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Abstract

Metabolic acidosis is caused by a
decrease in plasma pH and the con-
centration of bicarbonate buffer in
the blood. The proximal tubule cells
of the kidney mediate the body’s re-
sponse to this pH stress by increas-
ing the catabolism of glutamine,
effectively producing bicarbonate
for export to the bloodstream.™
Though this response is well char-
acterized, the mechanisms by which
this response is activated are un-
known.! In order to investigate the
various pathways which might be
involved in initiating this response,
a proteomic analysis of the phos-
phoproteins expressed by proximal
tubule cells modeling metabolic aci-
dosis was done. The phosphopro-
teins expressed by these cells after
a 24 hour treatment at pH 6.9 were
run on 2D gels, and stained with a
quantitative phosphoprotein stain
and total protein stain. Analysis was
performed with imaging software,

normal physiological conditions,
the bicarbonate ions act as a buf-
fer, maintaining an equilibrium
blood pH level of approximately
7.4. During metabolic acidosis, the
higher concentrations of acid in the
blood and decreased recovery of bi-
carbonate stimulate a pH response
in the proximal tubule cells of the
kidney.® This cellular response
restores blood pH by increasing
renal uptake and catabolism of glu-
tamine (Figure 1). Once in the cell,
glutamine is transported into the
mitochondria and converted into
the citric acid cycle intermediate
a-ketoglutarate by the enzymes glu-
taminase (GA) and glutamate dehy-
drogenase (GDH). Intermediates of
the citric acid cycle are exported to
the cytoplasm, where the cytosolic
phoshoenolpyruvate carboxykinase
(PEPCK) converts oxaloacetate to
phosphoenolpyruvate. Stimulation
of the citric acid cycle and the en-

zymatic activity of PEPCK produce
bicarbonate ions.” Two key trans-
porters which are up-regulated in
this response are the lumenal Na+/
H+ antiporter (NHE3), which acidi-
fies the urine bound for excretion,
and the basolateral Na+/3HCO3-
symporter (NBC1), which releases
the bicarbonate ions into the blood-
stream to increase the pH.[®

Although this pH-sensitive cel-
lular response has been well char-
acterized, the signaling pathways
which stimulate this response re-
main unknown. The possible path-
ways remain difficult to elucidate
because of complex regulatory in-
teractions between mRINA and the
proteins they encode. While some
of the key enzymes are up-regulated
during the response by increased
levels of transcription, other en-
zymes are regulated by increased
stabilization of their respective
mRNA transcripts.

and finally proteins were identi-
fied by LC-MS/MS and studied for
their functional characteristics. Us-
ing this approach, both phospho-
proteins abundant in the proteome
of proximal tubule cells as well as
many proteins changing in degree
of phosphorylation were found.

for Increased Catabolism of Glu-
tamine by the Proximal Tubule
Cell During Metabolic Acidosis.
Glutamine is imported into the
cell and reduced in the mitochon-
dria to the citric acid cycle inter-
mediate, a-ketoglutarate, which
is then converted to malate by the
enzymes of the citric acid cycle.
" Epe ockeaton yalate is converted to phosghc-
enolpyruvate in the cytoplasm.
The 2 HCO3- ions produced in
this process are exported to the
bloodstream, while H+ enter the
lumen of the kidney bound for
excretion in the urine.

\ Figure 1: Response Mechanism

Introduction

Metabolic acidosis is a condi-
tion characterized by a decrease in
blood pH due to the overproduction
of acid or a decrease in bicarbon-
ate recovery by the kidney. Under
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This characterization of the pro-
teome of renal proximal tubule cells
focuses on protein regulation and
post-translational =~ modifications.
As phosphorylation is one of the
most important post-translational
modifications in the regulation of
proteins, this project will focus on
the differences in the phospho-
proteomes between control cells
(grown in pH 7.4 media) and cells
modeling metabolic acidosis (pH
6.9 media, 24 h treatment). Iden-
tification of phosphoproteins that
are present during metabolic acido-
sis will elucidate how the adaptive
response is mediated by proximal
tubule cells. Characterization of ex-
pression changes that occur specifi-
cally in the phosphoprotein fraction
will enable a more targeted investi-
gation of how the signals are medi-
ated specifically at the protein level.

Materials and Methods

Mammalian cell culture: Wistar-
Kyoto rat proximal tubule (WKPT)
cells were grown from stocks stored
at -80°C. The WKPT cell line was
used because the rat genome has
been sequenced, and comprehen-
sive knowledge of the genome is
necessary for subsequent identifi-
cation by mass spectrometry. Cells
were plated and grown in a 37°C in-
cubator with pH 7.4 media to con-
fluence. Once confluent, the cells
were split onto seven new plates. 24
h before harvesting the proteins for
phosphoprotein fractionation, three
plates were treated with pH 6.9 me-
dia and three plates were incubated
with pH 7.4 media to model acute
metabolic acidosis. 12 h before har-
vesting, the media was replenished
in order to ensure that any changes
observed were due to the pH treat-
ment rather than stress due to star-
vation.s

Phosphoprotein Fractionation

24 h treated cells were lysed and

proteins were purified with CHAPS
detergent, nucleases, and prote-
ase inhibitors. The whole cell ly-
sate from the three control (pH
7.4 media) plates was pooled and
approximately 2.5 mg of protein
was applied to a QIAGEN phos-
phoprotein purification column,
which binds the phosphate groups
of phosphorylated amino acid resi-
dues. This process was repeated
for the plates treated with pH 6.9
media. The non-phosphoprotein
flow through was collected and an-
alyzed on a western blot to ensure
that the non-phosphorylated frac-
tion did not contain a significant
amount of phosphorylated protein.
The columns were washed, and
phosphoproteins were eluted with
a phosphate buffer. Halt phospha-
tase inhibitor cocktail was added to
the fractions as they were collected.
5] Four sets of phosphoprotein col-
umns were run in order to obtain
enough phosphoprotein for three
technical replicates of 6.9 and 7.4
2D gels.

Bradford Assays: Bradford assays
were performed both before and
after phosphoprotein fractionation
to quantify the amount of protein
initially being applied to the col-
umn and to calculate the yield of
phosphorylated protein collected
from the column. A standard curve
was generated using known con-
centrations (0.5, 1.0, 2.0, 5.0, 7.5,
10.0 mg/ml) of BSA. Absorbance
was measured on a Beckman DU
640 UV/Vis Spectrophotometer
at 595 nm."”? The protein samples
collected during fractionation were
concentrated on NanoSep ultrafil-
tration columns (MWCO 10 kDa),
and the final concentration of phos-
phoprotein was interpolated using
the standard curve generated on the
spectrophotometer.

2-Dimensional (2D) Gel Electro-
phoresis and Protein Staining: The
concentrated fractions of phospho-
protein were precipitated and salts
removed with a Bio-rad Ready Prep

2D clean-up kit. The protein was
then dissolved in rehydration buf-
fer and used to rehydrate an immo-
bilized pH gradient (IPG) gel strip
(11 cm, pH range 3-6) for isoelec-
tric focusing. Phosphorylation is a
post-translational modification that
lowers the isoelectric point (pI) of a
protein, thus IPG gel strips with a
narrow pH range of 3-6 were used
to allow for optimal resolution of
phosphoprotein spots. Each IPG
strip for the isoelectric focusing was
rehydrated with 100 pg of phospho-
protein. Pre-cast SDS-PAGE gels
(8x11 cm) loaded with 2 ul Pepper-
mint stick protein marker contain-
ing both phosphorylated and non-
phosphorylated protein standards
were used for separation along
the second dimension. For imag-
ing, the gels were first stained with
ProQQ Diamond phosphoprotein
fluorescent gel stain (Invitrogen)
which only binds phosphate groups,
enabling quantification of phos-
phoproteins by comparison of spot
volume intensities. In addition to
staining with Pro-Q Diamond Phos-
phoprotein Gel Stain, the gels were
also stained with SYPRO Ruby Pro-
tein Gel Stain (Invitrogen), which
non-covalently interacts with the
peptide backbone of all proteins 5!,

Image Analysis: Gel images were
analyzed using Delta 2D software to
align gel spots, both between tech-
nical replicates and between pH 6.9
and pH 7.4 conditions. Spots that
exhibited significant changes in in-
tensity between the conditions were
excised from gels with a Genomic
Propic II robot for identification by
mass spectrometry.

Protein identification

Protein spots of interest were di-
gested using the ProteaseMax (Pro-
mega) in-gel tryptic digest proce-
dure, which includes reduction of
disulfide bonds with dithiothreitol
(DTT), alkylation with iodoacet-
amide (IAA), and 3 h tryptic diges-
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tion in ProteaseMax surfactant. 2
pl of the peptide mixture for each
sample was analyzed by LC-MS/MS
(Thermo Scientific LTQ linear ion
trap) using a 42 min linear gradient
from 25%-55% buffer B (90% ACN,
0.1% formic acid) ACN gradient.
MS2 scans were collected for all
samples and MS3 scans were trig-
gered upon detection of a neutral
loss of phosphoric acid.

Bioinformatics: MS2 spectra were
searched against the Rat protein
sequence database (maintained by
the International Protein Index)
using the Mascot and Sorcerer/Se-
quest database search engines. The
protein identifications were com-
piled into Scaffold software (Pro-
teome Software), which was used to
manually confirm and validate the
protein identifications. Identified
proteins were investigated on the
online databases www.uniprot.org
and www.phosphosite.org to deter-
mine biological function.

Results

Protein Fractionation and
Separation

Gels were imaged both after the
application of the phospho-specific
ProQ Diamond stain and after total
protein staining with Sypro Ruby
(Figure 2). In total, six 2D gels were
run (6.9 and 7.4 in triplicate) and
12 images were collected. However,
only the first set of gels was used for
image analysis and subsequent pro-
tein spot identification due to poor
resolution of spots in the second
and third sets.

Western Blot Verification of
Phosphoprotein Fractionation

Verification of the purity of the
phosphoprotein  fraction eluted
from the column was carried out by
western blotting. The non-phos-
phoprotein fractions collected from
both the pH 6.9 column and the pH

ProQ Diamond

Sypro Ruby

Figure 2: Comparison of 2-Dimentsional Gel Images. Gels were stained with the
phosphoprotein stain ProQ Diamond, then re-stained and re-imaged with the to-
tal protein stain Sypro Ruby. The peppermint stick molecular weight marker (on
the left of each gel) contains two phosphoproteins, which are visible in the ProQ
stained gels. All six bands of the marker are visible in the Sypro-stained gels.

7.4 column were concentrated on
a 10 kDa MWCO spin column and
run on a gel alongside phosphopro-
tein fractions leftover after rehydra-
tion of the IPG strip. The resulting
gel was transferred to a polyvinyli-
dene fluoride membrane and blot-
ted with an antibody for the known
abundant phosphoprotein p44/42
MAPK (44 and 42 kDa) as well as
an antibody for the non-phospho-
protein GAPDH (36 kDa). Figure
3 shows that the phosphoprotein
fractionations were successful in
purifying the phosphoproteins from

the non-phosphoproteins. Though
there is a small amount of non-
phosphoprotein in the phospho-
protein sample, this blot shows that
there is no loss of phosphoprotein
in the flow-through during frac-
tionation. Relative intensity of the
probes was not quantified as differ-
ent amounts of protein were loaded
into each lane.

Delta 2D Quantitation Analysis

Of the 3 gel sets that were run,

6.9 6.9 7.4 7.4
non-phospho phospho  non-phospho  phospho
55kDa e o pMAPK 44
42 kDa — <«—PMAPK 42
o — — N e o
34 kDa g

Figure 3: Western Blot of Fractions Collected from the Phosphoprotein Columns.
Probing with the antibody for phospho-p44/42 MAPK, it is apparent that the second
and fourth lanes with the phosphoprotein fractions from 6.9 and 7.4 contain mainly
phosphoprotein. GAPDH is found mostly in the first and third lanes, which contain
the non-phosphoprotein fractions from 6.9 and 7.4, respectively.

16

Journal of Undergraduate Research and Scholarly Excellence



Protein ST 1 L Function
expression in 6.9 change
1 }lsc?(%lql eracting protein 1Phosphorylation 1.90 ER Chaperone
Nuclear Ribonuclear Protein + s
o g mRNA Processing
Protein Disulfide lsomerase e Ko
] Protein Folding
A6
[lepatoma Derived Growth P . ;
2 Factor T Phosphorylation 166 Nephrogenesis
3 Tmmcnp:;:s;llmgumm TPhosphorylation 1.68 Protein Synthesis
Astrocytic Phosphoprotein Sakeapamions
4 o ac1d.1c.r_1hosnma| TPhosphorylation 13T Protein Synthesis
protein®
5.6 78 kDa GRP* 1 Phosphorylation 0.44, 0.49 ER Chaperone
. I M M 4
7 Transcriptional activator 1 total protein abundance 1.81 I\uc(l:eohc.I: ‘?'“‘1"“8
Calponin-3 ik piA
i Orgamization
& y Cytoskeletal
roye 111 B
8.9 Tropomyosin | total protein abundance | 0.62, 0.63 Organization
10 | Proteasome subunit alpha | | total protein abundance 0.48 Protein Degradation
11 Endoplasmin® | total protein abundance 0.31 ER Chaperone
12 Naca Protein | total protein abundance 0.60 bu‘t:;:cllullnr l:‘roicm
wocalization

Table 1: Phosphoproteins Changing during the Response to Metabolic Acidosis.
Changes in phosphorylation were calculated based on the ratio of spot intensity in
the ProQ-Diamond stained gels from pH 7.4 to pH 6.9. Changes in total protein
abundance were calculated based on the ratio of spot intensity in Sypro stained gels
from 7.4 to 6.9. Proteins denoted with * have been previously identified as changing
during a 24 h response to metabolic acidosis.!s!

only the first set of gels was used
for analysis and quantification due
to insufficient resolution and prob-
lems with the IEF in the second
and third sets. Spot intensity ratios
were determined by Delta 2D based
on the volume of corresponding gel
spots. The spot intensity ratio of the
6.9 gel to the 7.4 gel was calculated
individually for all spots on both the
SYPRO stained image and the ProQ
Diamond stained image. Compari-
son of the change in total phospho-
protein (6.9 Sypro/7.4 Sypro) to the
change in phosphorylation state of
the protein (6.9 ProQ Diamond/7.4
ProQQ Diamond) indicated whether
the observed spot change was due
to a change in total protein abun-
dance or a change in phosphoryla-
tion. By comparing these two ra-
tios, 12 protein spots were found to
be significantly changing (Table 1).
Only one set of gel images was used
to calculate quantitative changes
in protein expression. Thus, in or-
der to be counted as significantly
changing, only spots that showed

Protein

Unique

peptides

a fold change of magnitude greater
than 1.5 were considered.

Protein Identification by LC-
MS/MS

In total, 30 spots were picked
from each gel and pooled with the
corresponding spot before undergo-
ing tryptic digestion. From these 30
pairs of matching spots, 34 proteins
were identified (Table 2). In addi-
tion to identification of proteins
from each of the 30 protein spots,
in one of these spots, a phosphory-
lation site was detected by neutral
loss scanning. A neutral loss peak
was detected in the MS2 scan, in-
dicating a loss of phosphoric acid
(H3PO4) from a serine residue on
the phosphopeptide (Figure 4a).

Function

Astroeytic phosphoprotein 3 Anti-apoptotic Protein
Catechol O-methvltransferase 3 Cell Signaling
Similar to Chromobox protein 2 Chromatin Rearrangement

Tropomyosin 14.21.17 Cytoskeletal Organization
Calponin-3 5.6.7 Cytoskeletal Organization
WAS protein family, member 2 4 Cyvtoskeletal Organization
Na(+)H{+) exchange regulatory cofactor 2 Cytoskeletal Organization
NSFLI cofactor pd7 14,14 Golgi Organization
RN A-binding protein = mRNA processing
Nuclear ribonucleoprotein F 22 mRNA processing
Hepatoma-derived growth factor 3,3.3.3 Mephrogenesis
Transcriptional activator protein Pur-beta 11.9.5 Nugcleotide Binding
Proteasome subunit alpha 3 Protein Degradation
Thioredoxin-like proiein I Protein Degradation
7% kDa GRP 32,35, 2 Protein Folding in ER
Calreticulin 15 Protein Folding in ER
Endoplasmin 20 Protein Folding in ER

HscT0-interacting protein 4.6 Protein Folding in ER

Protein disulfide-isomerase Ad 4 Protein Folding in ER
Tetratricopeptide repeat-containing protein 4 Protein Folding in ER
Protein disulfide-isomerase A6 2 Protein Folding in ER
Hsp9( co-chaperone Cde37 2 Protein Folding in ER
Elongation factor 1-delta 10,11 Protein Synthesis
Nucleophosmin 3.23 Protein Svnthesis
608 acidic ribosomal protein 6 Protein Svnthesi
Transeription elongation factor B il Protain Svnthesis
Cortactin 7.8 Receptor Mediated Endocvtosis
Naca Proten 8 Subcellular Proten Localization
Chromobox homolog 3 3.3 Transeriptional Regulation
Small ubiquitin-related modifier 2 Transeriptional Regulation
Similar 1o chromobox homolog 3 2 Transeriptional Regulation

Table 2: Proteins
Identified by LC-
MS/MS. 30 spots
were excised from
the gels, digested
with trypsin, and
identified by LC-
MS/MS analysis.
The number of
unique peptides
indicates how
many of the pep-
tides unique to a
given protein were
found and used to
match the peptide
to the protein.
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Figure 4: Identification of Phosphorylation site by Neutral Loss Scanning. 4A shows the MS2 scan of a phosphopeptide. The neu-
tral loss of phosphoric acid causes decreased fragmentation along the peptide backbone, as seen by the low relative intensity of the
b and y ions. During the neutral loss scanning method, the de-phosphorylated peptide is selected and fragmented in a third MS3
scan (4B). This spectrum shows greater fragmentation along the peptide backbone, as indicated by the higher intensity of the b
and y ions. This enables greater confidence in peptide identification as well as identification of the exact residue of phosphoryla-

tion.

When intense enough, this neu-
tral loss peak triggers a third MS3
scan in which the peptide is fur-
ther fragmented in order to obtain
a spectrum from which the primary
sequence of amino acid residues
can be confirmed and the specific
phosphorylated residue identified.
One phosphorylation site was con-
firmed by the subsequent MS3 scan.
Phosphorylation of S531 on Isoform
2 of Elongation factor 1-delta was
detected by the neutral loss peak in
the MS2 scan and confirmed by the
improved fragmentation in the MS3
scan (Figure 4b).

Discussion

A complete characterization of the
proteomic response to metabolic
acidosis would require a more com-
prehensive and replicable data set
than provided by the scope of this

investigation. The proteins identi-
fied as changing during metabolic
acidosis in this experiment confirm
and support previous findings.!s! Of
the 12 proteins identified as chang-
ing from pH 7.4 to pH 6.9, five were
previously identified as changing
in either phosphorylation or total
abundance in a prior 2D gel analysis
of WKPT cells during 24 h metabolic
acidosis.’” These common proteins
are denoted by an asterisk in Table
1. Also, many of the proteins identi-
fied in this study have been shown
to interact with the proteins found
to be changing in this prior study.
Most notably, the cytoskeletal pro-
tein actin, which previously showed
a 2.1 fold increase in phosphoryla-
tion, is known to interact with three
of the proteins identified in this
study: cortactin isoform C, Na+/H+
exchange regulatory cofactor NHE
RF-1, and Isoform 1 of troppopmyo-

sin alpha-3 chain. Another protein
that was previously found to be in-
creasing in phosphorylation is the
stress response chaperone protein,
Heat shock cognate 71 (also denoted
Hsc 70). Though Hsc 70 itself was
not identified in any of the spots an-
alyzed in this study, Hsc 70 interact-
ing protein was found in one of the
spots. Hsc 70 interacting protein
stabilizes Hsc 70 in its ADP-bound
state, thereby increasing its affinity
for substrate proteins that require
the chaperone activity of Hsc 70
in order to fold correctly. An ad-
ditional 7 proteins associated with
protein folding in the ER were also
identified, four of which were found
previously to be changing in either
phosphorylation or total abundance
during metabolic acidosis.

The prevalence of ER lumenal
chaperone and folding proteins
could be a result of the changes in
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the proteome that the cell must un-
dergo in response to the change in
pH. In order to restore acid-base
balance in the blood, the proxi-
mal tubule cell must increase the
catabolism of glutamine, which
requires increased expression of
the enzymes involved in this path-
way. Thus, chaperone proteins are
essential in mediating the adap-
tive response. The various func-
tions of these proteins related to
protein folding in the ER include
co-chaperones that maintain activ-
ity of Hsp70 and Hsc7o, disulfide
isomerases which are essential to
stabilizing the tertiary and quater-
nary structures of mature proteins,
and quality control proteins that are
associated with degradation of mis-
folded proteins found in the ER.
Though there appears to be a
prevalence of proteins associated
with folding and chaperone activity
among the various proteins identi-
fied in this study, it is difficult to
quantify statistically significant
changes in the proteome with a lim-
ited number of replicates and the
low reproducibility rate of 2D gel
data in this study. However, the
preliminary results of this study do
correlate with findings from previ-
ous studies. Thus, potential future
directions for characterizing the
response of proximal tubule cells
to metabolic acidosis include run-
ning more replicates of 2D gels in
order gain statistical p-values for
fold changes based on spot intensity
between the two gels. Finally, one
aspect of this study that was not ful-
ly exploited was the use of neutral-
loss scanning on the LC-MS/MS to
detect specific amino acid residues
that were phosphorylated. The neu-
tral loss of phosphoric acid triggered
an MS3 scan for a small minority
of samples that were run, and only
one phosphosite was definitively
identified using this technique. By
enriching for phosphopeptides be-
fore scanning, however, it may be
possible to confirm phosphosites on

a greater number of peptides, and
even detect novel phosphosites on
previously uncharacterized phos-
phoproteins.
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