, consistent
with a UPD process, the degradation of either protein in
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HEK293T cells was inhibited by the proteasomal inhibitor
MG262 (10 uwm).

Relative Role of Thr*®*, Ser*?°, and Ser*”® Phosphorylation in
CYP3A4 Ubiquitination—Conceivably, the observed CYP3A4
stabilization from degradation after Ala mutation of the three
phosphorylatable residues was because CYP3A4 protein phos-
phorylation was required for targeting it to an ERAD partic-
ipant such as an E3 Ub ligase for ubiquitination. To explore
this particular possibility, we examined the relative potential
of the purified CuOOH-inactivated recombinant CYP3A4wt
and its triple mutant to be ubiquitinated in an in vitro mamma-
lian UBC7/gp78-catalyzed system (12; see below). A time-de-
pendent ubiquitination of CuOOH-inactivated CYP3A4wt
reaching a maximum at 90 min was observed (Fig. 64, lanes
2-6), and this ubiquitination pattern was enhanced when PKA/
PKC was included in the reaction mixture (Fig. 64, lanes 8—12).
Note the strikingly increased detection of high molecular mass
(HMM) ubiquitinated CYP3A4 species in the 75-250-kDa
range on inclusion of PKA/PKC (Fig. 6A, lane 6 versus lane 12).
No corresponding HMM pattern was observed when CYP3A4
was omitted from this reaction (Fig. 6A, lane 7), thereby reveal-
ing that this enhanced ubiquitination profile was not simply
due to PKA/PKC-mediated enhancement of the UBC7-gp78
polyUb chain formation, detected as diffuse Ub-trimers/tet-
ramers in the 18 —36-kDa range (Fig. 64, lane I). Suchan HMM
or Ub-tri/tetramer profile was also not observed when ATP was
excluded from the ubiquitination mixtures® (Fig. 64, lane 18).
By contrast, inclusion of PKA/PKC in the CYP3A4 triple
mutant ubiquitination system resulted in no visibly increased
HMM profile at 90 min of incubation (Fig. 6A, lane 17 versus
lane 12). Indeed its ubiquitination profile was even slightly
fainter than that detected with CYP3A4wt in the absence of
PKA/PKC (Fig. 6A, lane 17 versus lane 6). However, direct com-
parison of CYP3A4 mutant ubiquitination profiles in the pres-
ence and absence of PKA/PKC (Fig. 6B, lanes 6 versus lane 12)
reveals that its basal ubiquitination is slightly enhanced, possi-
bly because of PKA/PKC-mediated phosphorylation of a resi-
due other than Thr***, Ser®*°, or Ser*’®. This finding is also
consistent with the considerably lower extent but not abolition
of its phosphorylation relative to that of CYP3A4wt (Fig. 3).

CYP3A4 immunoprecipitation analyses of aliquots from
identical 90-min reactions exhibiting maximal CYP3A4 ubiq-
uitination (Fig. 6A) indeed confirmed that CYP3A4wt was
ubiquitinated to a greater extent than its triple mutant in the
absence of PKA/PKC (Fig. 6C, lanes 2 versus 5), and this
difference was greatly accentuated in PKA/PKC presence
(Fig. 6C, lanes 3 versus 4). As expected, no protein *P ubiq-
uitination was detected in immunoprecipitates from reac-
tions that either lacked CYP3A4 or ATP. Together these find-

> No “native” CYP3A4 proteins were specifically included in the ubiquitination
reactions as parallel controls. This is because purified CYPs 3A tend to
denature during the prolonged cumulative in vitro incubation periods at
=30 °Crequired to control first for CUOOH inactivation and then the phos-
phorylation/ubiquitination reactions. Failing to retain their native charac-
ter, the denatured proteins are also phosphorylated (Fig. 3) and/or ubig-
uitinated in vitro (not shown), albeit more slowly. Thus, in contrast to their
in vivo counterparts (2, 3, and 6), they do not qualify as truly native controls
in vitro.
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ings suggest that phosphorylation
indeed enhances UBC7/gp78-medi-
ated CYP3A4 ubiquitination, and
thus could promote its degradation
via the UPD pathway.

DISCUSSION

P450s are known to incur post-
translational protein phosphoryla-
tion, and the target sites identified
lie within cytosolically accessible
domains harboring kinase consen-
sus recognition motifs (13-32).
We have previously reported that
cytosolically exposed Thr*** (14)
is one such residue that is phos-
phorylated by PKC, PKA, and/or
rat liver cytosolic kinases in both
native and suicidally inactivated
CYP3A4, whereas other normally
concealed and deeply buried resi-
dues such as Ser**° become accessi-
ble only after CYP3A4 inactivation
(14). In this study, we have identi-
fied yet one more phosphorylated
residue, Ser*”®, which is located
within CYP3A4 substrate recogni-
tion sequence 6 (48), and thus in a
bona fide active site region normally
protected from cytosolic kinases
(Fig. 7). The biological relevance of
the observed phosphorylation sites
was examined through heterologous
expression of each single, double, or
triple CYP3A4 mutant in yeast fol-
lowing site-directed mutagenesis of
these CYP3A4 phosphorylatable
residues (Thr*®%, Ser*?°, and Ser*”®)
to Ala. These findings documented
that mutation of Ser*”® by itself sig-
nificantly abrogated its UPD and
markedly stabilized the protein rel-
ative to the native enzyme. This
effect was greatly magnified when
Ser®”® mutation was coupled with
that of either Thr*** or Ser**°. It was
further exacerbated when all three
residues were jointly mutated, there-
by indicating that multisite protein
phosphorylation at these particular
CYP3A4 residues is indeed biologi-
cally relevant to its UPD.

That such biological relevance of
P450 phosphorylation to yeast UPD
extends to that of the higher eu-
karyotes was documented by P450
degradation analyses in HEK293T
cells. Transient CYP3A4 transfec-
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FIGURE 7. PyMol depiction of CYP3A4 phosphorylatable Thr?®%, Ser*?°,
and Ser*’® residues. The CYP3A4 crystal structure (48) was used as the tem-

plate, depicting the prosthetic heme in red, phosphorylatable residues Thr?*

in blue, Ser*?®in cyan, and Ser*’® in magenta.

tion of these cells coupled with pulse-chase analyses not only
verified that CYP3A4wt and its T264A/S420A/S478A mutant
were both proteasomally degraded, but also that the degrada-
tion of the triple mutant was significantly slower (Fig. 5). It is to
be noted however that such T264A/S420A/S478A mutant sta-
bilization is more pronounced in the pep4A -yeast strain. This is
not only because of the relatively longer degradation time
course employed but also possibly because of the fact that on
genetic deletion of the yeast vacuolar (autophagic lysosomal)
degradation pathway, UPD remains its major if not the sole
P450 degradation pathway. By contrast, HEK293T cells in our
studies had both pathways functionally intact and thus could
provide alternative pathways for P450 degradation. However,
the virtual abolition of the phosphorylation-impaired CYP3A4
T264A/S420A/S478A mutant turnover by MG262-induced
proteasomal inhibition (Fig. 5A4) reveals that phosphorylation is
indeed relevant to global CYP3A4 proteolytic turnover in these
cells. Collectively, these findings once again underscore the
remarkable similarities in the yeast and mammalian P450 deg-
radation pathways and thus the usefulness and validity of the
yeast model for P450 degradation studies.

The issue that this in vivo documentation of the relevance of
protein phosphorylation to yeast and HEK293T cell P450 deg-
radation ostensibly utilized native CYP3A4 proteins, whereas
our in vitro CYP3A4 phosphorylation studies were conducted
with CuOOH-inactivated P450s, requires a clarification. Both
native and suicidally inactivated CYP3A incur UPD in a classi-
cal ERAD process, and this may in part be determined by intrin-
sic molecular degrons in the CYP3A4 structure. However, the
relative rate of this degradation is considerably increased after
CYP3A inactivation (2, 3, 6). Indeed, CYP3A suicide inactiva-
tion by 3,5-dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-dihydropy-
ridine, the agent employed in our previous studies (2, 3, 6, 68),

and that by CuOOH or H,O, is mechanistically very similar,
involving oxidative fragmentation of the heme to reactive prod-
ucts that irreversibly bind to the P450 active site (49, 69, 70).
This structural insult damages the P450 protein, marking it for
ubiquitination and thus rapid clearance via UPD (2, 3, 6, 7, 68).

Similar CYP3A heme modification is also physiologically
detected (71, 72). It apparently stems from H,O, generated
during futile oxidative cycling (73-76) with consequently sim-
ilar structural damage that could trigger their normal turnover.
This may also be true of other P450s, such as CYP2E], that are
also degraded via UPD (77— 81). Plausible evidence for this pos-
sibility is the marked stabilization of these P450 proteins on
inhibition or abortion of this futile oxidative uncoupling by the
following: (i) their substrates (EtOH, acetone, and clotrimazole;
Refs. 26, 80, 81); (ii) troleandomycin, a quasi-irreversible inac-
tivator, that by complexing CYP3A heme renders it catalytically
inactive (82); or (iii) conditional deletion (83) or chemical inhi-
bition (84, 85) of P450 reductase and consequent impairment of
the electron flux through the P450 heme.

Given its inherent mechanistic similarities to the physiolog-
ical CYP3A inactivation, CuOOH inactivation is thus merely a
means to accelerate this process, enabling the scrutiny of the
phosphorylation/ubiquitination reactions within the limits of
viable incubation periods for purified P450 proteins. At a prac-
tical level, it also obviates the need for inclusion of P450 reduc-
tase and/or cytochrome b in the in vitro systems thereby sim-
plifying the LC-MS/MS characterization of post-translationally
modified CYP3A4 peptides.

We find it noteworthy that both in yeast and HEK293T cells,
CYP3A4 UPD occurs without any deliberate coexpression of
P450 reductase. Thus, in these eukaryotic cells, the basal level of
futile oxidative cycling of CYP3A4 could be low, consistent with
their relatively low endogenous content of P450 reductase. The
fact that under these conditions, CYP3A4 UPD is still a Thr?®%
Ser*?°, and Ser*”® phosphorylation-dependent process (Fig. 5)
implies the possible existence of cellular mechanisms such as
alternate P450 reducing systems and/or P450 unfoldases,
involved in exposing some of these otherwise concealed
CYP3A4 residues to cytosolic kinases.

Intriguingly, however, the above findings of multisite phospho-
rylation of CYP3A4 (Thr***, Ser*?°, Ser*”%, and possibly other res-
idues), and its significant attenuation by inhibitors of both PKA
and/or PKC (14), reveal that multiple kinases are most likely
involved in this process. However, it remains to be determined
whether this process is hierarchical with initial phosphorylation of
one residue by one particular kinase serving to prime the recogni-
tion of another residue by a different kinase (86, 87), or whether
multiple kinases concomitantly target CYP3A4 as a substrate.

However, the specific biological purpose of this multisite
CYP3A4 phosphorylation remained unclear. Well established

FIGURE 6. Relative role of Thr*®?, Ser*?°, and Ser*’® phosphorylation in CYP3A4 ubiquitination. A, Phosphorlmager analyses of time-dependent ubiqg-
uitination of CuOOH-inactivated CYP3A4wt and its triple mutant (TSSm) in the presence or absence of PKA/PKC in the reaction. B, corresponding time-de-
pendent ubiquitination of CUOOH-inactivated CYP3A4 triple mutant in the presence or absence of PKA/PKC in the reaction. Note that in B, the reaction mixture
aliquots used were half the size of those in A. C, Phosphorlmager analyses of CYP3A4 immunoprecipitates from ubiquitination reactions and corresponding
controls carried out at 90 min containing either CUOOH-inactivated CYP3A4wt or TSSm and in the presence or absence of PKA/PKC in the reaction. Data from
a typical experiment are shown. Each experiment was conducted in its entirety at the least three separate times. The color wheel intensity code is as follows:
black > dark blue > light blue > green > yellow > orange > red > magenta > white.
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precedents for a causal association between protein phospho-
rylation and UPD exist in the turnover of several short lived cell
regulatory proteins (36 —47). Of these, the degradation of the
prototypic NF-«B inhibitor, IkBa may be the most instructive
(42—45). Phosphorylation of IkBa Ser®?/Ser®® is apparently
required for its ubiquitination at Lys*'/Lys>?, which targets the
ubiquitinated protein to the cellular AAA ATPase p97 (Cdc48p
in yeast), that in turn ferries it to the 26 S proteasome (42—45).
Studies with IkBa S32A/S36A and K21R/K22R mutants indi-
cated that both Lys*'/Lys®* and Ser®?/Ser®® are required for
phosphorylation, ubiquitination, p97 binding, and subsequent
UPD (42-45). Thus it was conceivable that phosphorylation of
CYP3A4 Thr*®*, Ser®®°, and Ser®”® residues could similarly tar-
get the protein for its ubiquitination by an ERAD-associated Ub
ligase.

We therefore examined the role of CYP3A4 phosphorylation
in its ubiquitination using an in vitro functionally reconstituted
system that contained human Ub-activating enzyme E1, human
Ub-conjugating E2 enzyme UBC7, and mouse gp78 E3 Ub-li-
gase in the presence or absence of PKA and PKC as the kinases.
Our choice of these particular enzymes was dictated by the
following: (i) our findings of PKA and PKC as the major cata-
lysts of CYP3A4 phosphorylation using specific kinase inhibi-
tors as probes (14); (ii) our P450 ERAD studies in S. cerevisiae (4,
5) that identified Ubc7p as the specific E2 involved in CYP3A4
ERAD along with its ER-anchor Cuelp; and (iii) our recent in
vitro findings with functionally reconstituted CYP3A4 ubiquiti-
nation systems using ERAD-associated mammalian/human E2
Ub-conjugating enzymes and E3 Ub-ligases that not only con-
firmed UBC7, the human homolog of Ubc7p as the E2, but also
identified its cognate integral ER-RING-finger gp78 protein as
a dominant CYP3A4 E3 Ub-ligase (12). Our findings described
above clearly indicated that CYP3A4 phosphorylation by PKA/
PKC indeed enhanced CYP3A4 ubiquitination by the UBC7/
gp78 system. By contrast, no comparably enhanced ubiquitina-
tion of the CYP3A4 triple mutant was observed in the presence
of PKA/PKC, consistent with its intrinsic lack of relevant phos-
phorylatable residues and consequently its inability to be phos-
phorylated. The slightly enhanced ubiquitination of this
mutant after PKA/PKC phosphorylation over that of its non-
phosphorylated species (Fig. 6, B and C) possibly reflects the
existence of phosphorylatable CYP3A4 residue(s) other than
Thr?%*, Ser®®°, and Ser*”®, which could potentially serve as
minor targets thereby accounting for the observed minor
extent of CYP3A4 triple (T264A/S420A/S478A) mutant phos-
phorylation (Fig. 3).

The precise molecular mechanism of how protein phospho-
rylation enhances CYP3A4 ubiquitination is presently unclear.
At pH ~7.5, the incorporation of a phosphate moiety into a
polar Ser, Thr, or Tyr residue imparts two negative charges
onto the protein, thereby converting a hydrophobic protein
into a polar and extremely hydrophilic one, and thus keeping
the protein soluble and less aggregation-prone. Aberrant pro-
teins are believed to be cytotoxic because through misfolding or
unfolding they expose hydrophobic domains that can promote
oligomerization and/or free cysteines that can cross-link,
resulting in rampant protein aggregation (88). CYPs 3A are
notoriously aggregation-prone, and this feature is greatly
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enhanced after structural damage and unraveling of the struc-
tural fold of the protein by insults such as CuOOH inactivation,
which could expose otherwise concealed hydrophobic domains
as well as free sulfhydryl groups. Conceivably, CYP3A phospho-
rylation could help solubilize these structurally damaged aggre-
gation-prone proteins and thus accelerate their triage from the
intracellular environment by targeting them for ubiquitination.

On the other hand, the incorporation of a phosphate into the
protein structure may also alter CYP3A4 conformation
through exposure of “specific recognition domains.” In this
regard, the strength and specificity of interactions with gp78
may in fact be enhanced, if not induced, by the multisite phos-
phorylation of CYP3A4, which by altering its conformation to a
much greater extent than that by a single site phosphorylation
could promote its substrate recognition by gp78 E3 Ub-ligase
and thus enhance its ubiquitination. Furthermore, in vivo, such
multisite phosphorylation-induced conformational alterations
could also potentially enhance CYP3A4-protein interactions
with other relevant proteins along its degradation trail, such as
the Hsp70/90 molecular chaperones for sorting, p97 for ER
extraction, and/or delivery to the 26 S proteasome for subse-
quent destruction, consistent with a classical ERAD process.
Unequivocally, such combined solubilizing effects of protein
phosphorylation, ubiquitination, and/or molecular chaperone
binding would be essential for preventing the aggregation of
senescent and/or structurally damaged P450 proteins, thereby
averting their cellular toxicity.

In summary, our findings indicate that after structural and
functional inactivation, CYP3A4 is mainly phosphorylated on
three residues (Thr*®%, Ser*°, and Ser®”%; see Fig. 7). The latter
two are buried deep within the CYP3A4 active site cavity and
thus normally inaccessible to cytosolic kinases. Their phospho-
rylation results in enhanced CYP3A4 ubiquitination by UBC7/
gp78 E2-E3 system and is apparently required for their UPD.
Mutation of these residues, and particularly of Ser*”®, signifi-
cantly abrogates CYP3A4 ubiquitination and proteasomal deg-
radation, thereby implicating a direct causal link between P450
phosphorylation and its proteasomal degradation. The precise
molecular mechanism involved in this process remains to be
elucidated. However, it is noteworthy that unlike previous stud-
ies, wherein protein phosphorylation was presumed to be the
initial insult that triggers P450 degradation, our findings sug-
gest that initial structural unraveling of the protein is necessary
for targeting Ser*”® to phosphorylation. Such structural unrav-
eling can occur physiologically during futile oxidative cycling of
CYP3A4, a process that is blocked in the presence of relevant
CYP3A4 substrates that consequently “induce” this P450 via
protein stabilization.
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