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Abstract
Rat organic anion transporting protein 1a1 (oatp1a1), a hepatocyte basolateral plasma membrane
protein, mediates transport of various amphipathic compounds. Our previous studies indicated that
serine phosphorylation of a single tryptic peptide inhibits its transport activity without changing its
cell surface content. The site of phosphorylation is unknown and was the subject of the present study.
Following immunoaffinity chromatographic purification from rat liver, oatp1a1 was subjected to
trypsin digestion and MALDI-TOF. Except for predicted N-glycosylated peptides, 97% of oatp1a1
tryptic peptides were observed. A single tryptic phosphopeptide was found in the C-terminus (aa
626-647), existing in unphosphorylated, singly, or doubly phosphorylated forms, and sensitive to
alkaline phosphatase treatment. β-elimination reaction resulted in mass loss of 98 or 196 Da from
this peptide, and subsequent Michael addition with cysteamine increased masses by the predicated
77 and 154 Da, indicating that oatp1a1 can be singly or doubly phosphorylated at serine or threonine
residues in the C-terminal sequence SSATDHT (aa 634-640). Subsequent tandem MS/MS analysis
revealed that phosphorylation at S634 accounted for all singly phosphorylated peptide, while
phosphorylation at S634 and S635 accounted for all doubly phosphorylated peptide. These findings
identify the site of oatp1a1 phosphorylation and demonstrate that it is an ordered process, in which
phosphorylation at S634 precedes that at S635. The mechanism by which phosphorylation results in
loss of transport activity in hepatocytes remains to be established. Whether phosphorylation near the
C-terminus inhibits C-terminal oligomerization of oatp1a1, required for normal transport function,
can be speculated upon, but is as yet unknown.

The rat organic anion transporting protein 1a1 (oatp1a1) is expressed on the basolateral plasma
membrane of hepatocytes, on the apical plasma membrane of the S3 segment of the proximal
tubule, and on the apical plasma membrane of the choroid plexus epithelial cell (1;2). This
protein, formerly known as oatp1, has recently been renamed oatp1a1 in a proposal for
standardization of nomenclature (3). It, as well as other members of the oatp family, have been
shown to transport a wide variety of amphipathic organic compounds (3;4) and are thought to
be involved in a broad range of physiological, pathophysiological, and pharmacological
processes (3;4). Although function of the oatp’s has been studied extensively, their structure
and regulation remain relatively unknown.

In earlier studies, we demonstrated that hepatocyte uptake of the oatp1a1 substrate
sulfobromophthalein (5) is down-regulated rapidly, specifically, and reversibly by extracellular
ATP (6), an event that coincides with serine phosphorylation of oatp1a1 at a single tryptic
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phosphopeptide(7). The location of this peptide within the oatp1a1 sequence is unknown and
is the subject of the present study. Unlike the case for other cell surface proteins (8;9),
phosphorylation did not alter the distribution of oatp1a1 on the cell surface, suggesting that
the inhibitory effect might be due to conformational change of the transporter as has been
described for aquaporin-4 (10) or possibly due to interference with oligomerization of oatp1a1,
recently described as being required for optimal transport function (5). Extracellular ATP does
not result in down regulation of transport function or phosphorylation of oatp1a1 in stably
transfected HeLa cells (7), suggesting that the effectors that mediate this signal transduction
pathway are lacking in these cells. However, modulation of transport function has also been
shown in oatp1a1 expressing Xenopus oocytes in which PKC but not PKA activators
suppressed transport activity, presumably as a result of oatp1a1 phosphorylation (11). All of
these studies point out the significant role that phosphorylation of oatp1a1 can play in rapid
regulation of its function. The importance of elucidating the effectors such as the kinases,
phosphatases and other regulators involved in this process is clear (12). Identification of the
phosphorylation site(s) is an important first step in achieving this goal.

Identification of phosphorylation sites on a hydrophobic, low abundance protein such as
oatp1a1 (Figure 1) can be a challenging undertaking (13;14). As noted in a recent review, many
methods are available to identify phosphorylation sites on proteins, but it is difficult to ascertain
from the literature which of these methods are most useful in practice (14). In the present study,
we adapted appropriate methods to purify oatp1a1 from rat liver by immunoaffinity
chromatography (15), and to identify sites of posttranslational modification using matrix-
assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS).
Aside from its physiologic importance as a transport protein of the hepatocyte plasma
membrane, oatp1a1 is also a typical multitransdomain spanning integral plasma membrane
protein. The methods used in this study may serve as a useful initial approach for studies of
other integral membrane proteins.

MATERIALS AND METHODS
Tissues, enzymes and chemicals

Fresh frozen livers from adult male Sprague-Dawley rats were purchased from Pel-Freez
Biologicals (Rogers, AZ) and stored at -80°C. Trypsin, endopeptidase Glu-C, α-cyano-4-
hydroxycinnamic acid (α-CHCA), protease inhibitor cocktail and iodoacetamide were from
Sigma-Aldrich (St. Louis, MO). Alkaline phosphatase was from Roche Diagnostics
(Indianapolis, IN). Nonylphenyl-polyethylene glycol (NP-40), was from Fluka (Milwaukee,
WI). Tris (2-carboxyethyl)-phosphine hydrochloride (TCEP) and dimethyl pimelimidate 2HCl
(DMP) were from Pierce (Rockford, IL). Trifluoroacetic acid (TFA, protein sequencer grade)
was from Applied Biosystems (Foster City, CA).

Sodium carbonate extraction of liver membranes
Livers were thawed in ice-cold 1 mM NaHCO3, homogenized, and extracted with 100 mM
Na2CO3 as previously described (2). In brief, three rat livers, approximately 18 g total, were
minced into small pieces and homogenized in 100 ml of 1 mM ice-cold NaHCO3 in a loose
Dounce homogenizer. The homogenate was filtered through cheesecloth to remove debris,
added to 300 ml of ice-cold 130 mM Na2CO3, and incubated with rotation for 15 min at 4°C.
The mixture was centrifuged at 100,000 × g for 1 hr at 4°C, and the pellet in which oatp1a1
was highly enriched (16) was used for further analysis.

Antibody production and purification
Antibody was produced in rabbits against a KLH-linked synthetic peptide corresponding to
the near C-terminal oatp1a1 sequence at aa 646-658, as described previously (1). The antibody
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was purified on a column containing Sulfo-Link gel (Pierce, Rockford, IL) to which the
synthetic peptide was immobilized, following the manufacturer’s instructions. Bound antibody
was eluted with 0.2 M glycine/HCl, pH 2.3 and the pH was neutralized immediately with Tris
base. Following SDS-PAGE, fractions were analyzed by Coomassie blue stain to assess the
presence and abundance of IgG.

Immunoaffinity purification of oatp1a1
Oatp1a1 antibody affinity gel was made according to Schneider et al (17). Briefly, 0.5 mg of
affinity purified oatp1a1 antibody in 0.1 M borate buffer was rotated overnight at 4°C with 1
ml of protein A-agarose (Sigma-Aldrich), following which was added 20 mM (final
concentration) dimethyl pimelimidate 2HCl in 100 mM triethylamine in borate buffer. The
reaction was terminated after 30 min by addition of 40 mM ethanolamine. The gel was washed
with 0.2 M glycine/HCl at pH 2.3 followed by PBS, and equilibrated with PBS containing 1%
NP-40.

Na2CO3 extracted liver membrane pellets were resuspended to a protein concentration of 5-10
mg/ml in 1% NP-40 in PBS containing protease inhibitors. The pH was adjusted to 7.2 with
HCl, and the mixture was gently stirred at room temperature for 1 hr following which it was
centrifuged at 100,000 × g for 1 hr at 4°C. Solubilized liver membrane extract was loaded onto
a mini-column containing the oatp1a1 immunoaffinity gel. After loading, the column was
washed extensively with 1% NP-40 in PBS. Bound oatp1a1 was eluted with 0.2 M glycine/
HCl, pH 2.3, into fractions of 400 μl and immediately neutralized with 1M Tris-base. Proteins
in the eluent were analyzed by SDS-PAGE followed by Western blotting and silver staining
of the gels. Silver stain was performed using the Silver Stain Plus kit (Bio-Rad, Hercules, CA).
After elution, the column was regenerated by further washing with 1% NP-40 in PBS and
stored in this buffer with 0.01% sodium azide. The column could be reutilized for purification
multiple times.

Concentration of purified oatp1a1
Oatp1a1-containing fractions (approximately 3 ml) were pooled into one tube, ice-cold TCA
was added to a final concentration of 10%, and the mixture was incubated for 30 min on ice.
The resulting precipitate was centrifuged at 3,000 × g for 20 min at 4°C, and the pellet was
washed three times with acetone to remove the residual TCA and NP-40. The pellet was dried
at room temperature and incubated with SDS-PAGE sample buffer for 30 min at 37°C.
Following SDS-PAGE, proteins were visualized by brief (about 10 min) staining with a low
concentration of Coomassie blue (0.006% Coomassie blue in 50% methanol and 10% acetic
acid).

Preparation of oatp1a1 tryptic peptides for MALDI-TOF MS analysis
Following SDS-PAGE, the Coomassie stained oatp1a1 band was excised, cut into 1×1 mm
pieces, and washed with water. The gel pieces were destained three times by rotating at 37°C
for 10 min with 50% acetonitrile in 50 mM ammonium bicarbonate (ABC). Subsequently,
disulfide bonds were reduced by incubation in 20 mM TCEP at 50°C for 1 hr. Alkylation of
reduced sulfhydryl groups was accomplished by incubation in an equal volume of 40 mM
iodoacetamide at room temperature in the dark for 45 min. The gel pieces were then washed
three times in water, another three times in 100% acetonitrile, and dried in a SpeedVac (Heto,
Laurel, MD). The dried gel pieces were incubated overnight in 100 μl of 50 mM ABC
containing 200 ng of proteomic grade trypsin (Sigma-Aldrich). Trifluoroacetic acid (TFA,
0.1% final) was added to stop the digestion. The supernatant was saved separately from the
gel pieces that were then extracted with 50% acetonitrile, 0.1% TFA twice by bath sonicating
for 10 min each time. For MALDI-TOF MS analysis, 1 μl of the supernatant or gel extract was
mixed with 9 μl of 5% acetonitrile, 0.1% TFA and applied to a micro C18 Ziptip (0.6 μl bed
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volume, Millipore, Billerica, MA) following the manufacturer’s instructions. The bound
peptides were step-eluted with 1.25 μl each of 25, 50, 75 and 95% acetonitrile containing 0.1%
TFA and eluents were mixed with 1.25 μl of α-cyano-4-hydroxycinnamic acid matrix (α-
CHCA, saturated solution in 50% acetonitrile, 0.1% TFA). The mixture was applied to a
MALDI-TOF target plate and the matrix was allowed to crystallize at room temperature.

Methionine sulfoxidation of peptides
Because in the present study different levels of methionine oxidation complicated the peptide
signals, in indicated studies we oxidized all methionine residues using H2O2 (18). One μl of
the peptide solution was incubated with 10 μl of 30 mM H2O2, 0.1% acetic acid at 37°C for
30 min. After incubation, the sample was subjected to C18 Ziptip processing and then MALDI-
TOF analysis.

Alkaline phosphatase treatment
In some experiments, samples were treated with alkaline phosphatase using the on-target
protocol as described (19). In brief, 1.5 μl of a solution containing 0.075 U of alkaline
phosphatase in 50 mM ABC was added onto a previously loaded spot on a MALDI target. The
target was incubated at 37°C for 30 min following which 0.5 μl of 1% acetic acid was added
to acidify the matrix for recrystallization and subsequent MALDI analysis.

β-elimination and Michael addition procedures
To confirm the presence of phosphorylation in candidate peptides, β-elimination and Michael
addition were performed using a method described for cysteamine addition (20). In brief, 10
μl of the digest was dried and dissolved in 25 μl of a solution containing H2O, DMSO and
ethanol at a ratio of 4:3:1. β-elimination was performed by adding 11.5 μl of saturated Ba
(OH)2 and 0.5 μl of 5 M NaOH and incubating for 1 hr at 37°C. For Michael addition, 25 μl
of 1 M cysteamine-HCl was subsequently added and incubated for up to 5 hr at 37°C. For
identification of the phosphorylation sites, the β-eliminated peptides were modified with DTT
(21). After extraction with activated thiol-sepharose 4B gel (Sigma) (21), the DTT modified
peptide was subjected to MS/MS sequencing.

MALDI/TOF MS analysis
Spectra were recorded in positive or negative modes on a Voyager-DE STR MALDI-TOF
mass spectrometer (Applied Biosystems, Foster City, CA), equipped with a 2.0 m flight tube
and a 337 nm nitrogen laser. For MS/MS sequencing, the ABI 4700 TOF/TOF mass
spectrometer (Applied Biosystems, Foster City, CA) with high energy collision-induced
dissociation was used. Protein identification was accomplished through database searching
(Swiss-Prot and NCBI) using MS-Fit and ProFound programs (Rodentia/Rattus, mass
tolerance of 1Da, partially oxidized methionine, average and/or monoisotopic masses, and a
maximum of two missed cleavages). Adrenocorticotropic hormone 18-39 (ACTH),
bradykinin, and insulin were used for external mass calibration. Some frequently observed
oatp1a1 tryptic peptides were used for internal mass calibration after they were confirmed as
oatp1a1 peptides with ESI-MS (data not shown).

RESULTS
Immunoaffinity purification of oatp1a1

Sodium carbonate treatment is a simple method that can enrich integral membrane proteins by
removing proteins loosely associated with the membrane (22;23) and is used here as the first
step in oatp1a1 purification. Western blot analysis (Figure 2A) of oatp1a1 in the solubilized
liver membrane extract (lane 1) and in the run-through (lane 2) indicates that the majority of
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oatp1a1 was retained on the antibody column. Silver staining of a replicate gel shows a high
degree of purification of oatp1a1 following elution (Figure 2B). The amount of oatp1a1 in
eluted fraction 3 (lane 5) is more than 50 ng as compared to a BSA standard (Figure 2B). In
the silver stained gel, a minor band of approximately 50 kDa is seen in this fraction. Following
trypsin digestion and MALDI-TOF MS analysis it was found to be rat IgG heavy chain (data
not shown). It likely originated in the rat liver, and bound to unoccupied sites on the protein
A column, eluting with the oatp1a1. To further concentrate and purify oatp1a1, the eluent was
subjected to TCA precipitation and SDS-PAGE. Mild Coomassie blue staining of the gel
reveals a broad band of oatp1a1 containing approximately 8 μg as compared to a BSA standard
(Figure 2C). This final SDS-PAGE separated the approximately 80 kDa oatp1a1 from the
contaminating IgG heavy chain.

MALDI-TOF MS analysis of oatp1a1 tryptic digest
Following excision from the gel, the oatp1a1 band was subjected to proteolytic digestion with
trypsin. Figure 3 shows a spectrum of the digest acquired in reflector mode. The majority of
the peaks were identified as oatp1a1 tryptic peptides as predicted in Figure 1. Protein matching
of masses from this spectrum with the ProFound program resulted in 37% sequence coverage
of oatp1a1 with a probability of 1.0 and a Z score of 1.36. When detected in linear mode (Figure
4), peptides with larger masses were observed, including the peptides T55 and its incompletely
digested form T54T55. By examining spectra acquired in different conditions, such as in
reflector/linear, positive/negative modes, as well as in digests extracted with different
concentrations of acetonitrile (data not shown), sequence coverage of 80% was obtained, as
illustrated in Figure 1. In fact, when the predicted N-glycosylated peptides are excluded, nearly
all the peptides with four or more amino acid residues were observed. The identified oatp1a1
peptides and their theoretical and observed masses are summarized in Table 1.

Identification of phosphopeptides
MALDI-TOF MS in reflector mode provides highly accurate monoisotopic masses. However,
its sensitivity is relatively low, especially for detection of peptides with masses greater than
2000 Da. These peptides are more easily detected in linear mode as shown in Figure 4 where
several signals with masses (MH+, average) over 2000 were apparent. A cluster of peaks was
found in the range of 2400 to 2800, in which two major peaks could be assigned as T55 (2457.91
Da) and its incompletely cleaved form T54T55 (2586.05 Da) where the N-terminal lysine
residue was not removed by trypsin. Even when the digestion time was extended to greater
than 24 hours with addition of more trypsin, this missed cleavage still remained (data not
shown). This cluster of peaks is shown in detail in Figure 5A. The two peaks at 2473.86 and
2489.95, 16 and 32 Da higher than T55, could be assigned as mono- and di-oxidized forms of
T55. This is consistent with the fact that there are two methionine residues in T55. Similarly,
the two peaks at 2602.06 and 2618.05 represent mono- and di-oxidized forms of T54T55. Each
of these peaks is followed by clusters of peaks that are 80 Da higher, as indicated as pT55 and
pT54T55, consistent with mono phosphorylated forms of these peptides (Figure 5A). Clusters
of peaks that are 160 Da higher also exist, as indicated as ppT54 and ppT54T55, consistent
with diphosphorylated forms of these peptides. This is in accordance with the fact that there
are four potential phosphorylation sites on T55 at S635, S636, T638 and T641.

Methionine oxidation and alkaline phosphatase treatment of phosphopeptide
As described above, the signals of candidate phosphopeptides are confounded by different
levels of methionine oxidation. To obviate this problem, the digest was treated with H2O2 to
fully oxidize methionine residues. The effect of H2O2 treatment is apparent; the resulting fully
oxidized peaks are higher in intensity and more accurate in mass (Figure 5B). When detected
in negative mode, the intensity of the candidate phosphopeptide peaks, relative to their
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unphosphorylated forms, is further improved (Figure 5C). To confirm the presence of
phosphopeptides the digest was pretreated with alkaline phosphatase prior to MALDI analysis.
As seen in Fig 5D, each of the candidate phosphopeptides essentially disappeared after the
treatment.

Glu-C secondary digestion of the tryptic peptides
The tryptic digest of oatp1a1 was subjected to a secondary digestion with the Endoproteinase
Glu-C that cleaves peptide bonds C-terminal to glutamate. The digest was analyzed with
MALDI-TOF in positive/negative and linear/reflector modes. As shown in Figure 6 A (positive
linear mode) and B (negative linear mode), both the Glu-C secondary digestion products of
T55/T54T55 (peptides FQFPGDIDSSATDHTE and its incompletely digested form
KFQFPGDIDSSATDHTE) and T55/T54T55 itself were observed due to incomplete digestion.
The phosphorylated peptides are easily recognizable. Reflector mode allowed for more
accurate detection of the masses of the Glu-C digestion products of T55 (Figure 6 E and F).
Again, negative mode detection leads to higher signals of phosphorylated peptide (Figure 6 B
and F) than those of positive mode (Figure 6 A and E). The effect of alkaline phosphatase is
also apparent (Figure 6 C, D, G, and H).

β-elimination and Michael addition of the phosphopeptides
To further confirm their identity, the phosphopeptides were subjected to β-elimination and
Michael addition. β-elimination occurs when the phosphoryl group of phosphoserine or
phosphothreonine residues is exposed to base, leading to a 98 Da decrease in mass (24). The
β-eliminated serine and threonine residues undergo Michael addition in the presence of
nucleophiles such as alkanethiols and cysteamine (20;24). The combination of β-elimination
and Michael addition provides signature signals in MALDI-TOF spectra that can be used to
confirm the existence of phosphopeptides in a mixture of protease digested peptides (24).
Figure 7 compares MALDI spectra of T55 peptides before and after β-elimination and Michael
addition with cysteamine. As demonstrated in the figure, after β-elimination, the
phosphorylated peaks of T54T55 disappear and two new peaks at 2581.75 and 2599.75 are
observed (Panel B). These peaks, 196 and 98 Da lower than the phosphorylated ones, represent
the β-eliminated doubly and singly phosphorylated peaks respectively. Michael addition with
cysteamine adds 154 and 77 Da to the two new peaks, respectively, resulting in the detection
of peaks at 2676.95 and 2736.13 (Panel C).

TOF/TOF MS/MS sequencing of DTT modified phosphopeptides
The phosphopeptides were subjected to β-elimination and Michael addition with DTT using
the BEMAD method(21) that allows the specific extraction of the modified peptide with thiol
gel. The results of DTT modification and thiol gel extraction are shown in Fig. 8. Modification
is observed only for T55 and T54T55 (panels A and D), at masses 2625.99 (T55+DTT) and
2754.92 (T54T55+DTT), reflecting a 136 Da increase in mass due to a single DTT addition
(panel D). After thiol gel extraction, these two modified peptides were enriched in the eluent
(panels C and F). However, we didn’t find the di-DTT modified forms that would have been
expected to result from the doubly phosphorylated peptide. Instead, two unexpected peaks at
2667.85 and 2735.90 Da were observed (panel D). These two peptides were not extracted with
thiol gel and remained in the flow through (panels B and E). By their sizes, these peptides could
well fit into a novel type of modification (named here as DTT bridge and illustrated as DTT)
in which the two thiol groups of a DTT molecule bind to the two β-eliminated sites within the
same peptide of T55 or T54T55, leading to mass increase of 118, as illustrated in panel G. The
modified peptides were easily detected in reflector mode (data not shown), allowing MALDI
TOF/TOF MS/MS analysis to locate the modification sites. Such direct analysis is usually not
possible for phosphopeptides due to the loss of the phosphate group during CID.
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The thiol extracted T55+DTT (2625.12 Da) was then subjected to sequencing with MALDI
TOF/TOF CID (Fig 9, Panel D). Other peptides, including the unphosphorylated T54T55
(2616.21 Da, panel B), the singly phosphorylated T54T55 (2696.02, panel C), the DTT
modified T54T55 (2752.17 Da, panel E) and the DTT bridge modified T54T55 (2735.14, panel
F) were also subjected to CID analysis. All spectra showed a clear y9 signal as well as y9-64
Da, resulting from loss of methane sulfenic acid (SO2, 64 Da) from sulfoxidized methionine
residues during CID. This indicates that the threonine residue T640 is not a candidate for
phosphorylation. The unphosphorylated T54T55 produced y ions from y9 to y16, except for
y10 and y15 (panel B). The b ions from b14 to b17 are also apparent. Two a ions, a15 and
a17, are also found. Although only weakly observed in reflector mode, the singly
phosphorylated T54T55 (panel C) produced a clear y13 ion, indicating that S635, T637 and
T640 are not phosphorylated in this peptide species. The only candidate site left is thus S634.
In fact, the absence of y14 and y14+80 Da, coincided with the appearance of y14-18Da, clearly
indicating phosphorylation at S634. Therefore, single phosphorylation of oatp1a1 is due
exclusively to phosphorylation at S634. The CID spectra (panel D and E) of DTT modified
single phosphopeptides T55+DTT and T54T55+DTT generated y9, y10, y12, y13, b14+DTT,
y14+DTT, b15+DTT, and y16+DTT ions. This set of data indicates that the two threonine
residues are not used for phosphorylation. Observation of y13 indicates that S635 is not
phosphorylated, while the observation of b14+DTT, y14+DTT, b15+DTT and y16+DTT
strongly suggest phosphorylation at S634. The CID spectrum (panel F) of T54T54+DTT
generated y9 and y11, again indicating that the two threonine residues are not phosphorylated
in doubly phosphorylated T55. The observation of y14+DTT, b15+DTT and y16+DTT
indicates that S634 and S635 are the two sites of DTT bridge formation. This implies that S634
and S635 are the residues that are phosphorylated in the doubly phosphorylated T55 species.

DISCUSSION
Removal of xenobiotics and endogenous organic anionic compounds from the circulation
represents a major function of the hepatocyte (25). Initial studies that were performed by
expressing rat liver mRNA in a Xenopus laevis oocyte expression system identified a candidate
transporter, originally named organic anion transport protein 1 (oatp1), and now named oatp1a1
(5;26). Subsequently, over 20 additional members of the oatp family have been described, with
widespread tissue distributions and overlapping and broad substrate specificities (3). The
amino acid sequences of all of these proteins have high levels of homology, and for the most
part they have similar predicted membrane topologies and biochemical characteristics (3;5).
Expression of these proteins can be regulated at the transcriptional level, and a role for specific
transcription factors and nuclear hormone receptors has been demonstrated (27-29). However,
this is a relatively slow process and cannot explain the rapid modulation of transport function
that has been described following exposure of rat hepatocytes to extracellular ATP or PKC
activators, conditions that result in phosphorylation of oatp1a1 (6;7;11). Although previous
studies showed that a single tryptic peptide was phosphorylated on a serine residue (7), there
was no information as to where this peptide was located in the oatp1a1 sequence. This
information is essential for the design of future studies to examine the mechanism by which
phosphorylation regulates transport function. Other studies indicate that oatp1a4 (formerly
known as oatp2) is regulated similarly by phosphorylation (11) and it is likely that methods
and findings for oatp1a1 will serve as a prototype for elucidating regulation of other oatp family
members as well.

Immunoaffinity purification of oatp1a1 was essential for the analytical procedures that were
employed in the present study. This single step procedure resulted in a high degree of
purification (Figure 2), with approximately 8 μg (100 pmole) of oatp1a1 protein obtained from
three rat livers. This is an amount sufficient for multiple mass spectrometric analyses, as these
generally require only subpicomole to picomole amounts of sample per assay (30). Identity of
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the purified oatp1a1 was confirmed by MALDI-TOF MS analysis of tryptic digests. By
examining spectra acquired under different conditions, such as from linear/reflector, positive/
negative settings of the MALDI-TOF instrument, from the original tryptic digest, the secondary
digest with Glu-C or ASP-N (data not shown), and the gel extract, peptides covering 84% of
the oatp1a1 sequence could be identified. When the predicted N-glycosylated peptides (T8,
T10 and T40, occupying 13% of the whole sequence) and some peptides with masses lower
than 600 Da (occupying 3% of the whole sequence) are excluded, all the remaining peptides
were identified. Of the predicted N-glycosylated peptides, T10 and T40 were confirmed to be
glycosylated by mutagenesis and PNGase F deglycosylation studies (unpublished data). N-
glycosylation adds approximately 5 kDa to each peptide, making them unsuitable for efficient
detection by MALDI-TOF using the present experimental conditions. Mutation at Asn62 in
peptide T8 did not change the apparent molecular weight of oatp1a1 on Western blot
(unpublished data), suggesting that it is not glycosylated. However, in the present study we
could not detect T8. One possibility is that it may be glycosylated with minor glycans. A number
of signals in the spectra could not be identified, even when common modifications such as
oxidation, cysteine alkylation, phosphorylation and O-glycosylation were considered. This
might be due to unusual modification or peptide truncations (31;32).

Methionine oxidation in the tryptic peptides of oatp1a1 made analysis difficult by reducing the
signals of otherwise homogeneous peptides. For example, it divides the T55 signal into three
peaks, each of relatively low intensity (Figure 5A). In addition, the doubly phosphorylated T55
(ppT55) overlaps with the di-oxidized T54T55, making it difficult to identify the individual
species. This problem was overcome by utilizing a relatively simple sulfoxidation procedure
with H2O2 prior to MALDI analysis. Sulfoxidation of methionine residues was confirmed from
loss of methane sulfenic acid (-64 Da) in the CID spectra. Although methionine oxidation may
be physiological (33-35), it occurs commonly in vitro during sample preparation. The extent
of oatp1a1 oxidation in vivo remains to be determined.

T55 was the only phosphopeptide that was detected in these studies. The mass differences of
80 and 160 Da that were found in the cluster of T55-related peaks strongly indicate existence
of single and double phosphorylation. However, this mass difference could also represent
sulfation, a protein modification that also adds 80 Da to the mass of a peptide (30;36). The
finding that pretreatment with alkaline phosphatase results in disappearance of these peaks
effectively obviates this possibility. A higher ratio of the intensities of phosphorylated to
unphosphorylated peaks in negative as compared to positive mode, as we saw in our spectra,
is characteristic of phosphopeptides (37;38). Identical results were found in both the tryptic
digest and the secondary digest with Glu-C. In the latter case we were able to detect the
phosphopeptide in reflector mode that allows accurate detection of the monoisotopic masses
of shorter peptides. However, cleavage with Glu-C could not be carried to completion, possibly
due to the existence of phosphorylation in this peptide. Secondary digestion with the
endoproteinase ASP-N also gave similar results (data not shown).

Immobilized metal affinity chromatography (IMAC) has been suggested as a good method to
enrich phosphopeptides from tryptic digests (14). However, using the Millipore ZipTip MC
system, the yield of oatp1a1-derived phosphopeptide was poor (data not shown), and we used
β-elimination and Michael addition reactions as an alternative approach. These reactions are
characteristic of serine and threonine phosphorylation (20). Using cysteamine for Michael
addition, all expected modification products including the β-eliminated peaks were observed
(Figure 7). Michael addition with other nucleophiles such as butanethiol and dithiothreitol also
resulted in all expected products (data not shown). Therefore, these results not only confirm
T55 phosphorylation, but also indicate that the phosphorylation occurs at serine or threonine
residues. These residues are located in the short sequence SSATDHT. Unfortunately, no
proteolytic enzyme is available for further efficient cleavage within that sequence that can lead
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to the ultimate identification of the phosphorylation sites. Direct fragmentation of the peptide
under varied conditions during MS/MS analysis caused loss of the phosphate groups in most
cases, precluding assignment of the phosphorylated residues (data not shown).

MALDI TOF/TOF CID was used to identify phosphorylated amino acid residues in T55 and
T54T55 after modification with DTT. As presented in the results section, the
monophosphorylated peptide derives from phosphorylation at S634 only, while S634 and S635
are phosphorylated in the diphosphorylated peptide. These findings not only indicate the sites
of phosphorylation, but also demonstrate that oatp1a1 phosphorylation occurs in an ordered
process, i.e., phosphorylation at S634 precedes that at S635. The BEMAD method (21) is
efficient for extracting and concentrating modified peptides for subsequent CID analysis, as
was done in the present study. However, the formation of DTT bridges prevented the extraction
of these peptides, and could result in failure to identify doubly phosphorylated peptides.

The present study identified T55 (Figure 1) as the only phosphopeptide in the oatp1a1 sequence.
Under the same conditions of MALDI detection, e.g., linear positive mode, the ratios of areas
of phosphorylated and unphosphorylated peaks of T55 in the tryptic digest from different
batches of purification remain relatively stable. We could therefore estimate that about 20%
of the T55 peptide is singly phosphorylated and another 20% is doubly phosphorylated. Since
the protein is purified from the livers of normal rats, this amount should represent the minimum
level of oatp1a1 phosphorylation in vivo. As noted above, multispanning membrane proteins
represent challenging subjects for mass spectrometric analysis (39). Some abundant membrane
proteins such as aquaporin and rhodopsin can be isolated relatively easily in amounts adequate
for subsequent mass spectrometric analysis (32;40-42). However, we are not aware of any other
low abundance membrane protein purified from native tissue that has been subjected to similar
analysis, and we propose that the methods utilized in this study may help to provide a new
strategy for efficient structural analysis of such proteins.

The mechanism by which phosphorylation of oatp1a1 results in loss of transport activity in
hepatocytes remains to be established. The C-terminus of oatp1a1 has been shown recently to
bind to two of the four PDZ domains on PDZK1 (5). This interaction is required for expression
of the transporter on the cell surface and also suggests the potential presence of other proteins
in an oligomeric complex (5). Phosphorylation of oatp1a1 occurs 32 amino acids upstream of
its PDZ consensus binding site at the C-terminus. It is appealing to consider the hypothesis
that phosphorylation of the transporter at this site modulates interaction with PDZK1 or other
members of the PDZK1 complex. Such a situation exists for interaction of the cystic fibrosis
transmembrane conductance regulator (CFTR) with ezrin/radixin/moesin-binding protein 50
(EBP50), a PDZ-domain binding protein (43;44). CFTR binds to EBP50 through its C-terminus
(44), forming a functionally active complex with the β2 adrenergic receptor which also binds
to EBP50 (43). Phosphorylation of CFTR at its R domain, located far upstream, inhibits its
activity (45) by preventing its binding to EBP50 (43). Whether a similar mechanism exists for
oatp1a1 complex formation is not known. Future studies regarding the tertiary structure of
oatp1a1 as well as elucidation of its binding partners will be required to answer this important
question.

ABBREVIATIONS
oatp1a1, rat organic anion transporting protein 1a1
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
MALDI-TOF MS, matrix assisted laser desorption/ionization time-of-flight mass spectrometry
DTT, Dithiothreitol
α-CHCA, α-cyano-4-hydroxycinnamic acid
TCEP, tris (2-carboxyethyl)-phosphine hydrochloride
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TFA, trifluoroacetic acid
NP-40, nonylphenyl-polyethylene glycol
PBS, phosphate buffered saline
ABC, ammonium bicarbonate
DMSO, dimethyl sulfoxide
Glu-C, endopeptidase specific C-terminal to glutamate residue
CID, collision induced dissociation
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Figure 1.
Predicted structure of oatp1a1, showing a 12 transmembrane domain model. Predicted tryptic
peptides are indicated by T followed by an Arabic numeral and sites of cleavage are indicated
by a short thin line C-terminal to the residue K or R. Tryptic peptides that are indicated in bold
large font have been identified in the present study. The four potential N-linked glycosylation
sites are designated by the branched structures at the appropriate N residues. The scheme was
drawn according to the membrane protein secondary structure prediction program TMHMM
Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/).
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Figure 2.
Immunoaffinity purification of oatp1a1 from rat liver. A. Western blot analysis of oatp1a1 in
solubilized liver membrane (lane 1), run-through (lane 2), and different elution fractions
(fractions 1 to 7 loaded in lanes 3 to 9, respectively). 20 μg of protein from the starting material
was loaded onto a 10% gel. The same volume of sample from the column flow-through was
loaded. One out of 400 μl of each eluent fraction was loaded. B. Silver stain analysis of proteins
in solubilized liver membrane, flow-through, and different elution fractions of affinity
chromatography. Samples were loaded in the same order as in panel A. 10 μg of protein from
the starting material was loaded. The same volume of sample from the flow-through was
loaded. For the eluted fractions, 2 μl of sample was loaded in each lane. 50 ng of BSA was
also loaded in lane 9 for estimation of protein content. A minor amount of rat IgG heavy chain
contamination was seen as indicated. C. Coomassie blue stain of a preparative 10% SDS-PAGE
gel for in-gel oatp1a1 enzymatic digestion. Oatp1a1-containing fractions of the eluent were
pooled and subjected to TCA precipitation and acetone wash. The pellet containing oatp1a1
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was dissolved in SDS-PAGE buffer and loaded on the gel. 2 μg of BSA was also loaded as a
control. The gel was weakly stained with 0.006% Coomassie blue in 50% methanol and 10%
acetic acid for 10 min at room temperature by gentle shaking. The stained band was later
excised, destained and subjected to in-gel trypsin digestion. Lane 1, TCA precipitated oatp1a1
eluent. Lane 2, 2 μg of BSA.
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Figure 3.
MALDI-TOF MS spectrum of oatp1a1 tryptic digest. The peptide digest was mixed with α-
CHCA matrix saturated in 50% acetonitrile and 0.1% TFA. This representative spectrum was
acquired in positive reflector mode. Tryptic peptides of oatp1a1 as illustrated in Figure 1 are
indicated. The peaks were assigned either manually or automatically using peptide match
software in ProFound. cc: carbamidomethylation; mo: methionine sulfoxidation.
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Figure 4.
MALDI-TOF MS spectrum of oatp1a1 tryptic digest, acquired in linear mode. Tryptic peptides
of oatp1a1 as illustrated in Figure 1 are indicated. The peaks were assigned either manually or
automatically using peptide match software in ProFound. cc: carbamidomethylation; mo:
methionine sulfoxidation.
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Figure 5.
Confirmation of phosphorylation on oatp1a1 peptide T55. A. Spectrum of oatp1a1 tryptic
digest showing the clusters of T55 peaks with different levels of methionine oxidation and
phosphorylation. The spectrum was acquired in positive linear mode. B. Improvement of
spectral resolution following methionine oxidation. The oatp1a1 digest was incubated with 30
mM H2O2 in 0.1% acetic acid at 37°C for 30 min to fully oxidize methionine residues. The
sample was then processed with a C18 Ziptip and analyzed by MALDI-TOF in positive linear
mode. C. Spectrum acquired in negative linear mode from the same MALDI target spot as in
panel B, showing the increased relative intensity of phosphorylated peptides. D. On-target
alkaline phosphatase treatment of the sample loaded on the same spot as in panel B. The sample
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was dissolved in 1.5 μl of a solution containing 0.075 U of alkaline phosphatase in 50 mM
ammonium bicarbonate. The target was incubated at 37°C for 30 min. 0.5 μl of 1% acetic acid
was added to acidify the matrix for recrystallization and subsequent MALDI analysis. pT55,
pT54T55: the singly phosphorylated forms of T55 and T54T55, respectively. ppT55,
ppT54T55: the doubly phosphorylated forms of T55 and T54T55, respectively.
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Figure 6.
Secondary digestion of the oatp1a1 tryptic digest with endoproteinase Glu-C. The oatp1a1
tryptic digest was further digested with Glu-C in 100 mM ammonium bicarbonate at 37°C
overnight. Under this condition, digestion did not go to completion. A. Spectrum acquired in
positive linear mode. B. Spectrum acquired in negative linear mode. C. On-target alkaline
phosphatase treatment of the same spot as in panel B. This spectrum was acquired in linear,
positive mode. D. On-target alkaline phosphatase treatment. This spectrum was acquired in
negative linear mode. E, F, G and H, same as A, B, C and D respectively, except that the
spectra were acquired in reflector mode. Only mass ranges from 1750 to 2100 are shown for
reflector mode, because the T55 and T54T55 peaks could not be detected clearly in this mode.
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A single asterisk represents singly phosphorylated peptides, a double asterisk represents doubly
phosphorylated peptides. Sequences of oatp1a1 T55 or T54T55 Glu-C products are also shown
on top of each corresponding peak.
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Figure 7.
Effect of β-elimination and Michael addition with cysteamine on T55 and related peaks. A.
The oatp1a1 tryptic digest was preoxidized with H2O2 prior to obtaining this spectrum. B. The
preoxidized peptides were subjected to β-elimination with barium and sodium hydroxide. The
single asterisk indicates the β-eliminated pT54T55, while the double asterisk indicates the β-
eliminated ppT54T55. C. The β-eliminated peptides were subjected to Michael addition with
cysteamine. The single asterisk indicates the cysteamine modified product of pT54T55, while
the double asterisk indicates the cysteamine modified product of ppT54T55.
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Figure 8.
Modification of the phosphopeptides with DTT after ß-elimination. A. The full spectrum of
oatp1a1 tryptic digest after ß-elimination and Michael addition with DTT. B. The full spectrum
of the peptides in the flow through of the thiol gel. C. The full spectrum of the peptides released
from the thiol gel with DTT. D, E, and F display detailed views in the mass range of 2400 to
2800 Da of panels A, B, and C respectively. G. Illustration of the formation of DTT bridge in
doubly phosphorylated peptide. DTT: DTT bridge, formed by binding of both thiol groups in
DTT to two ß-eliminated residues on the same peptide, resulting in mass increase by 118.2 Da

Xiao et al. Page 23

Biochemistry. Author manuscript; available in PMC 2008 August 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
CID spectra of T55 and its derived peptides. A. Illustration of the sequences of b ions and y
ions generated from T54T55 during MALDI-TOF/TOF CID. The lower case “m” indicates
sulfoxidized methionine residue. B. CID spectrum of unmodified T54T55. Parent ion mass is
2616.02 Da. C. CID spectrum of singly phosphorylated T54T55. Parent ion mass is 2696.02.
D. CID spectrum of DTT modified T55 (not T54T55). Parent ion mass is 2625.12. E. CID
spectrum of DTT modified T54T55. Parent ion mass is 2752.17 Da. F. CID spectrum of
DTT modified T54T55. Parent ion mass is 2735.14 Da. DTT: dithiothreitol. DTT: DTT bridge.
-64: less 64 Da in mass, due to loss of methane sulfoneic acid (SO2). -18: less 18 Da in mass.
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