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Introduction 

 

Diabetes Mellitus 

Diabetes mellitus is the seventh leading cause of death in the United States. It is the 

foremost cause of kidney failure, nontraumatic lower limb amputations, and blindness. It 

is also a leading cause of heart disease and stroke. Affecting more than 25 million 

Americans
1
, diabetes mellitus is a common disease with detrimental consequences. 

 

Diabetes is characterized by elevated blood glucose levels. There are two major forms of 

diabetes, type 1 and type 2. Approximately 5-10% of diabetics have type 1 diabetes, and 

90-95% have type 2 diabetes. 

 

Type 1 is characterized by inability of the pancreas to produce insulin. This is the result 

of an autoimmune attack on the beta cells of the pancreas, which destroys their function. 

Onset of type 1 diabetes occurs early in life. Type 1 diabetics require insulin. 

 

In type 2 diabetes, the pancreas still produces insulin. Type 2 diabetes results from insulin 

resistance in peripheral tissues. Insulin resistance is caused by a post-receptor defect in 

the insulin-signaling pathway. Type 2 diabetes is a progressive disease, and some type 2 

diabetics may eventually require insulin.  
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Onset of type 2 diabetes typically occurs later in life. Family history, or genetic 

predisposition, is the major risk factor for development of type 2 diabetes. Lifestyle 

choices, e.g. obesity and lack of exercise, often get the most attention as determining 

factors for the development of type 2 diabetes (exercise has insulin-like effects and 

obesity is a cause of insulin resistance). Stress and even sleep deprivation
2
 are other 

factors that have been shown to play a role in the development of type 2 diabetes. 

Approximately 10-20% of type 2 diabetics are thin. This sometimes neglected 

demographic exemplifies the importance of genetic predisposition for the disease.  

 

The study of the cellular mechanisms underlying insulin resistance promises insight that 

can lead to many applications for type 2 diabetes and other insulin resistant conditions. 

 

Insulin  

Insulin is a hormone secreted by the beta cells in the islets of Langerhans of the pancreas. 

It has a widespread range of biological responses and affects almost every cell and organ 

system in the body.  

 

Insulin’s most familiar role is that of regulating blood glucose levels. The three tissues 

targeted by insulin for this action are liver, muscle, and fat. The glucose metabolic effects 

of insulin include: 

� Stimulation of uptake of glucose into fat and muscle (glucose transport) 

� Inhibition of glycolysis and glucose formation (gluconeogenesis) by the liver 
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� Storage of glucose as glycogen (liver and muscle) 

� Lipogenesis (glucose oxidation in adipocytes)  

 

Other effects of insulin include regulation of protein synthesis, gene transcription, and 

cell proliferation and differentiation.  

 

Protein phosphorylation/dephosphorylations are key in the insulin-signaling pathway. 

Two important proteins in the insulin-signaling pathway are pyruvate dehydrogenase and 

glycogen synthase. Both of these proteins are active in the dephosphorylated state. Insulin 

stimulates the activation of these proteins by activating their phosphatases, pyruvate 

dehydrogenase phosphatase and glycogen synthase phosphatase.  

 

 

Insulin and the Brain 

Insulin is important for brain function and has been shown to play an important role in 

learning and memory
3
. In recent years, there has been growing evidence for a connection 

between insulin resistance and Alzheimer’s disease, to the point where some are calling 

Alzheimer’s disease ‘type 3 diabetes’
4
. Recent studies show that insulin resistance in the 

brain is an early characteristic of patients with neurodegeneration
3,5

. In fact, insulin 

therapy has recently been shown to improve cognition and memory in Alzheimer’s 

patients
6
. This exciting new field of study reinforces insulin’s important role in the body 

outside of glucose metabolism and encourages further study of insulin’s signaling action. 
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Insulin Mediators 

It has long been known that the binding of insulin to its receptor on the plasma membrane 

results in the phosphorylation of tyrosine residues in the beta subunits of the receptor. 

This initiates a tyrosine kinase-activated phosphorylation/dephosphorylation cascade 

within the cell.  

 

In addition to the receptor-linked tyrosine kinase mechanism of insulin action, it has been 

shown that the binding of insulin to its receptor leads to formation of second messengers 

or mediators, which act in the insulin-signaling pathway and mimic the action of insulin
7
. 

These mediators have been identified as inositol phosphoglycans (IPGs) in structure
8
. 

The IPG mediators are formed by cleavage of inositolglycans linked to the cell 

membrane, released into the extracellular environment, and transported back into the cell 

where they act in the signaling pathway by causing phosphorylation/dephosphorylation 

events
9
. 

 

Two IPG mediator families of insulin action have been isolated, type A and type P. Type 

A mediator family is so-called due to its ability to inhibit cyclic-AMP dependent protein 

kinase.
10

 Type A mediator contains myo-inositol (Figure 2) and glucosamine. Type P 

mediator family gets its name from its ability to activate phosphatases in a manner similar 

to insulin. For example, the type P mediator has been shown to activate glycogen 

synthase and pyruvate dehydrogenase by activation of glycogen synthase phosphatase 

and pyruvate dehydrogenase phosphatase.
11

 Type P mediator contains D-chiro-inositol or 

pinitol (Figure 2) and galactosamine, as seen in Figure 3.
12
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apoptosis in fibroblasts
15

. These effects have also been seen in rat hippocampal and 

mouse cerebral cortex cells
16

. 

 

This study is part of a larger study looking at protein changes caused by hPIM (both 

phosphorylation/dephosphorylation and expression). In this study, we investigated the 

effects of hPIM on protein expression in developing mouse cerebral cortex cells. 
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Materials and Methods 

 

Isolation of Insulin Mediator 

Human plasma was obtained from the blood bank, separated into 40 mL aliquots, and 

stored at -20 °C. Samples (40 mL) were chromatographed on Sephadex G-25 column (90 

cm x 5 cm) using 0.05 M HCOOH as eluent. Fractions of 200 drops were collected. After 

the protein eluted, aliquots (0.5 mL) from every other fraction were mixed with 1.0 mL 

2% ninhydrin in acetone and incubated at room temperature in dark for 60 minutes. 

Samples that reacted with ninhydrin gave a purple color, indicating the presence of a free 

amino group. Fractions that showed ninhydrin reactivity, collectively called Fraction V 

due to their elution location relative to other plasma components, were pooled, frozen, 

and lyophilized.  

 

The lyophilized Fraction V sample was dissolved in 20 mL 0.05 M HCOOH and 

chromatographed on a Sephadex G-15 column (90 cm x 5 cm) using 0.05 M HCOOH as 

eluent. Fractions of 200 drops were collected. Aliquots (0.5 mL) of each fraction were 

tested for ninhydrin reactivity as described above. The absorbance of each visibly 

reactive sample was read at 575 nm. The values were then plotted to produce an elution 

profile, as shown in Figure 4. Fractions from the two ninhydrin-staining peaks were 

pooled separately, frozen, and lyophilized. The first peak contains hPIM, formerly called 
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Fraction V3a
17

, and the second peak contains human plasma insulin inhibitor (hPII), 

formerly called Fraction V3
17

, an IPG inhibitor of insulin action. 

 

 
 

Figure 4. A typical chromatograph showing the elution profile of Fraction V on G-15 

Sephadex column.  

 

 

 

 

Cortical Cell Culture and hPIM Treatment 

For each experiment, embryos were dissected from an anesthetized E15 timed pregnant 

mouse. Cortices from the embryo brains were excised (usually 7-9 in allotted time of 50 
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buffered saline (DPBS). DPBS was aspirated from tube and tissue was washed with 

another 10 mL sterile DPBS. DPBS was aspirated, leaving 2 mL in tube. Tissue was 

treated with 2.5 % trypsin (40 uL) and disrupted by triturating with 1 mL pipette 10 

times. Tube was then incubated at 37 °C for 10 minutes. DNase I (80 uL) was added to 

tube to stop proliferation of cells that were not fully formed and incubated at 37 °C for 5 

minutes. Complete Dulbecco’s Modified Eagle Medium (DMEM) (10 mL) containing 
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10% fetal bovine serum was added to tube to inactivate trypsin. Cell solution was 

centrifuged for 5 minutes at 0.4 rcf to produce cell pellet. Supernatant was aspirated from 

tube. Cell pellet was resuspended in 10 mL DMEM. Cells were passed through 40 um 

cell strainer into 50 mL Falcon tube and centrifuged for 5 minutes at 0.4 rcf. Supernatant 

was aspirated and cell pellet was resuspended in 1 mL complete neurobasal medium (2% 

B27, 1% penicillin streptomycin, 1% 200 mM L-glutamine). Trypan blue (0.4%, 45 uL) 

was added to 5 uL of cells to count cells with hemocytometer. Remainder of cells was 

then diluted with complete neurobasal medium to concentration of 250,000 cells/mL. 

 

Cells were plated in 10 cm petri dish at 250,000 cells/mL for a final concentration of 2.5 

x 10
6
 cells/plate. Plates were pre-coated with 0.1 mg/mL poly-D-lysine and 10 ug/mL 

laminin. Cells plates were put in 37 °C incubator with 5% CO2. After 48 hours, cells 

were fed by removing half of the medium (5 mL) and adding complete neurobasal 

medium (5 mL). After another 48 hours, cells were fed again. At this time, cells were 

treated by adding 35 uL hPIM/mL. This concentration had previously been shown to be 

optimal for cell proliferation and mitogenesis
15

. Control plates received 35 uL complete 

neurobasal medium/mL. Twenty-four hours after treatment, all medium was removed 

from the plates, cells were washed three times with sterile PBS, and the plates were 

frozen at -20 °C. 

 

 

 

 



     

11 

 

Protein Extraction and Preparation for MS 

Three methods of protein extraction were tried:  

The first was to submit the plates to six freeze-thaw cycles (frozen at -20 °C) in the 

presence of nanopure water (8 mL) in attempt to lyse the cells to obtain the protein. After 

completion of freeze-thaw cycles, solution was taken from each plate and placed in 

separate 15 mL centrifuge tubes. Plates were checked under microscope to confirm 

removal of cells. Solution was then frozen at -20 °C and lyophilized. Contents of the tube 

were dissolved in 1 mL nanopure water. SDS-PAGE gel was run with 15 uL of sample. 

Little to no protein was visualized. Slide-A-Lyzer Dialysis Cassette was used to remove 

salts from the remainder of the sample. Aliquot of dialyzed sample (15 uL) was run on 

SDS-PAGE gel. 

 

Neuronal Protein Extraction Reagent (N-PER) was then used. N-PER (1.0 mL) was 

added to each plate and incubated on ice for 5 minutes. Solution was taken off each plate 

and put into separate 1.5 mL centrifuge tubes. Another 0.5 mL N-PER was added to plate 

and incubated on ice for 5 minutes. Cells were scraped from plate and transferred to 

separate 1.5 mL centrifuge tubes. Wash and scrape samples were centrifuged at 10,000 g 

for 10 minutes. Supernatant was transferred to new tube and 15 uL was run on SDS-

PAGE gel.  

 

The last method tried followed the Filter Aided Sample Preparation (FASP) method
18

. 

This method was used for all samples submitted to LC-MS/MS and is described in more 

detail below. 
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1. Extraction buffer (0.1 M Tris-HCl pH=7.6, 0.1 M dithiothreitol, 2% sodium dodecyl 

sulfate, 1 mL) was added to each 10 cm cell plate and incubated at room temperature for 

5 minutes.  

2. Buffer from each plate was triturated and then pipetted off plate into separate 1.5 mL 

Eppendorf tubes.  

3. Samples were vortexed briefly, incubated at 95 °C for 3 minutes, and sonicated in cold 

room. BioRupter 300 settings were 4 °C, medium power level, and 5 cycles (10 seconds 

on, 60 seconds off).  

4. After sonication, samples were incubated at room temperature for 10 minutes and kept 

at room temperature for the rest of the protocol.  

5. Samples were centrifuged at 16,000 g for 30 minutes and the supernatant transferred 

into pre-rinsed [with UA Buffer (8.0 M Urea, 0.1 M Tris-HCl pH=8.5)] Amicon Ultra 

Centrifugal Filter Units in preparation for buffer exchange.  

*6. UA buffer exchange was performed by adding 200 uL UA buffer to the filter, 

spinning at 14,000 g for 12 minutes, and repeating this three times. Flow-through was 

discarded after each spin. 

7. Iodoacetamide (IAA) in UA buffer (0.05 M, 200 uL) was added to contents of filter to 

prevent cysteine residues from reforming disulfide bonds. Samples were incubated with 

IAA for 30 minutes in dark.  

8. After incubation with IAA, samples were centrifuged at 14,000 g for 12 minutes. 

Flow-through was discarded. 
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9. Buffer exchange was performed with 0.1 M ammonium bicarbonate (200 uL) as 

described with UA buffer exchange (#6).  

*10. Samples were spun out of columns into 2 mL centrifuge tubes. 

11. Protein molecular weight range and relative concentration was determined by SDS-

PAGE gel electrophoresis. 

12. Bradford assay performed in attempt to quantify protein concentration. 

13. Trypsin (2 ug) was added to each sample and allowed to incubate overnight at 37 °C 

to digest proteins into peptides. 

*14.  Purification of peptide samples 

a) ZipTip (C18 resin) used to desalt, purify, and concentrate samples. 

b) Pierce HiPPR (High Protein and Peptide Recovery) Detergent Removal Columns 

used to ensure adequate removal of SDS.  

15. Speed vacuum was used to concentrate samples to approximately 10 uL.  

16. Samples were submitted to the FSU College of Medicine Translational Lab for 

proteomic analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS). 

Triplicates of each sample were run to ensure comprehensive proteome representation. 

 

*These steps differed between experiments (see Optimizing LC-MS/MS Results and 

Discussion for elaboration). 
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Optimizing LC-MS/MS Results 

LC-MS/MS analysis of samples extracted by FASP method without further purification 

(step 14 in protocol) returned no protein data. ZipTips were added into protocol (step 

14a) in attempt to desalt, purify, and concentrate samples to obtain better MS results. MS 

identified 25 proteins in these samples. This number was unsatisfactory, and this step 

(14a) was not repeated. 

 

Extra UA buffer exchange steps (2-4) were added because of higher amount of SDS in 

sample than original FASP protocol called for. Adding these steps did not alone produce 

better MS results, but was repeated in each subsequent extraction. 

 

Step 10 was taken out of protocol in attempt to separate peptides from other cellular 

debris, such as nucleic acids. This did not produce better MS results and step 10 was 

added back into protocol. 

 

HiPPR Detergent Removal Columns (step 14b in protocol) were added to remove excess 

SDS in samples. This resulted in much better data (~1,000 proteins identified) from MS. 

This step was used in all further experiments. 

 

Effects of hPIM on Protein Expression 

Each experiment and change to the protocol was checked with MS runs throughout this 

study. When the protocol was adequately optimized, close to 1,000 proteins were 

identified in each sample. MS data was obtained from two sample sets that used the 
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optimized protocol. These samples have been arbitrarily named Experiment 1 and 2 here. 

The following tables show reproducible changes in protein expression between control 

and hPIM treated samples in these experiments. 

 

Table 1. Proteins up regulated by treatment with hPIM. All proteins in table were 

determined to have a significant difference (p<0.05) in quantity between control and 

treated samples. There are 68 proteins total. 

 

Protein Name 

Exp 1 

Control 

Exp 1 

hPIM 

Exp 2 

Control 

Exp 2 

hPIM Protein Function 

 

DNA modification for replication and transcription 

DNA 

topoisomerase 2-

beta  25 73 0 20 

-Chromosome condensation 

-Chromatid separation 

-Relieves torsional stress in 

double stranded DNA 

DNA 

topoisomerase 1  9 22 0 21 

-Relieves torsional stress in 

double stranded DNA 

Histone H2A.Z  101 185 40 95 

-Variant of histone H2A that 

weakens nucleosome 

Histone H2AX  206 311 82 188 

-Variant of histone H2A that 

weakens nucleosome 

 

Cell protection, proliferation, and differentiation 

Protein RCC2  8 16 0 21 

-Required for completion of 

mitosis and cytokinesis 

Fatty acid-binding 

protein, brain  19 25 0 17 

-Necessary for the 

establishment of cortical 

layers in the developing brain 

PC4 and SFRS1-

interacting protein  10 18 0 9 

-Neuronal cell differentiation 

and neurogenesis  

-May play a protective role 

against apoptosis 
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Protein Name 

Exp 1 

Control 

Exp 1 

hPIM 

Exp 2 

Control 

Exp 2 

hPIM Protein Function 

Guanine 

nucleotide-

binding protein 

subunit beta-2-

like 1  11 18 0 16 

-Involved in many cellular 

processes and regulation of 

various signaling molecules. 

For example: 

-Stabilizes activated PKC  

-Promotes ubiquitination and 

proteasome degradation of 

proteins 

Paraspeckle 

component 1 3 13 0 8 

-Parspeckle function is not 

yet well understood 

-Possibly involved in 

transcription, translation, and 

cell proliferation 

DNA replication 

licensing factor 

MCM3  0 6 0 3 

-Essential role in proper 

DNA replication 

Hypoxia up-

regulated protein 

1  0 12 0 4 

-Important role in protective 

cellular mechanisms 

 

RNA production, processing, and stability 

ATP-dependent 

RNA helicase A 53 85 11 35 

-Promotes mRNA stability 

-Functions as transcription 

activator 

Heterogeneous 

nuclear 

ribonucleoproteins 

A2/B1  80 95 22 86 

-Involved in pre-mRNA 

processing 

Heterogeneous 

nuclear 

ribonucleoprotein 

A3  86 105 9 57 

-Involved in cytoplasmic 

trafficking of RNA 

Heterogeneous 

nuclear 

ribonucleoprotein 

K  72 115 17 46 

-Major pre-mRNA binding 

protein 

Heterogeneous 

nuclear 

ribonucleoprotein 

A0  18 39 4 16 

-mRNA-binding component  

-Involved in post-

transcriptional regulation 
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Protein Name 

Exp 1 

Control 

Exp 1 

hPIM 

Exp 2 

Control 

Exp 2 

hPIM Protein Function 

Heterogeneous 

nuclear 

ribonucleoproteins 

C1/C2  11 29 0 10 

-Involved in mRNA splicing 

and regulation 

U5 small nuclear 

ribonucleoprotein 

200 kDa helicase  3 32 0 17 

-RNA helicase that plays an 

essential role in mRNA 

splicing 

116 kDa U5 small 

nuclear 

ribonucleoprotein 

component  12 35 0 6 

-Involved in pre-mRNA 

splicing 

Small nuclear 

ribonucleoprotein-

associated protein 

B  3 11 0 6 

-Plays important role in pre-

mRNA splicing 

Eukaryotic 

initiation factor 

4A-III  7 36 0 6 

-RNA helicase that plays an 

essential role in mRNA 

splicing 

Putative pre-

mRNA-splicing 

factor ATP-

dependent RNA 

helicase DHX15  22 40 3 20 -Pre-mRNA processing factor 

RNA-binding 

protein Nova-1  3 9 0 6 

-mRNA-binding protein 

-Regulates alternative 

splicing in neurons 

CUGBP Elav-like 

family member 2  6 26 0 8 

 

-RNA binding protein  

-Involved in pre-mRNA 

splicing, mRNA translation 

and stability. 

Pre-mRNA-

processing-

splicing factor 8  7 21 0 8 

 

-Functions as a scaffold that 

mediates the assembly of 

spliceosomal proteins and 

snRNAs 

Lupus La protein 

homolog  14 23 0 18 

 

-Protects RNA from 

exonuclease digestion 

-Facilitates RNA folding and 

maturation 
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Protein Name 

Exp 1 

Control 

Exp 1 

hPIM 

Exp 2 

Control 

Exp 2 

hPIM Protein Function 

 

RNA translation 

Elongation factor 

1-alpha 1  103 129 16 73 

 

-Promotes binding of 

aminoacyl-tRNA to the A-

site on ribosome in protein 

synthesis 

-Acts as transcription factor 

-Important in cytokine 

production 

Elongation factor 

2  51 87 8 49 

 

-Necessary for ribosomal 

translocation during 

translation elongation 

Phenylalanine--

tRNA ligase beta 

subunit  3 6 0 8 

 

 

-Connects phenylalanine to 

its tRNA for protein synthesis 

Eukaryotic 

translation 

initiation factor 3 

subunit A  0 10 0 3 

-Required for the initiation of 

protein synthesis 

40S ribosomal 

protein S3  27 46 0 25 

 

-Component of ribosome 

40S ribosomal 

protein S3a  8 19 0 16 -Component of ribosome 

40S ribosomal 

protein S16  3 23 0 15 -Component of ribosome 

40S ribosomal 

protein S13  0 24 0 8 -Component of ribosome 

60S ribosomal 

protein L7  22 33 0 13 -Component of ribosome 

60S ribosomal 

protein L14  9 13 0 16 -Component of ribosome 

60S ribosomal 

protein L22  4 16 0 3 -Component of ribosome 

60S ribosomal 

protein L9  0 7 0 3 -Component of ribosome 

Nucleolar protein 

56  6 21 0 5 

 

-Necessary for biogenesis of 

60S ribosomal subunit 
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Protein Name 

Exp 1 

Control 

Exp 1 

hPIM 

Exp 2 

Control 

Exp 2 

hPIM Protein Function 

 

Maturation and folding of proteins 

Heat shock 

protein HSP 90-

beta  103 127 12 72 

-Promotes the maturation, 

structural maintenance, and 

proper regulation of proteins  

-Involved in cell cycle 

control and signal 

transduction 

Heat shock 

protein HSP 90-

alpha  65 78 0 35 

-Promotes the maturation, 

structural maintenance, and 

proper regulation of proteins  

-Involved in cell cycle 

control and signal 

transduction 

T-complex protein 

1 subunit gamma 23 51 0 8 

-Assists the folding of 

proteins 

rRNA 2'-O-

methyltransferase 

fibrillarin  9 20 0 13 

-Involved in methylation of 

RNA and proteins 

 

Degradation of proteins 

26S proteasome 

non-ATPase 

regulatory subunit 

11  9 30 0 14 

-Degradation of ubiquitinated 

proteins 

26S proteasome 

non-ATPase 

regulatory subunit 

7  9 17 0 13 

-Degradation of ubiquitinated 

proteins 

-Essential role during mouse 

embryonic development 

26S protease 

regulatory subunit 

6A  0 12 0 6 

-Degradation of ubiquitinated 

proteins 

26S protease 

regulatory subunit 

7  0 15 0 8 

-Degradation of ubiquitinated 

proteins 

26S protease 

regulatory subunit 

6B  0 7 0 3 

-Degradation of ubiquitinated 

proteins 

26S protease 

regulatory subunit 

4  0 4 0 8 

-Degradation of ubiquitinated 

proteins 
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Protein Name 

Exp 1 

Control 

Exp 1 

hPIM 

Exp 2 

Control 

Exp 2 

hPIM Protein Function 

Ubiquitin 

carboxyl-terminal 

hydrolase 5  9 17 0 11 

-Degradation of 

multiubiquitinated polymers 

 

Cytoskeletal proteins 

Tubulin alpha-1A 

chain 241 357 84 203 

-Major constituent of 

microtubules 

Tubulin beta-3 

chain  170 226 66 145 

-Major constituent of 

microtubules  

-Critical role in proper axon 

guidance and maintenance 

Clathrin heavy 

chain 1  29 56 4 23 

-Major protein of polyhedral 

coat of coated pits and 

vesicles 

Cytoskeleton-

associated protein 

4  9 20 0 15 

-Mediates the anchoring of 

the endoplasmic reticulum to 

microtubules 

Fascin  23 38 0 11 

-Organization of actin 

filament bundles 

-Important in the formation 

of filopodia and for cell 

motility and migration 

Profilin-1 7 14 0 8 

-Binds to actin and affects the 

structure of the cytoskeleton 

 

Vesicle and organelle transport 

Cytoplasmic 

dynein 1 heavy 

chain 1  69 142 4 42 

-Vesicle and organelle 

transport motor along 

microtubules 

Kinesin heavy 

chain isoform 5C  3 10 0 3 

-Organelle transport and 

dendritic trafficking of 

mRNAs along microtubules 

 

Cellular enzymes 

Isocitrate 

dehydrogenase 

[NADP] 

cytoplasmic 28 46 0 24 

-Produces alpha-ketoglutarate 

and CO2 from 

decarboxylation of isocitrate 

Fatty acid 

synthase  8 24 0 18 

-Catalyzes the formation of 

long-chain fatty acids 
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Protein Name 

Exp 1 

Control 

Exp 1 

hPIM 

Exp 2 

Control 

Exp 2 

hPIM Protein Function 

ATP-citrate 

synthase  15 24 0 12 

-Important role in lipid 

synthesis 

Inorganic 

pyrophosphatase  10 23 0 4 

-Converts pyrophosphate to 

two phosphate ions 

-This exergonic reaction 

contributes energy to lipid 

metabolism and DNA 

synthesis 

Alcohol 

dehydrogenase 

[NADP(+)]  0 11 0 6 

-Catalyzes reduction of a 

variety of aromatic and 

aliphatic aldehydes to their 

corresponding alcohols 

 

Mitochondrial proteins 

Aconitate 

hydratase, 

mitochondrial 27 43 4 21 

-Enzyme involved in citric 

acid cycle 

Isocitrate 

dehydrogenase 

[NADP], 

mitochondrial  18 31 0 15 

-Plays a role in metabolism 

and energy production, 

possibly through pyruvate 

dehydrogenase complex 

Enoyl-CoA 

hydratase, 

mitochondrial 12 14 0 17 

-Necessary to metabolize 

fatty acids 

Cytochrome c 

oxidase subunit 2  6 17 0 6 

-Component of respiratory 

chain in mitochondria 

3-hydroxyacyl-

CoA 

dehydrogenase 

type-2  10 15 0 17 

-Involved in mitochondrial 

tRNA maturation 
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Table 2. Proteins down regulated by treatment with hPIM. All proteins in table were 

determined to have a significant difference (p<0.05) in quantity between control and 

treated samples. There are 7 proteins total. 

 

Protein 

Exp 1 

Control 

Exp 1 

hPIM 

Exp 2 

Control 

Exp 2 

hPIM Protein Function 

 

DNA and cell cycle 

Centromere 

protein V  15 0 5 3 

-Required for 

heterochromatin distribution 

in interphase nuclei 

Titin  15 4 13 3 

-Plays a role in chromosome 

condensation and segregation 

in mitosis 

-Links lamina network to 

chromatin during interphase 

 

RNA and translation 

Far upstream 

element-binding 

protein 2  32 19 17 12 

-Binds to the dendritic 

targeting element 

-Involved in mRNA 

trafficking and degradation 

C-terminal-

binding protein 1  16 14 11 4 

-Corepressor of diverse 

transcription regulators 

60S ribosomal 

protein L8  39 26 23 13 -Component of ribosome 

60S ribosomal 

protein L11  22 11 9 0 -Component of ribosome 

60S ribosomal 

protein L29  12 5 3 0 -Component of ribosome 
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Discussion 

 

Optimizing the Protocol  

Optimization of the protocol in two areas was important to get good results. The first area 

addressed was extracting a sufficient amount of protein from the cells. Freeze/thaw 

cycles were tried but did not work. Neuronal Protein Extraction Reagent (N-PER) was 

then used. This method extracted some protein, but the amount was not adequate for 

comprehensive proteomic analysis. Filter Aided Sample Preparation (FASP) protocol was 

the third and final method tried. This method produced significantly higher protein yield 

and was used on all samples submitted to LC-MS/MS. 

 

As can be seen in Figure 6c, FASP method resulted in good extraction of protein from 

cell culture. Mass spectrometry analysis, however, did not give good results. Clearly 

there was a problem occurring between extraction of protein and running the peptide 

samples through LC-MS/MS. This observation indicated the second area of the protocol 

that needed to be optimized: purifying the peptide samples for proper MS identification. 

It was likely that the samples were “dirty”, i.e. contained excessive cellular debris, salts, 

or SDS. 
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ZipTips were used in attempt to desalt, purify, and concentrate the samples. MS data 

identified 25 proteins in ZipTipped samples. This was better, but not good enough. 

 

At this point, each step of the protocol was examined and three possible reasons for the 

unsatisfactory MS results were determined.  

 

It is possible that much of the protein was lost when ZipTipping prior samples. At the end 

of the FASP method, samples are in 0.1 M ammonium bicarbonate, a basic solution. 

ZipTip protocol uses an elution solution of 0.1% trifluoroacetic acid and calls for the 

peptide samples to be adjusted to match this acidic pH. This step may not have been 

performed adequately, causing the peptides to not bind to the ZipTip resin and therefore 

be unable to be recovered. ZipTips were not used on any more samples. 

 

The second possible reason was that other cellular components, such as nucleic acids, 

were still present in the samples at the time LC-MS/MS was run and were therefore 

interfering with proper detection of peptides by the mass spectrometer. Peptides are small 

enough to flow through the buffer exchange filters while nucleic acids are not. To 

separate the peptides from other cellular components, a sample was spun through the 

column after treatment with trypsin. The flow-through, which theoretically now 

contained only peptides, was run on LC-MS/MS. The MS data, although containing more 

protein hits, was unanalyzable due to many of these proteins not having proper 

identification. 
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were up regulated (more than 50) in response to hPIM treatment, with less being down 

regulated (less than 10). Many protein expression levels remained constant between the 

hPIM treated and control cells. Some proteins gave inconclusive results and require 

further experiments to deduce hPIM’s effect on their expression levels. 

 

Two DNA topoisomerases and two histone H2A variants were up regulated by hPIM. 

These protein expression changes support an increase in DNA replication and/or 

transcription within the cell. Topoisomerases alter the topological state of DNA by 

cleaving and rejoining DNA strands during replication and transcription to relieve 

torsional strain. Histone H2A is a core component of the nucleosome. Nucleosomes are 

responsible for packaging DNA into chromatin. Both histone H2A variants that were up 

regulated by hPIM result in less condensed chromatin when they are substituted into the 

nucleosome. This allows better access to DNA for cellular machinery. 

 

A range of proteins were up regulated by hPIM that are known to play an important role 

in cell proliferation and differentiation. Protein RCC2 and DNA replication licensing 

factor MCM3 are both necessary for mitogenesis. PC4 and SFRS1-interacting protein and 

a brain-specific fatty acid binding protein are specifically involved in neuronal cell 

differentiation. 

 

When cell proliferation and differentiation are occurring, it follows that RNA production 

and processing will increase to account for greater protein production and regulation. 

This was greatly reflected in the results. Many forms and components of 
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ribonucleoproteins were up regulated by hPIM. Some of these ribonucleoproteins activate 

transcription, others bind and stabilize mRNA, many are involved in pre-mRNA splicing, 

and a few are involved in transport of RNA. Several other RNA-related proteins, such as 

eukaryotic initiation factor 4A-III and RNA-binding protein Nova-1, were up regulated 

and have similar functions of promoting RNA-related processes. 

 

After the production and processing of mRNA it is translated into polypeptide chains, 

which are then folded and modified to form functional proteins. Proteins related to each 

of these processes were up regulated in hPIM treated samples. Several of these proteins 

are necessary for the initiation of translation, such as elongation factor 1-alpha 1, 

elongation factor 2, and eukaryotic translation initiation factor. Many ribosomal proteins 

were also up regulated. The ribosome is the powerhouse of translation, so an increase in 

these proteins indicates greater protein production. Several proteins that assist the 

maturation and folding of proteins were also up regulated by hPIM. Heat shock proteins 

HSP 90-alpha and beta were both up regulated and function as molecular chaperones for 

proteins involved in mitogenesis. Another example is rRNA 2’-O-methyltransferase 

fibrillarin, which adds methyl substituents to RNA and proteins. 

 

For proper regulation of cell proliferation to occur, certain signaling proteins must be 

rapidly degraded. Proteasomes are responsible for this regulation by recognizing and 

degrading ubiquitinated proteins. Insufficient amount of these proteases can result in 

cancer and other diseases. Specifically, insufficient amount of the 26S proteasome has 
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been linked to neurodegeneration in mice
19

. hPIM was shown to up regulate many 

components of the 26S proteasome in this study.  

 

Also of great interest was the increase in several types of cytoskeletal proteins, such as 

tubulin and scaffolding proteins, indicating cellular growth. Up-regulation of vesicular 

motor proteins (dynein and kinesin) indicates increased vesicular trafficking within the 

cell, which is necessary for cellular growth and differentiation. 

 

A variety of enzymes that perform necessary cellular functions were up regulated by 

hPIM. Included in these were fatty acid synthase, isocitrate dehydrogenase, and inorganic 

pyrophosphatase, an enzyme that splits pyrophosphate into two phosphate ions and 

releases energy that can be coupled with other cellular process. 

 

Quantity of mitochondrial proteins was also increased in the hPIM treated cells. Many of 

these proteins are directly involved in the citric acid cycle or respiratory chain. Up 

regulation of these proteins indicates greater metabolism and energy production within 

hPIM treated cells. 

 

Of the 7 proteins that were significantly down regulated by hPIM in both experiments, 

two proteins were involved in DNA condensation during interphase, centromere protein 

V and titin. Down regulation of these proteins supports greater DNA accessibility and the 

notion that hPIM promotes mitogenesis in cells. A repressor of transcription and a protein 

that degrades mRNA were also both down regulated in hPIM treated cells, indicating the 
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promotion of RNA production and stability. Three ribosomal subunit proteins were also 

decreased in quantity.  

 

The results obtained thus far support previous work, which showed that hPIM promotes 

cell proliferation and differentiation and inhibits apoptosis in cells. We are now seeing 

specific proteins implicated in this process. More experiments will be performed to 

confirm and further explore the effects of hPIM on protein expression in developing 

neuronal cells. 
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