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ABSTRACT  

Nautiyal, Manisha 

 

A PROTEIN IN SEARCH OF FUNCTION: NIPSNAP1 IN MITOCHONDRIAL 

BRANCHED-CHAIN AMINO ACID METABOLON, BRAIN AND APOPTOSIS 

 

Dissertation under the direction of  

Susan M. Hutson, Ph.D., Professor of Biochemistry 

 

  Four-nitrophenylphosphatase domain and non-neuronal SNAP25-like protein 

homolog 1 (NIPSNAP1) belongs to a highly conserved family of proteins (NIPSNAPs 1-

4) of unknown function and shows widespread tissue distribution. We have identified 

NIPSNAP1 in a protein complex (metabolon) that contains the first two enzymes in 

branched-chain amino acid (BCAA) catabolism, the mitochondrial branched-chain 

aminotransferase (BCATm) and the branched-chain α-keto-acid dehydrogenase complex 

(BCKDC). Dysregulation of BCAA metabolism results in neurologic dysfunction. 

Studies in brains of phenylketonuria (PKU) and epileptic mice show altered expression of 

NIPSNAP1. In this study we investigated potential roles for rat NIPSNAP1 in BCAA 

metabolism and in brain using a variety of different approaches. We characterized the 

protein-protein interactions of NIPSNAP1 in the BCAA metabolon, investigated 

NIPSNAP1’s distribution and localization in brain and analyzed its levels in PKU mice. 

Homologs within the NIPSNAP gene family (NIPSNAP3 & 4) have been reported to 

function as inhibitors of apoptosis (IAP) antagonists and NIPSNAP1 has also been 

reported to bind to amyloid precursor protein (APP) which is associated with 

neurodegeneration in brain. Therefore, we investigated whether NIPSNAP1 could also 
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inhibit IAPs to promote apoptosis focusing on X-linked inhibitor of apoptosis (XIAP), 

the most potent member of the IAP family. 

 We cloned, overexpressed and purified the recombinant NIPSNAP1 (~30 kDa) and 

developed antibodies against the recombinant protein. Sedimentation velocity shows that 

NIPSNAP1 is a homotetramer. It is localized in the mitochondrial matrix where the 

BCAA enzymes are present and is imported inside mitochondria in an energy-dependent 

manner. NIPSNAP1 can associate with the E2 (dihydrolipoyl transacylase) component of 

BCKDC. Overexpression of NIPSNAP1 in human cells results in decreased BCAA 

oxidation. In rat brain, NIPSNAP1 is expressed exclusively in neurons such as pyramidal 

neurons in cerebral cortex, Purkinje neurons in cerebellum and motor neurons in spinal 

cord. Dopaminergic and noradrenergic neurons, which are affected in PKU, also express 

NIPSNAP1. Brains of PKU mice show gender-specific reduced NIPSNAP1 expression 

compared to control animals. In human cells, NIPSNAP1 can promote apoptosis by 

antagonizing XIAP, a key regulator of apoptotic caspase activation. These results suggest 

a potential role for NIPSNAP1 in BCAA metabolon in situ and apoptosis.  
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CHAPTER I 

 

 

 

INTRODUCTION 

 

 

A. BRANCHED-CHAIN AMINO ACID METABOLISM 

The branched-chain amino acids (BCAAs), leucine, isoleucine and valine, 

represent 40% of the body requirement for indispensable amino acids. Indispensable or 

nutritionally essential amino acids cannot be synthesized endogenously and therefore 

must be acquired in the diet. Adequate intake of dietary BCAAs is required for normal 

growth and development. BCAAs taken in excess of their requirement are degraded. The 

BCAA catabolic enzymes are distributed widely in body tissues and, with the exception 

of the nervous system, all reactions occur in the mitochondria of the cell. Leucine acts as 

an anabolic nutrient signal influencing both insulin secretion by the β-cells of the 

pancreas (1-3) and protein synthesis in skeletal muscle and selected other tissues (4;5). 

BCAAs participate in body and central nervous system nitrogen metabolism (6;7) and 

play an important role in brain neurotransmitter synthesis. In the central nervous system, 

BCAAs serve as nitrogen donors for synthesis of the excitatory neurotransmitter 

glutamate, with some of the glutamate, in turn, serving as precursor for synthesis of the 

inhibitory neurotransmitter -aminobutyric acid (GABA).  

Figure 1 shows the first two steps of the BCAA catabolic pathway. The first step 

is reversible transamination and is catalyzed by the branched-chain aminotransferase 

isozymes, mitochondrial BCATm and the cytosolic BCATc (8). In this step, the BCAAs 

are converted into their respective branched-chain α-keto acids (BCKAs). The overall 

reaction results in the transfer of the α-amino group from the BCAAs to α-ketoglutarate 
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Figure 1. Diagram of the first two steps in branched-

chain amino acid (BCAA) metabolism. Abbreviations: 

BCAT, branched-chain aminotransferase; BCATm, 

mitochondrial BCAT; BCATc, cytosolic BCAT; BCKA, 

branched-chain α-ketoacid; BCKDC, branched-chain α-

keto acid dehydrogenase enzyme complex; KIC, -

ketoisocaproate; KMV, -keto-β-methylvalerate; KIV, 

-ketoisovalerate; TCA, tricarboxylic acid; GABA, -

aminobutyric acid. 

 

to form glutamate. BCATm is present in all rat tissues except liver, whereas BCATc is 

found almost exclusively in the nervous system (9;10).  

The second step is the irreversible oxidative decarboxylation of the BCKAs to 

form their respective branched-chain acyl Co-A derivatives. This reaction is catalyzed by 

the branched-chain α-keto acid dehydrogenase enzyme complex (BCKDC). BCKDC is a 

multienzyme complex similar in structure to the pyruvate dehydrogenase complex 

(PDC). It is present in the mitochondria and is expressed in all tissues. The BCKDC 

contains three distinct enzymes (11). The first enzyme is a thiamine pyrophosphate (TPP) 

dependent branched-chain α-keto acid decarboxylase/dehydrogenase (E1) which 

catalyzes decarboxylation of the BCAA transamination products, the BCKAs, resulting in 

an carbanion-TPP 

intermediate (Reaction 1) 

followed by reductive 

transfer of the carbanion to 

the covalently bound 

lipoamide cofactor of the 

E2 transacylase (Reaction 

2). E2, the second enzyme, 

then transfers the 

branched-chain acyl group 

to Coenzyme A (Reaction 

3, forward direction). The 

third enzyme is 
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dihydrolipoyl dehydrogenase (E3) which has a covalently-bound FAD cofactor. The 

lipoamide cofactor on E2 is oxidized by E3 (Reaction 4, forward direction) and the 

electrons are transferred to NAD
+
 to form NADH (Reaction 5, forward direction). NADH 

is then oxidized by the mitochondrial electron transport chain. Reaction steps catalyzed 

by the three catalytic components of BCKDC, linked through substrate channeling, are as 

follows: 

                    R-CO-COOH + E1-TPP         E1-R-COH = TPP + CO2                 (1) 

         E1-R-COH = TPP + E2-[lipS2]         E2-[R-CO-S-lipSH] + E1-TPP         (2) 

        E2-[R-CO-S-lipSH] + CoA-SH         R-CO-S-CoA + E2-[lip(SH)2]          (3) 

         E2-[lip(SH)2] + E3-FAD(S)2             E2-[lipS2] + E3-FAD(SH)2              (4) 

                     E3-FAD(SH)2 + NAD
+
          E3-FAD(S)2 + NADH + H

+
             (5) 

The next step in the oxidation of BCAAs is dehydrogenation catalyzed by two 

different dehydrogenases (12). After this step, the catabolic pathways diverge, and the 

remaining enzymatic reactions resemble β-oxidation of fatty acids. 

Activity of BCKDC is regulated by a highly specific BCKDC kinase that can 

associate and dissociate from the complex (13;14). The kinase phosphorylates and 

inactivates the E1 enzyme (a heterotetramer, α2β2). A specific BCKDC phosphatase has 

also been reported, but the properties and regulation of this phosphatase are not well 

understood (15). Mutations in one or more proteins in the BCKDC results in the inborn 

error of metabolism, Maple Syrup Urine Disease (MSUD), which is characterized by 

elevated plasma BCAAs and BCKAs (12). This condition results in a progressive 

neurodegenerative disorder, and is fatal unless dietary BCAAs are restricted. 
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Regulation of BCAA metabolism is achieved by the tissue distribution and 

activity of the first two catabolic enzymes (shown in Figure 1). BCAAs are unique 

among the indispensable amino acids as most indispensable amino acids are degraded in 

the liver, whereas BCAAs are metabolized extensively in the extrahepatic tissues. 

Absence or lack of BCAT activity in the liver allows the BCAAs to escape the first pass 

metabolism in the liver. BCAAs are readily taken up by peripheral tissues and there is 

active transamination in tissues such as skeletal muscle (7). Low activity of BCKDC 

(~90% phosphorylated and inactive) in muscle favors the release of BCKAs from the 

muscle to be taken up by the liver for oxidation, which has the highest BCKDC activity. 

In the process, the BCAA nitrogen is transferred to form alanine and glutamine which are 

released from muscle to the liver for urea synthesis and provide nitrogen to other tissues 

via transamination reactions. 

The BCAA catabolic enzymes show a distinct pattern of expression in brain. The 

mitochondrial BCATm is expressed by astrocytes (16), whereas the cytosolic BCATc is 

expressed in glutamatergic, GABAergic, cholinergic, and peptidergic neurons, though not 

in all neurons expressing a particular neurotransmitter, or in all neurons in a given brain 

region (17). BCKDC is also found to be in neurons (18). The transaminase acitivity is 

higher in brain compared to oxidation (19). BCATc accounts for 70% of the brain BCAT 

activity, and contributes ~30% of the nitrogen for glutamate synthesis (20;21). A BCAA-

BCKA shuttle in parallel with the glutamate/glutamine shuttle (Figure 2) has been 

proposed in which BCAAs released from neurons are transaminated in astrocytes and 

provide nitrogen for glutamine synthesis from glutamate (6;22). The BCKAs are 

released, taken up, and transaminated in neurons. Then BCAAs return to astrocyte to 
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Figure 2. The proposed glutamate-glutamine and BCAA shuttle. BCAA donate 

nitrogen via BCATm in astrocytes (astroglia) for de novo glutamate synthesis for 

reamination of BCKA in neurons by BCATc and shuttling of nitrogen to astroglia via 

BCAAs. NH3 by glutamine (Gln) conversion to glutamate (Glu) in neurons is used to 

reaminate α-ketoglutarate (α-KG) to reform Glu used in BCATc step. Glu, the major 

excitatory neurotransmitter is packaged into vesicles in neurons. In astroglia, 

glutamate is continuously oxidized to pyruvate (Pyr) and lactate, and must be 

resynthesized via pyruvate carboxylase followed by oxaloacetate then α-KG in the 

citric acid (TCA) cycle. 

 

complete the cycle. Thus, the widespread distribution of BCAA catabolic enzymes and 

differences in expression within a tissue result in significant inter- and intraorgan 

exchange of BCAA metabolites. 

 

B. THE BCAA METABOLON 

The enzymes which are responsible for catalyzing sequential reactions in several 

metabolic pathways have been proposed to be highly organized in supramolecular 

complexes termed metabolons (23). The concept of metabolic enzymes associating to 

form a supramolecular complex was hypothesized over 50 years ago (24). Recently, 
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Benkovic et al. (25) have shown the in vivo assembly of six proteins in the purine 

catabolic pathway to form a “purinosome”. The formation of the purinosome appears to 

be
 
dynamically regulated by stimulation of de novo purine biosynthesis

 
in response to 

changes in purine levels. Another group (26) also has shown that glycolytic enzymes  are 

organized into complexes (“glycosomes”) and this assembly is regulated by oxidation 

and phophorylation states of the proteins. Advantages of such a supramolecular assembly 

include efficient channeling of substrates between enzymes in a pathway, regulating 

pathway flux by association and dissociation and by targeting the assembly of the 

interacting proteins to the appropriate intracellular structures. Previously using liver 

mitochondrial extracts and purified BCATm, our lab has shown that the first two 

enzymes in BCAA catabolism, BCATm and the E1 component of BCKDC complex 

associate in vitro (27). The interaction between BCATm and E1 markedly stimulates the 

decarboxylase activity of E1 by ~12 fold. Furthermore, the association of BCATm with 

E1 is regulated by reduced pyridine nucleotides and is specific for the mitochondrial 

BCATm isozyme. These results provide evidence for the substrate channeling between 

BCATm and BCKDC in the BCAA metabolon. It was not yet known if this BCAA 

metabolon forms in tissues expressing BCATm and if other associated proteins are 

functionally involved in the metabolon.  

 

C. IDENTIFICATION OF NIPSNAP1 IN BCAA METABOLON 

 

To determine if the BCAA metabolon contained other associated proteins in 

tissues expressing BCATm, rat kidney mitochondrial extracts were used. BCATm 

antibodies were used to isolate proteins bound to BCATm in rat kidney mitochondrial 
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Figure 3. NIPSNAP1 was found in a 

complex of BCAA metabolizing enzymes. 

BCATm antibodies were used to isolate the 

BCAA metabolon from kidney 

mitochondria. Western blotting using 

BCKDC antibodies (gift from Y. 

Shimomura) that recognize E1  (46.5 kDa), 

E1β (37.5 kDa) and E2 (52 kDa) show 

BCKDC subunits are found in the kidney 

mitochondrial proteins eluted from the 

BCATm antibody column. The 30 kDa band 

in the eluate was identified as NIPSNAP1 

using NH2-terminal Edman degradation.  

 

extracts (Figure 3, these experiments were performed by Dr. Reidar Wallin). Bound 

proteins were released from the antibodies, separated by SDS-PAGE and identified using 

Western blotting and/or mass spectrometry. BCATm and BCKDC subunits were found in 

the kidney mitochondrial proteins that bound to the BCATm antibody column, suggesting 

the existence of the BCAA metabolon in tissues expressing BCATm. An additional 

prominent ~30 kDa band was observed in the gel shown in Figure 3. In a separate 

experiment (data not shown), the proteins bound to the BCATm antibody column were 

separated using 2-D electrophoresis and the ~30 kDa unknown protein was isolated and 

subjected to NH2-terminal Edman 

degradation (Harvard Microchem). A 

high-confidence ten amino acid 

sequence (SKDSEGSWFR) was 

obtained. A search of the protein 

databanks identified this sequence as 

100% identical to an internal sequence 

of a predicted protein, NIPSNAP1 

(28). This uncharacterized protein was 

named NIPSNAP1 as the gene was 

first identified in a C.elegans operon, 

present between genes similar to yeast 

4-nitrophenyl-phosphatase (NIP) and 

mouse synaptosomal associated 

protein 25 (SNAP25). Using PSORT 
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(http://psort.ims.u-tokyo.ac.jp/form2.html), a computer program for the prediction of 

protein localization sites in cells, a 48% probability of mitochondrial localization was 

predicted for rat NIPSNAP1 (accession number: AAH89879). Similar results suggesting 

the mitochondrial location for rat NIPSNAP1 were obtained using the Target P program 

at ExPASy proteomics server of the Swiss Institute of Bioinformatics 

(http://www.cbs.dtu.dk/services/TargetP/) which predicts subcellular location of 

eukaryotic proteins based on the predicted presence of any NH2-terminal presequences. A 

92% probability for presence of mitochondrial targeting sequence in the primary 

sequence of rat NIPSNAP1 was predicted.  

 

D. THE NIPSNAP GENE FAMILY 

The NIPSNAP gene family is represented by four genes: NIPSNAP1, 

NIPSNAP2, NIPSNAP3 (alias NIPSNAP3B) and NIPSNAP4 (alias NIPSNAP3A).  

Human NIPSNAP1 and NIPSNAP2 genes were the first family genes to be characterized 

and are located on human chromosome 22 and 7, respectively (28;29). NIPSNAP3 and 

NIPSNAP4 genes were found to be located in close proximity to the 3’ end of the ATP-

binding cassette transporter A1 (ABCA1) gene on human chromosome 9 (30;31). The 

NIPSNAP genes show a widespread but variable tissue distribution 

(http://www.genecards.org/). Figure 4 (provided by Lucia Cavelier, Uppsala University, 

Sweden through personal communication) shows the tissue expression pattern of 

NIPSNAP genes. NIPSNAP1 gene shows high expression in liver, kidney, brain and 

spinal cord but less in muscle tissues, whereas NIPSNAP2 gene shows high expression in 

http://www.cbs.dtu.dk/services/TargetP/
http://www.genecards.org/
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Figure 4. Tissue expression patterns of NIPSNAPs (from GeneCards). GeneCards 

(http://www.genecards.org) is a searchable, integrated database of human genes that 

provides concise genomic, proteomic, transcriptomic, genetic and functional 

information on all known and predicted human genes. The mRNA expression pattern 

for the NIPSNAP family genes was performed using the following gene symbols: 

NIPSNAP1, GBAS (for NIPSNAP2), NIPSNAP3B (for NIPSNAP3) and NIPSNAP3A 

(for NIPSNAP4). The information was downloaded and tabularized by Lucia Cavelier 

at Uppsala University, Sweden. NIPSNAP1 gene shows high expression in liver, kidney 

and nervous tissues, NIPSNAP2 & 3 are highly expressed in muscle tissues whereas 

NIPSNAP4 is expressed ubiquitously.  

 

muscle tissues compared to other tissues. NIPSNAP4 gene is expressed in most tissues 

whereas NIPSNAP3 gene is expressed mostly in muscle tissues.  

 

The NIPSNAP genes have been conserved during evolution. NIPSNAP1 & 2 

share 75% amino acid sequence identity while NIPSNAP3 & 4 share 87% amino acid 

sequence identity. The homology between NIPSNAP1 & 2 and NIPSNAP3 & 4 is less 
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Figure 5. Primary sequence alignment shows that NIPSNAP proteins are highly 

conserved through evolution. The primary sequence alignment for the four NIPSNAP 

homologs [human NIPSNAP1: accession #Q9BPW8; human NIPSNAP2:#AJ001259; 

human NIPSNAP3: #NP_060846; human NIPSNAP4: #NM_015469) and the 

NIPSNAP homologs in C.elegans (CAA04636), Agrobacterium tumefaciens 

(np_396154.1) and Drosophila (NP_727932) was performed by using the multiple 

sequence alignment program (CLUSTALW) at Biology WorkBench version 3.2 (San 

Diego Supercomputer Center: http://workbench.sdsc.edu/). Color coding of the aligned 

sequences was done using the BOXSHADE program at Biology WorkBench. Identity 

and similarity between the amino acid sequences is indicated by green and yellow 

boxes, respectively. Cyan boxes indicate conservative while white boxes indicate non-

conservative amino acid changes between the proteins. Dashes indicate gaps introduced 

by the alignment program. 

 

than 25%. The proteins have a possible common ancestral gene identified in Drosophila 

and C.elegans but also homologs of bacterial origin, indicating that the shared domain is 

highly conserved (Figure 5). 
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A number of studies have been published on possible functions of the NIPSNAP3 

& 4 proteins. NIPSNAP3 & 4 proteins have been shown to bind to the mammalian X-

linked inhibitor of apoptosis (XIAP) and are able to antagonize XIAP inhibition of 

caspase-3 in vitro (32). Inhibitior of apoptosis proteins (IAPs) suppress apoptosis by 

binding to and inhibiting active caspases. XIAP is the most potent inhibitor of caspases 

and interacts with processed caspase-9 and the activated forms of effector caspases-3 and 

7. NIPSNAP4 has also been suggested as a host cell target for Salmonella virulence 

protein (33).  

The family member NIPSNAP2 was initially reported in a short communication 

by Wang et al. who found it in glioblastomas and referred to the protein as GBAS for the 

glioblastoma amplified sequence (29). Due to significant sequence homology (74% 

amino acid identity) to the NIPSNAP1 ortholog found in C.elegans, it was later renamed 

NIPSNAP2. Not much is known about this homolog except for its mRNA expression 

pattern.  

No functional studies of NIPSNAP1 protein have been reported. In a chemically 

induced model of epilepsy, NIPSNAP1 protein levels were found to be increased in the 

postsynaptic density fraction (PSD) of mice forebrains (34). Activity-dependent changes 

in PSD are thought to be important in regulating synaptic plasticity and play a role in 

learning and memory (35;36). Also, in a mouse model of phenylketonuria (PKU), 

reduced NIPSNAP1 mRNA levels were reported in brains of PKU mice compared to 

control mice (37). PKU is an inborn error of amino acid metabolism which results from 

genetic mutations in phenylalanine hydroxylase (PAH). This enzyme catalyzes the 

conversion of phenylalanine to tyrosine which is the precursor amino acid of dopamine. 
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PKU results in accumulation of phenylalanine in the brain and leads to 

neurophysiological abnormalities and impaired cognitive development. Physical 

interaction of NIPSNAP1 with the C-terminal region of amyloid precursor protein (APP) 

has also been reported (Tummala et al., personal communication). APP belongs to a type 

I transmembrane protein family whose precise functions are not yet known. A growing 

number of proteins of diverse functions have been shown to interact with different 

regions of the cytoplasmic carboxyl-terminal domain of APP (38;39). Abnormal APP 

processing generates amyloid plaques in brains of Alzheimer’s disease individuals (38), 

while overexpression of the carboxyl-terminal fragment (C-100) of APP is associated 

with neuronal degeneration in brain (40;41). Another report suggests that NIPSNAP1 

may regulate calcium uptake by transient receptor potential vanilloid channels (TRPV6) 

in the plasma membrane, however prediction programs suggest it is localized in 

mitochondria (42). These clues are intriguing; however, the physiological function of the 

NIPSNAP proteins is still unknown. 

 

E. SIGNIFICANCE AND OBJECTIVES OF THIS THESIS 

Our study of the BCAA metabolon has identified a mitochondrial protein 

NIPSNAP1 which is highly conserved through evolution (Figure 5), particularly in its 

carboxyl-terminal 103 amino acid residues referred to as NIPSNAP domain. 

Evolutionary conservation of the NIPSNAP domain suggests these proteins perform 

some fundamentally important function(s). Using the pre-computed profile neighbors 

from analysis of microarray expression data at the GEO site 

http://www.ncbi.nlm.nih.gov/geo/ (GEO accession number GDS596; NIPSNAP1 gene 

http://www.ncbi.nlm.nih.gov/geo/
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accession number NM_003634), NIPSNAP1 is found to be co-expressed with 

mitochondrial genes of amino acid metabolism (such as glutamate dehydrogenase 

isoforms 1 and 2). Results from several publications imply NIPSNAP1 may have a role 

in brain function. Altered levels of NIPSNAP1 have been reported in epileptic and PKU 

mice, and NIPSNAP1 has been shown to interact with APP which plays a critical role in 

Alzheimer’s disease. The overall goal of this project was to determine the function of this 

highly conserved protein. We tested the hypothesis that NIPSNAP1 is part of the BCAA 

metabolon, by characterizing the protein-protein interactions and testing the effects of 

NIPSNAP1 on metabolon enzyme activities.   

To address the hypothesis, we developed the necessary tools (purified 

recombinant NIPSNAP1 and anti-NIPSNAP1 antibodies) that were needed to 

characterize the protein physically, identify the interacting proteins and determine its 

tissue and subcellular localization. This thesis will give a detailed description of the 

cloning, overexpression and purification of recombinant NIPSNAP1, physical 

characterization of the protein, and production of affinity purified antibodies against the 

recombinant protein.  

This thesis has contributed to our knowledge on NIPSNAP1 by identifying its 

protein-protein interactions in BCAA metabolon, determining its localization in brain and 

within mitochondria, examining its levels in PKU mice and looking at its role in 

promoting apoptosis. There is evidence that the E2 component of the BCKDC (43;44) is 

associated with the mitochondrial inner membrane which raises the possibility that the 

metabolon is membrane associated. NIPSNAP1 did not appear to functionally alter the 

metabolon but it may serve to anchor the metabolon to the inner membrane through its 



 14 

interactions with E2, and there is evidence suggesting that it may promote apoptosis. The 

physiological function of NIPSNAP1 is still under investigation.  
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CHAPTER II 

 

 

 

METHODS 

 

 

A. CLONING IN BACTERIAL AND MAMMALIAN EXPRESSION SYSTEMS 

Cloning of NIPSNAP1 in bacterial and mammalian expression systems: Total 

RNA was isolated from rat liver using TRIZOL reagent (Invitrogen, Carlsbad, CA) 

according to the manufacturer’s instructions. First-strand cDNA synthesis was then 

accomplished using oligo (dT) (Superscript™ System, Invitrogen, Carlsbad, CA). 

Amplification of the coding region of the full length NIPSNAP1 was done by polymerase 

chain reaction (PCR), using primers based on the rat NIPSNAP1 cDNA sequence shown 

in Figure 6 (accession number XM_341249; forward primer from nucleotides 1 to 21, 5’-

AACATGGCTCCGCGGTTGTGCATC-3’, and reverse primer from nucleotides 839 to 

855, 5’- AGCCTCACTGGAGAGGAGAAA-3’). Amplification was performed by hot 

start PCR using the following program: 94 
o
C for 3 min, 36 cycles of 94 

o
C for 1 min, 55 

o
C for 1 min and 72 

o
C for 2 min, resulting in a product of ~856 base pairs. The PCR 

product was cloned into the PCR 2.1 TA cloning vector and DNA sequencing was done 

on both strands to confirm the NIPSNAP1 nucleotide sequence. NIPSNAP1 is a 

mitochondrial protein and contains a 35 amino acid long mitochondrial import sequence 

(cleavage site was identified by NH2-terminal sequencing described in Introduction 

section). Because this sequence would not be cleaved upon expression of the protein in 

bacteria, primers were designed that would amplify a product encoding the mature 

protein when utilized in the PCR. Figure 7 shows the scheme for design of primers in the 
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Figure 6. cDNA sequence for rat NIPSNAP1. The forward and reverse primer sites 

are underlined. 

 

bacterial and mammalian expression systems. The cDNA for mature NIPSNAP1 (full-

length minus the mitochondrial import sequence) was obtained using the full length 

NIPSNAP1 plasmid as template.  

 

These primers were engineered to include NdeI and XhoI restriction sites 

(underlined) (forward primer from nucleotides 106 to 123, 5’-

GGCAGCCATATGTCCAAGGACAGTGAAGGC-3’, and reverse primer from 

nucleotides 834 to 855, 5’- TGGTGCTCGAGTCACTGGAGAGGAGAAGAAATC-3’).  

The PCR product was ligated into the bacterial expression vector, pET28a(+). 

Using the cDNA sequence, primers were also designed to obtain the cDNA encoding the 

full length protein with a carboxyl-terminus FLAG tag. The forward primer contains the 
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Figure 7. The NIPSNAP1 fusion protein constructs for bacterial (A) 

and mammalian (B) expression systems. Construct A encodes the cDNA 

for mature NIPSNAP1 (full-length minus the mitochondrial targeting 

sequence) in pET28a(+) bacterial expression vector, while construct B 

encodes the cDNA for full length NIPSNAP1 in PCDNA3.1 mammalian 

expression vector. 

 

 
 

 

EcoRV restriction site (underlined) followed by the Kozak sequences (in bold) 

immediately preceding the initiator codon, followed by nucleotides encoding the first 

four amino acids of the protein (5’- 

TCTGCAGATATCGCCGCCACCATGGCTCCGCGGTTG-3’). The reverse primer 

has the C-terminal FLAG tag (bold, italics) and XhoI restriction site (underlined) (5’- 

TCTAGACTCGAGTCACTTGTCGTCGTCGTCCTTGTAGTCCTGGAGAGGAGAAA

T-3’). The amplified product from the PCR reaction was ligated into the mammalian 

expression vector, PCDNA3.1 vector.  
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Figure 8. cDNA sequence for mouse NIPSNAP2. The forward and reverse primer 

sites are underlined. 

 

 

Cloning of NIPSNAP2 into bacterial and mammalian expression vectors: 

Using a similar strategy as described for NIPSNAP1, NIPSNAP2 (described in 

Discussion section) cDNA from rat heart tissue was amplified using primers designed 

against mouse NIPSNAP2 cDNA sequence shown in Figure 8 (accession number 

CAA04635; forward primer from nucleotides 1 to 14, 5’-

AGCAAGATGGCGGCGCGGGT-3’, and reverse primer from nucleotides to 826 to 846, 

5’-AGCGTCACTGGAGCGGGGAGGTCTT-3’). The PCR product was cloned into 

PCR 2.1 TA cloning vector. Amplification was performed by hot start PCR using the 

following program: 94 
o
C for 3 min, 36 cycles of 94 

o
C for 1 min, 58 

o
C for 1 min and 72 

o
C for 2 min, resulting in a product of ~846 base pairs.  
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We chose rat heart tissue for cDNA synthesis because the mRNA expression levels 

suggest NIPSNAP2 to be abundant in heart versus liver which shows abundant 

NIPSNAP1 mRNA levels. The mouse NIPSNAP2 sequence was used to design primers 

because the rat NIPSNAP2 sequence was not available in the databanks at the time of this 

study and there is 97% amino acid sequence identity between rat and mouse homologs. 

Similar constructs for NIPSNAP2 in bacterial and mammalian expression systems were 

designed. NIPSNAP2 is also predicted to be a mitochondrial protein and contains a 38 

amino acid long mitochondrial import sequence (cleavage site was predicted by 

MITOPROT analysis: http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html). Therefore, 

primers that would amplify a product encoding the mature protein were designed based 

on the predicted cleavage site. The cDNA for mature NIPSNAP2 (full-length minus the 

mitochondrial import sequence) was obtained using the full length NIPSNAP2 plasmid as 

template, and primers were engineered to include NdeI and XhoI restriction sites 

(underlined) (forward primer from nucleotides 111 to 125, 5’-

GGCAGCCATATGGACAGCTGGCTAAAG-3’, and reverse primer from nucleotides 

833 to 846, 5’- TGGTGCTCGAGTCACTGGAGCGGGG-3’). The PCR product was 

ligated into the bacterial expression vector, pET28a(+). Using the cDNA sequence, 

primers were also designed to obtain the cDNA encoding the full length protein with a 

carboxyl-terminus FLAG tag. The forward primer contains the EcoRV restriction site 

(underlined) followed by the Kozak sequences (in bold) immediately preceding the 

initiator codon, followed by nucleotides encoding the first four amino acids of the protein 

(5’- TCTGCAGATATCGCCGCCACCATGGCGGCGCGGGT-3’). The reverse primer 

has the C-terminal FLAG tag (bold, italics) and XhoI restriction site (underlined) (5’- 

http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html
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Figure 9. cDNA sequence for mature NIPSNAP1. The forward and reverse primer 

sites for Fragments 1 (solid) & 2 (dotted) are underlined. 

 

 

 

TCTAGACTCGAGTCACTTGTCGTCGTCGTCCTTGTAGTCCTGGAGAGGAGAAA

T-3’). The amplified product from the PCR reaction was ligated into the mammalian 

expression vector, PCDNA3.1 vector.  

 Cloning of Fragments 1 & 2 of rat NIPSNAP1 in a bacterial expression 

vector: Using mature rat NIPSNAP1 plasmid as template (Figure 9), Fragments 1 & 2 

corresponding to the NH2-terminus and carboxyl-terminus of rat NIPSNAP1 (described 

in Discussion section) were amplified using forward and reverse primers for  

 

Fragment 1 (forward primer from nucleotides 1 to 18, 5’-

GGCAGCCATATGTCCAAGGACAGTGAAGGC-3’ and reverse primer from 

nucleotides  400 to 417, 5’- TGGTGCTCGAGTCAATTCCAGAAGCTGAATTC-3’) 

and Fragment 2 (forward primer from nucleotides 442 to 462, 5’-

GGCAGCCATATGAACATCTATGAGCTGAGAACA-3’ and reverse primer from 
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nucleotides 732 to 750, 5’- TGGTGCTCGAGTCACTGGAGAGGAGAAATC-3’), and 

cloned into pET28a(+) vector. These primers were engineered to include NdeI and XhoI 

restriction sites (underlined) which was used for ligation in the pET28a(+) vector. 

Amplification was performed by hot start PCR using the following program: 94 
o
C for 3 

min, 36 cycles of 94 
o
C for 1 min, 55 

o
C for 1 min and 72 

o
C for 2 min, resulting in a 

product of ~443 base pairs for Fragment 1 and ~332 base pairs for Fragment 2.  

 

B. OVEREXPRESSION AND PURIFICATION 

Rat NIPSNAP1: The cDNA for mature NIPSNAP1 was subcloned into a 

pET28a(+) fusion vector which adds a NH2-terminal histidine (His6) tag to the 

recombinant protein, transformed into BL21(DE3)pLys cells (Novagen, Madison, WI), 

and overexpressed using the Dual media system from Zymo Research (Orange, CA) at 37 

o
C. This overexpression system contains two specially prepared media, expansion broth 

(EB) and overexpression broth (OB). The EB media represses recombinant protein 

expression by regulating the levels of cyclic AMP (cAMP) and cAMP receptor protein 

(CRP) during cell expansion, so that the cells can expand without the pressure of 

undesired foreign protein expression and unintentional selection of mutated clones to 

overgrow original inoculates. When the cells are expanded, OB medium is added for 

protein expression. During this process, further growth is not required and selection of 

new mutants no longer occurs because cell replication is very limited at this stage. The 

OB works similarly by regulating the levels of cAMP and CRP but with an opposite 

effect from EB. Therefore, addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) is 

not needed for strong promoters such as T7. Because the T7 promoter is too strong when 
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induced with IPTG and the metabolic effects caused by growth in OB media is also 

strong, the combination of both can cause too rapid protein expression with negative 

effects on cell viability. Since, recombinant NIPSNAP1 was cloned into pET28a(+) 

vector which has a T7 promoter, IPTG was not used for inducing expression of 

NIPSNAP1.  

The cells were pelleted at 2,000 x g for 10 min at 4 
o
C. The pellet was 

resuspended in His-binding buffer (0.05 M sodium phosphate, 0.3 M NaCl, 0.01 M 

imidazole and 0.03% Triton X-100, pH 7.7) and sonicated for twenty 1-min intervals at 

70% duty cycle using a Branson model 250 sonifier. The (His6)-NIPSNAP1 was purified 

from the cell lysate by nickel affinity chromatography (HIS-Select
TM

, Sigma, St. Louis, 

MO) using 0.25 M imidazole in His-binding buffer. The protein was found to be >95% 

pure based on Coomassie staining. Thrombin (Novagen, Madison, WI) was used to 

remove the histidine tag, as there is no internal thrombin cleavage site in NIPSNAP1 

(analysis by Gene Runner, a DNA sequence analysis tool), followed by separation on a 

benzamidine sepharose column (Amersham Biosciences, Piscataway, NJ) using 0.025 M 

potassium phosphate (pH 7.6), 0.15 M KCl buffer to remove the thrombin. Since, 

NIPSNAP1 is a highly basic protein with an isoelectric point (pI) of 9.07, carboxymethyl 

cellulose chromatography (Sigma, St. Louis, MO) was carried out as a final step which 

resulted in >99% pure protein eluted using 1 M NaCl in 0.025 M sodium phosphate 

buffer at  pH 7.5. The protein was stored in 0.025 M potassium phosphate (pH 7.6), 0.15 

M KCl with 30% glycerol at -20 
o
C. No significant degradation in the ~30 kDa band 

corresponding to NIPSNAP1 protein was observed by SDS-PAGE analysis upon storage 

for up to three months.  
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Expression of Fragments 1 & 2 of rat NIPSNAP1: The Dual media system was 

also used for carrying out the overexpression of Fragments 1 (amino acid 36 to 174) and 

2 (amino acid 183 to 284). However, using this system we did not see any overexpression 

of the Fragments as seen by Coomassie staining and verified by Western blotting using 

anti-HIS antibodies (Sigma, St. Louis, MO). We next tried overexpressing the Fragments 

in regular Luria Broth (1% tryptone, 0.5% yeast extract, 1% sodium chloride, pH 7.0) 

using 0.001 M IPTG. Briefly, colonies were grown overnight in LB media at 28 
o
C with 

mild shaking (250 rpm). After 18 h, 0.001 M IPTG (final concentration) was added and 

the temperature was increased to 37 
o
C. After 6 h, cells were harvested by centrifugation 

at 2000 x g for 15 min at 4 
o
C. The bacterial pellets were resuspended in His-binding 

buffer, sonicated for three 1-min intervals at 70% duty cycle using a Branson model 250 

sonifier, centrifuged at 10,000 x g for 10 min and the supernatant as well as the pellet 

were analyzed for expression of proteins. Figure 41 in the Discussion section shows the 

expression of Fragments 1 & 2. Protein purification was then tried for these Fragments 

using 500 ml culture and the Fragments were purified by nickel affinity chromatography 

(Sigma, St. Louis, MO) following similar protocols as described for rat NIPSNAP1.  

 

C. ANTI-NIPSNAP1 ANTIBODY PRODUCTION AND AFFINITY PURIFICATION 

Following the immunization protocols used by Dr. Reidar Wallin (45), New 

Zealand White female rabbits were injected subcutaneously at multiple sites on the back 

with 0.25 mg of purified recombinant NIPSNAP1 emulsified in Freund’s complete 

adjuvant (Sigma, St. Louis, MO). After 4 weeks, rabbits were given a booster dose of 

0.25 mg recombinant NIPSNAP1 emulsified in Freund’s incomplete adjuvant. After 1 

week, blood was drawn by ear-vein puncture and serum (30 ml) was harvested. The 
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rabbits were left for 3 weeks to re-establish their hematocrit. At that time a second 

booster dose of 0.25 mg of recombinant NIPSNAP1 emulsified with Freund’s incomplete 

adjuvant was given and a second blood draw (40 ml) was carried out.  

The purified recombinant NIPSNAP1 protein was cross-linked to CH-Activated 

Sepharose 4B (Sigma, St. Louis, MO) and used to affinity-purify the antibodies as 

described in (9;46). Briefly, 2 mg of purified protein was added to 1 g of swollen, 

activated resin in 5 ml of coupling buffer consisting of 0.1 M sodium bicarbonate and 0.5 

M NaCl (pH 8.1). The reaction was allowed to mix overnight at 4 
o
C. The protein 

coupled resin was washed with coupling buffer and resuspended in 5 ml of 1 M 

ethanolamine for 1 h at room temperature to block the uncoupled sites. The resin was 

washed again in coupling buffer followed by washes in 0.05 M Tris-HCl (pH 8.0) 

containing 0.5 M NaCl and 0.05 M sodium acetate (pH 4.0) containing 0.5 M NaCl. The 

protein coupled resin was then packed into columns and stored in phosphate buffered 

saline (PBS) with 0.2% sodium azide at 4 
o
C for long-term storage. Immune serum was 

fractionated by 50% ammonium sulfate and precipitated proteins were spun at 10,000 x g 

for 10 min at 4 
o
C. The pellet was resuspended in PBS and chromatographed on the 

purified NIPSNAP1 protein cross-linked sepharose column. The NIPSNAP1 specific 

antibodies were eluted using 0.1 M sodium acetate (pH 4.0) buffer containing 4 M urea 

and 0.5 M NaCl (RC buffer) and dialyzed into 50% glycerol solution for storage at -80 

o
C.  

The antibodies recognized NIPSNAP1 (~30 kDa) and an additional band in the 60 

kDa region which was identified to be the bacterial GroEL protein by mass spectroscopy 



 25 

 
Figure 10. Western blot of nickel 

affinity chromatography purified 

recombinant NIPSNAP1 using anti-

NIPSNAP1 polyclonal antibodies. 

 

 

and may have come from the E.coli during the purification of NIPSNAP1 (Figure 10). 

Recombinant GroEl protein (Sigma, St. Louis, MO) was cross-linked to the CH- 

Activated Sepharose 4B and used as an 

additional step to remove the 

contaminating GroEl antibodies.  

Qualitative immunoprecipitation 

was performed with Ouchterlony 

immunodiffusion analysis in 1% agarose 

gels in PBS. Holes were punched in the 

agarose gel using pipet tips and the gel 

was removed using vacuum. Twenty-five 

μl anti-NIPSNAP1 antibodies was loaded 

in the central hole while 25 μl of purified 

NIPSNAP1 at different protein 

concentrations (from 1 - 25 μg) was loaded into the surrounding holes. The petri dish was 

left overnight at room temperature to allow for diffusion.  

 

D. ANALYTICAL ULTRACENTRIFUGATION, CIRCULAR DICHROISM 

SPECTROSCOPY AND SULFHYDRYL GROUP TITRATION 

 

Analytical ultracentrifugation: The sedimentation velocity analyses were 

performed at 20 
o
C using an Optima XL-A analytical ultracentrifuge (Beckman 

Instruments, Palo Alto, CA). Sedimentation data for 430 μL each of 3.2, 13.6 and 6.5 μM 

NIPSNAP1 (in 0.025 M potassium phosphate, 0.15 M KCl, pH 7.6 buffer) were collected 

every 3 min at a rotor speed of 40,000 rpm and a radial step size of 0.003 cm. A value of 
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0.7312 cm
3
/g was calculated for the partial specific volume of NIPSNAP1 from the 

amino acid composition (47), and the buffer density, at 1.00778 g/ cm
3
, was measured 

using a DA-310 precision density meter (Mettler Toledo, Hightstown, NJ). Data were 

collected at 280 nm. Only data of less than 1.4 absorbance units were used. For each 

concentration, sedimentation (s
0

20,w) and diffusion coefficient (D
0

20,w) values of 

NIPSNAP1 were calculated using the Fujita-MacCosham function based on the Lamm 

equation and the SVEDBERG (version 6.3) software (48) and DCDT+ software version 

2.0.5.11610 (49) (www.jphilo.mailway.com).  The molecular weight (Mw) of NIPSNAP1 

was calculated from the Svedberg equation [Mw = sRT/D(1- υρ)] using the s
0

20,w values 

and the corrected translational diffusion coefficients (D
0

20,w) (50). R is gas constant, T is 

temperature in degree Kelvin, (1- υρ) is the buoyancy term where ρ is the buffer density 

in g/ml and υ is the partial specific volume in ml/g.  

  Circular dichroic (CD) Spectroscopic analysis: CD spectroscopic 

measurements of NIPSNAP1 were carried out with a JASCO J-720 spectropolarimeter 

equipped with a variable temperature accessory. The spectra (350 nm to 190 nm) were 

acquired using a protein concentration of 0.5 mg/ml in 0.01 M potassium phosphate 

buffer, pH 7.0 and a 0.01 cm path length. Values were measured as Δ =ΔA
.
c

.
l (where 

is differential absorption coefficient with units of cm-1
 M

-1, A is absorption, c is molar 

concentration and l is path length in cm). Differences in CD spectra were calculated by 

ΔA′=ΔAsolution-ΔAreference and were obtained by numerical subtraction. The final spectra 

were the average of three different accumulations.  

 

http://www.jphilo.mailway.com/
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Sulfhydryl Group Titration: Two micromoles of NIPSNAP1 protein was 

dissolved in 1 ml of 0.1 M potassium phosphate (pH 7.5) buffer containing 0.001 M 

EDTA, and 6 M urea. The reaction was initiated by addition of 200 μl of 0.01 M 5,5’-

dithiobis-(2-nitrobenzoate) [DTNB] at room temperature and the absorbance at 412 nm 

was monitored for 15 min. The amount of free thiol was calculated from the liberated 2-

nitro-5-thiobenzoate anion using a molar extinction coefficient of 14,150 (51). The same 

procedure was repeated in the absence of denaturant to determine the number of solvent 

accessible cysteines in the native form of the protein. 

 

E. ISOLATION OF MITOCHONDRIA, PREPARATION OF EXTRACTS, IMPORT 

ASSAYS AND MITOCHONDRIAL FRACTIONATION  

 

Isolation of mitochondria: Mitochondria were prepared by differential 

centrifugation from livers obtained from male Sprague-Dawley rat (250–300 g) as 

described previously (52). Rats were sacrificed under mixture of ketamine/xylazine 

anesthesia and livers were removed and placed in cold mannitol sucrose EDTA isolation 

medium (MSE: 0.225 M mannitol, 0.075 M sucrose, 0.0001 M EDTA, 0.005 M MOPS at 

pH 7.0). The livers were minced, brought upto ~10 ml MSE per liver, and homogenized 

with a Potter-Elvehjem Tissue homogenizer using a variable speed drill set at a low 

speed. The pestle/glass clearance was approximately 0.1-0.15 mm. The homogenate was 

brought to 70 ml with MSE and was centrifuged at 500 x g for 10 min at 4 
o
C to pellet the 

cellular debris. The resulting supernatant was filtered through 3 layers of grade 40 cheese 

cloth (American Fiber and Finishing, Fisher catalog # 0666518) into clean centrifuge 

tubes. The mitochondria were pelleted at 7800 x g for 10 min at 4 
o
C. Care was taken 

while discarding the supernatant to keep the tubes inverted so that the lipids would not 
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contact the mitochondrial pellet, and the lipid residue was wiped out with a Kimwipe. 

The resulting mitochondrial pellets were resuspended in small amount of MSE (5 ml), 

combined and transferred to a 15 ml Potter-Elvehjem homogenizer and homogenized 

gently by hand using 3 up and down strokes of the pestle. The mitochondria were pelleted 

at 7800 x g for 10 min at 4 
o
C. The final mitochondrial pellets were suspended in 

isolation medium containing protease 

inhibitor cocktail set III (Calbiochem, San 

Diego, CA) and protein was determined 

using the Biuret reaction with crystalline 

bovine serum albumin (BSA) as a 

standard.  

 The respiratory control ratio (RCR) 

of each mitochondria preparation was 

determined by measuring the respiratory 

rate ± ADP (53), and a typical tracing is 

shown in Figure 11.  Measurements were 

made at 30 
o
C with moderate stirring in a 

1.8 ml water jacketed oxygen electrode 

chamber. Oxygen consumption was 

measured with a Clark type oxygen 

electrode. The signal was amplified 

through an oxygen probe amplifier 

(Biomed Instrumentation Group, University of Pennsylvania), and the output was 

 
Figure 11. Measurement of respiratory 

control ratio (RCR) in isolated rat liver 

mitochondria. The RCR was measured as 

described in the text. An aliquot of 

mitochondria (1 mg) was added to buffer 

containing 1 mM malate and 10 mM 

glutamate. The assay was initiated with the 

addition of 0.3 mM ADP, and oxygen 

utilization was recorded. The ratio of the rate 

of respiration in the presence of ADP (State 

3) vs. the rate after the cessation of ADP 

phosphorylation (state 4) was calculated. 
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monitored on a chart recorder. The assay mixture contained 1.66 ml buffer [0.125 M KCl, 

0.01 M MOPS, 0.0025 M KH2PO4, 50 μM EDTA, 0.002 M MgCl2, pH 7.0 (KOH)], 32 μl 

of 0.5 M glutamate (stock solution made by dissolving 0.5 M glutamate in MSE, pH 7.0 

using KOH) for a final concentration of 0.01 M, and 16 μl of 0.1 M malate (stock 

solution made by dissolving 0.1 M malate in MSE, pH 7.0 using KOH) for a final 

concentration of 0.001 M. Mitochondria were added to a final concentration of 1 mg. 

After 1 min to establish the endogenous respiratory rate (-ADP), 6 μl of 0.1 M ADP 

(stock solution made by dissolving 0.1 M ADP in MSE, pH 7.0 using KOH) was added 

for a final concentration of 0.0003 M. The rate of respiration or O2 consumption during 

synthesis of ATP from ADP (State 3) and State 4 rate after all the ADP was 

phosphorylated were recorded. The slopes of two lines, respiration during State 3 (+ADP) 

and State 4 (-ADP) were calculated, and the ratio of State 3 vs. State 4 respiration was 

determined (Figure 11). A low RCR indicated damage to inner mitochondrial membrane, 

and the mitochondria were considered to be “leaky”. Therefore, no preparation with a 

ratio of <6 was used, and generally, the ratio was 6-10. 

 Preparation of extracts for affinity chromatography: Mitochondrial proteins 

were extracted using solubilizing buffer [SB buffer: 0.05 M potassium phosphate, 0.0002 

M EDTA, 0.75% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate 

(CHAPS), 0.025 M KCl, 0.001 M dithiothreitol (DTT), pH 7.4 and protease inhibitor 

cocktail set III (Calbiochem, San Diego, CA)] at a mitochondrial protein concentration of 

25 mg/ml. The solubilized mitochondria were centrifuged at 15000 x g for 30 min. The 

supernatant was removed and was then filtered using a 0.22 μm syringe filter. 
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Import assays: Import of mitochondrial precursors was performed as previously 

described (54;55). The rat NIPSNAP1 & 2 cDNAs (described in the above sections) and 

human NIPSNAP3 & 4 cDNAs (provided by Lucia Cavelier, Uppsala University, 

Sweden) in the pCDNA3.1 mammalian expression system were used for in vitro 

translation. Radiolabeled [
35

S]-methionine precursor proteins were synthesized using 50 

μl of rabbit reticulocyte lysate system (Promega, Madison, WI). Ten microliters of 

radiolabeled precursor were incubated with 10 μl of 10 mg/ml of isolated rat liver 

mitochondria for 20 min at room temperature. The import reaction was stopped by adding 

100 μM of the uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP) for 10 min 

on ice. To determine completion of the import reaction, Proteinase K (25 μg/ml for 5 min 

on ice) was used to digest unimported precursor protein followed by the addition of 1 

mg/ml Pefabloc to quench the Proteinase K activity. The mitochondria with imported 

radiolabeled protein were pelleted and the reaction products from mitochondrial import 

and time-course studies were separated by SDS-PAGE and quantified by densitometry of 

the autoradiograms. The percent of protein imported into mitochondria was quantified by 

using a phosphorimager (F-9 Typhoon scanner). CCCP pretreated (100 μM) 

mitochondria were used to test the effect of dissipating the mitochondrial membrane 

potential on the import process.  

 Fractionation of mitochondria: Mitoplasts were prepared using controlled 

digitonin treatment as described by J. W. Greenawalt (56). The digitonin stock solution 

(1.2% digitonin) was prepared by dissolving 60 mg of digitonin (ICN Biomedical Inc, 

Ohio, catalog #159480) in 5 ml of hot (almost boiling) MSE. The hot medium and 

digitonin were swirled in boiling water until the digitonin was completely dissolved. The 
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solution was allowed to cool slowly to room temperature, and then 16.6 μl of 15% bovine 

serum albumin stock solution was added. The digitonin solution prepared in this manner 

was stable at 4 
o
C for several hours. Two ml of the 100 mg/ml mitochondrial suspension 

was mixed with an equal volume of 1.2% digitonin in a centrifuge tube. The mixture was 

allowed to incubate for 10 min on ice with gentle stirring with a magnetic flea. The 

digitonin-treated mitochondrial suspension was diluted to (1:4 v/v) by addition of 3 

volumes of MSE and homogenized gently by hand to ensure complete mixing. The 

suspension was then centrifuged at 7800 x g for 10 min and the supernatant (which 

contains outer membrane vesicles and intermembrane space components) was carefully 

removed so that any “fluffy” material was left with the sediment. The sedimented crude 

mitoplast fraction was resuspended in one half the volume used for the initial 1:4 dilution 

of the digitonin-treated mitochondria. The mitoplasts were sedimented again at 7800 x g 

and resuspended in MSE with protease inhibitor cocktail set III (Calbiochem, San Diego, 

CA) and protein was determined using the biuret reaction. Approximately 60-75% of 

total mitochondrial protein is retained in the liver mitoplast fraction. Separation of inner 

membrane (pellet) and matrix (soluble) proteins was accomplished using two methods: a) 

Mitoplast were used at a concentration of 20 mg/ml in MSE and sonicated for 2 min at 

15-second intervals as described in (57). Sonication was performed using a Branson 

Sonifier (model 250) at an output control setting of 2 and duty cycle of 70%, on ice, 

followed by centrifugation at 105000 x g for 1 h. b) Mitoplast were treated with Na2CO3 

0.1 M, pH 11.5, at a final concentration of 0.5 mg/ml for 20 min on ice and the inner 

membrane was pelleted at 105000 x g for 1 h (58).  
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F. AFFINITY CHROMATOGRAPHY 

 To prepare the protein column, recombinant NIPSNAP1 (1 mg/ml in 2 ml) was 

dialyzed against bicarbonate buffer (0.2 M NaHCO3 and 0.5 M NaCl, pH 8.0) overnight. 

Two g of Activated CH-Sepharose
®
 4B (Sigma, St. Louis, MO) were suspended in 200 

ml cold 0.001 M HCl for 10-15 minutes. The rest of the protocol for this ligand-resin 

coupling was performed as described in the antibody affinity purification section. The 

columns were stored at 4°C in PBS with 0.02% sodium azide. To prepare antibody 

columns, affinity purified human BCATm or rat NIPSNAP1 antibodies were coupled to 

recombinant Protein A beads and crosslinked with disuccinimidyl suberate, DSS (Pierce, 

Rockford, IL) following the protocol provided by the manufacturer.        

 Isolation of NIPSNAP1 bound proteins from the protein column was performed 

as described previously with some modification (27). The NIPSNAP1 affinity columns 

were equilibrated with the SB buffer and the filtered mitochondrial extract (prepared as 

described in above sections) was passed through the column. The column was then 

washed with SB buffer with addition of 0.1 M KCl.  Bound proteins were eluted with 

0.01 M NADH in SB buffer. The eluted proteins were precipitated using 5 volumes of 

acetone at -20 °C overnight, the protein pellet was washed with 10% trichloroacetic acid 

followed by ether:ethanol (1:1 v/v). The protein pellets were dried under nitrogen, and 

resuspended in SDS loading buffer and analyzed by SDS-PAGE. For the antibody 

columns, the mitochondrial extract in SB buffer was applied to the column. The bound 

proteins were eluted using the RC buffer. The rest of the steps are exactly as above. 

Proteins present in the chromatographic eluate, separated by SDS-PAGE were 

visualized by Coomassie staining. The gels were then destained and the protein bands 
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were cut and put in 1.5 ml eppendorf tubes containing 10% acetic acid. These were 

shipped to Dr. James Mobley of the Department of Surgery, University of Alabama at 

Birmingham for identification by Tandem Mass Spectrometry.  

NH2-terminal Edman degradation was performed on the ~30 kDa band seen in 

Figure 3 of Introduction section. The experiment and sample preparation for this analysis 

was done by Dr. Reidar Wallin. The eluted proteins bound to the BCATm antibody 

affinity column were separated by SDS-PAGE. Gels were run in duplicate and either 

stained with Coomassie (shown in Figure 3) or transferred to the polyvinylidene fluoride 

(PVDF) membrane. The PVDF membrane was stained with 0.5% Ponceau S (Sigma, St. 

Louis, MO) in 1% acetic acid for ~1 min, followed by destaining in HPLC water. The 

band was cut and placed in an eppendorf tube. The tube was filled ¾ full with HPLC 

water, vortexed and the water was removed. This step was repeated 4 times. The 

membrane piece in the tube was dried and frozen at -80 
0
C. The tube was shipped to 

Harvard Microchemistry and Proteomics analysis facility at Harvard University, 

Cambridge, MA for NH2-terminal sequencing.  

For SDS-PAGE and Western blotting, tissues were pulverized with a mortar and 

pestle while submerged in liquid nitrogen and proteins were extracted from frozen tissue 

powders by three rounds of freeze-thaw sonication in 0.025 M HEPES (pH 7.4) 

containing 0.4% CHAPS, 0.001 M EDTA, 0.001 M EGTA, 0.001 M DTT and protease 

inhibitor mixture set III (Calbiochem, San Diego, CA). Protein was determined using 

Bio-Rad’s DC protein colorimetric assay (Hercules, CA) following manufacturer’s 

instructions. Bovine serum albumin was used as a standard. The assay is based on the 

reaction of protein with an alkaline copper tartarate solution and Folin’s reagent similar 
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to the Lowry assay. The reaction between protein and copper in an alkaline medium, and 

the subsequent reduction of Folin reagent by copper-treated protein produces a 

characteristic blue color with maximum absorbance at 750 nm and minimum absorbance 

at 405 nm. Color development is primarily due to amino acids tyrosine and tryptophan, 

and to a lesser extent, cysteine and histidine. Proteins (10-50 μg) were separated by SDS-

PAGE using 10% gels and transferred to PVDF membranes. Membranes were blocked 

with 5% nonfat milk-PBS and incubated with anti-NIPSNAP1 antibody (0.6 μg/ml). The 

immunoreactive protein bands were visualized using the enhanced chemiluminescence 

detection system and detected on X-ray film (Amersham Biosciences, Piscataway, NJ). 

           

G. IN VITRO ASSAYS FOR BCAA ENZYMES 

              Kinetics of the TPP-mediated E1 decarboxylase reaction (Reaction 6) was 

determined at 30 
0
C with α-ketoisovalerate (KIV, α-keto acid of valine) as substrate in 

the presence of an artificial electron acceptor 2, 6-dichlorophenolindophenol (DCPIP) as 

described in (27).  

      R-CO-COOH + DCPIP(oxidized) + H2O       R-COOH + CO2  + DCPIP(reduced) + H
+     

(6) 

The assay mixture contained 0.1 M potassium phosphate (pH 7.5), 0.002 M MgCl2, 

0.0002 M TPP and 0.0001 M DCPIP. NIPSNAP1 was added at 0.3 and 4 μM 

concentrations. The oxidation of carbanion-TPP (R-COH=TPP) by DCPIP results in 

release of the free acid (R-COOH), which promotes the turnover of carbanion-TPP with 

concomitant release of the product acid from E1. The rate of E1 catalyzed 

decarboxylation was thus measured by monitoring reduction of DCPIP resulting in 

decrease in absorbance at 600 nm (59;60). 
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          For the overall assay of the BCKDC complex (Reaction 7) in presence of 

NIPSNAP1, the enzymes were exchanged into phosphate buffer (0.03 M potassium 

phosphate, pH 7.5) containing 0.005 M DTT using a PD-10 column and the enzyme 

concentrations were calculated from the absorption maxima at 280 nm (61).  

           R-CO-COOH + CoA-SH + NAD
+
         R-CO-S-CoA + CO2   + NADH + H

+
  (7) 

The protein complex was reconstituted with E1, lipoylated E2 (E2-[lipS2]) and E3 at a 

molar ratio of 12:1:55, in which lipoylated E2 exists as a 24-mer. The oxidative 

decarboxylation of KIV catalyzed by the reconstituted complex (Reaction 7) was 

monitored by formation of NADH resulting in an increase of absorbance at 340 nm. 

NIPSNAP1 was added in different molar ratios (ranging from 1-12) to BCKDC. The 

assay mixture contained 0.03 M potassium phosphate, pH 7.5, 0.1 M NaCl, 0.003 M 

NAD
+
, 0.0004 M CoA, 0.002 M MgCl2, 0.002 M DTT, 0.1% Triton X-100 and 0.002 M 

TPP. Replacement of NaCl salt with more physiological relevant KCl salt did not show 

any difference in the kinetic rate constants for BCKDC either in presence or absence of 

NIPSNAP1. 

          For the E2 core, reductive acylation of E2 and E3 activity assays were performed 

by Dr. Richard Max Wynn in the department of Biochemistry and Internal Medicine at 

University of Texas Southwestern Medical Center, Dallas, Texas. The rate of the reverse 

acyltransfer reaction (E2 core assay; Reaction 3 in reverse direction) catalyzed by lip-E2 

was measured by the method described in (62). The reaction mixture in 0.5 ml contained 

0.05 M Tris-HCl (pH 8.3), 0.02 M Na-citrate, 0.01 M MgCl2, 0.005 M ATP, 0.0002 M 

NADH, 10 units (μmol/min) of malate dehydrogenase, 0.1 unit of ATP-citrate lyase, E2, 

isovaleryl-CoA (IV-CoA), E3 and varying concentrations of NIPSNAP1 (0.3 to 4 μM). 
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The FAD moity of E3 is reduced by NADH (Reaction 5, reverse direction) which 

catalyzes the reduction of lipoamide moiety of E2 (Reaction 4, reverse direction) 

generating E2-[lip(SH)2] for the reverse acyl transfer reaction (Reaction 3, reverse 

direction). Citrate lyase removes CoA generated by the reverse acyl transfer reaction 

[citrate + ATP + CoA → acetyl CoA + oxaloacetate + ADP + Pi], while malate 

dehydrogenase utilizing the reverse reaction removes oxaloacetate [malate + NAD
+
 ↔ 

oxaloacetate + NADH + H
+
]. The reactions were initiated by the addition of IV-CoA. The 

rate of the acyltransfer reaction at 30 °C was determined by monitoring the decline of 

absorbance at 340 nm. 

The assay for reductive acylation of E2-[lipS2] catalyzed by E1
 
was carried out as 

described previously (59). This assay is based on the irreversible decarboxylation
 
step 

combined with the rate-limiting reductive
 
acylation reaction, both catalyzed by E1 

(Reactions 1 & 2). The coupled reactions
 
allow the use of [U-

14
C]KIV instead of 

carbanion-TPP as a substrate. The assay was initiated
 
by adding [U-

14
C]KIV (final 

concentration 2 mM) to the reaction
 
mixture (final volume 250 µl) containing 16 µM E2-

[lipS2]
 
and 0.16 µM E1. After incubation at 22 °C for 45

 
s, the assay was terminated by 

adding trichloroacetic acid to
 
a final concentration of 10% (v/v), followed by the addition 

of
 
0.2% (w/v) bovine serum albumin as a carrier. The precipitate

 
was washed two times 

with 10% trichloroacetic acid to remove
 
excess [U-

14
C]KIV and radiolabeled carbanion-

TPP released from
 
the denatured E1 protein. The washed pellet containing radiolabeled

 

E2-[lipS2] was resuspended in 50 µl of 8 M urea. To the suspension,
 
2 ml of scintillation 

mixture was added, and the radioactivity
 
was determined. The nonspecific radioactivity 

trapped by nonlipoylated
 
E2 and the E1 protein served as a blank.
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The assay for E3 activity was measured utilizing NADH-dependent DTNB 

reduction (Reaction 5, reverse direction) as described in (63). DTNB assay reaction
 

mixture (1 ml) contained 0.05 M potassium phosphate (pH 7.5),
 
0.0003 M NADH, 

0.0001 M NAD
+
, 0.00015 mM DTNB and 0.00075 M E2-[lip(SH)2]. E2-[lip(SH)2] 

served to generate NADH for the reverse reaction of E3. Assays were initiated by adding 

E3 to reaction mixture and monitored
 
at 405 nm for thionitrobenzene production. 

 The apparent rate constants (kapp) at different substrate concentrations for all of the 

above assays were determined from the absorption changes at the individual wavelength 

maximum. The kapp rate constants were fit using the following equation: 

                                             kapp = kcat [S]/ (Km + [S])                                 

 The kcat and Km, values were obtained from the fitted curves and are shown in Table I.  

 

H. BCAA OXIDATION ASSAY IN HEK 293 CELLS 

Human embryonic kidney (HEK 293) cells were maintained in Dulbecco’s 

modified Eagle’s medium supplemented with 10% fetal bovine serum and 0.002 M L-

glutamine at 37 
o
C in an atmosphere of 95% air, 5% CO2. Cells (1.0 x 10

6
) were 

transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) with pCDNA3.1-

NIPSNAP1-FLAG and incubated at 37 
o
C for 24 h. Empty vector (pCDNA3.1) with no 

insert was used as a control for the transfection procedure. Green fluorescent protein 

(GFP) was cloned into pEBB vector (pEBB-GFP) as decribed in (64) and was provided 

by Dr. J. C. Wilkinson in the Department of Biochemistry at Wake Forest University. 

pEBB-GFP was co-transfected with the plasmids to measure transfection efficiency 

which was calculated by counting GFP-positive cells using flow-cytometry. BCAA 
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oxidation measurements were performed as described by Hutson et al. in (65). Cells were 

incubated with 2 ml of Krebs-ringer buffer (0.115 M NaCl, 0.0059 M KCl, 0.0012 M 

MgCl2, 0.0012 M NaH2PO4, 0.0012 M Na2SO4, 0.0025 M CaCl2, 0.025 M NaHCO3 and 

0.01 M glucose, gassed with 95% O2, 5% CO2 to pH 7.4) containing [1-
14

C]leucine (0.1 

μCi / ml) for 30 min and the reaction was stopped by addition of 2 ml of 4% perchloric 

acid (final concentration, 2%). The rate of oxidative decarboxylation was measured as 

release of 
14

CO2 and it was trapped (shaking at 37 
o
C for 90 min) by using 25 cm

2
 culture 

flasks with inserted plastic center wells which contained folded filter paper soaked in 300 

μl of 1.2 M KOH. Next the plastic center wells were replaced and [1-
14

C]KIC (α-

ketoisocaproate) present in the reaction medium was quantified by trapping the 
14

CO2 

released after decarboxylation of [1-
14

C]KIC by addition of 2 ml 30% hydrogen peroxide. 

Background samples in which acid was added before the cells were incubated with the 

reaction medium were included with each experiment. Recovery of total 
14

C label was ≥ 

90%. The expression of recombinant NIPSNAP1-FLAG protein was verified by Western 

blotting using anti-FLAG antibodies. 

 

I. IMMUNOHISTOCHEMISTRY 

Adult male Sprague Dawley rats (250-300 g) were obtained from Charles River 

Labs, MA. PKU mice, BTBR-Pah
enu2

 (66), were obtained from Jackson Labs (Bar 

Harbor, Maine) and maintained on a standard Harlan Teklad 7012 rodent diet. Brains 

from PKU mice for Western blotting and immunohistochemistry were provided by Dr. 

Reuben Matalon from the Department of Pediatrics at University of Texas Medical 

Branch, Galveston, Texas. For Western blotting, rat and mouse brains were removed and 
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flash-frozen in liquid nitrogen and stored at -80 
o
C. For immunolocalization of 

NIPSNAP1, rats were anesthetized with a mixture of ketamine/xylazine, then 

sequentially perfused via the left ventricle with 150 mL PBS and 300 mL of  0.1 M 

sodium phosphate buffer (pH 7.4) containing 4% paraformaldehyde as described in (67). 

Brains were removed and placed in paraformaldehyde fixative for 24 h, then 

cryoprotected by sequential immersion (24 h each) in 10, 20 and 30% sucrose/PBS 

solutions. Brains were embedded in OCT compound (Sakura Finetek, Torrance, CA) and 

frozen on dry ice. Serial coronal sections (34 µm thickness) were obtained from three 

brains and stored as floating sections at -20 
o
C in antifreeze media (25% glycerol, 25% 

ethylene glycol in 0.05 M phosphate buffer, pH 7.4). 

Cresyl violet (Nissl) staining of selected sections provided anatomical reference 

points for identification with the aid of rat and mouse brain atlases (68;69). Experimental 

procedures involving animals conformed to NIH guidelines and were approved by the 

Institutional Animal Care and Use Committee of Wake Forest University School of 

Medicine. 

For immunohistochemical localization of NIPSNAP1, floating sections were 

rinsed three times for 10 min each in PBS and incubated for 1 h with PBS containing 5% 

goat serum (code #ab7481 from AbCam, Cambridge, MA) and 0.5% Triton X-100 to 

block nonspecific binding sites. The sections were then incubated with either the 

NIPSNAP1 (1:100) [described above] or the BCKDC (1:100) antibodies. E1α antibodies 

were raised in rabbits immunized with the KLH conjugate of E1α-peptide residues 371-

390, described previously in (46)]. Sections were incubated with the antibodies for 1 h at 

25 
o
C, then overnight at 4 

o
C, followed by another hour at 25 

o
C. After incubation with 
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primary antibody, sections were rinsed three times for 10 min each in PBS and then 

incubated for 1 h with affinity purified goat anti-rabbit IgG secondary antibody (1:100; 

Jackson Immunoresearch Laboratories, West Grove PA) conjugated to horseradish 

peroxidase. After rinsing in PBS, color was developed with diaminobenzidine HCl/H2O2. 

Sections were viewed with a Zeiss Axioplan 2 microscope and images obtained via an 

AxioCam digital camera and AxioVision imaging software (Carl Zeiss USA, Thornwood, 

NY). 

For immunofluorescent localization of NIPSNAP1, floating sections were rinsed 

and blocked as described above except using 5% donkey serum (code #ab7475 from 

AbCam, Cambridge, MA). Sections were incubated overnight as described above with 

rabbit anti-NIPSNAP1 (1:100) and either mouse anti-glutamic acid decarboxylase 

(GAD67; MAB 5406; Millipore) (1:200), mouse anti- tyrosine hydroxylase (TH; product 

MAB318; Millipore) (1:250), mouse anti-glial fibrillary acidic protein (GFAP; Becton 

Dickinson, Franklin Lakes NJ) (1:100) or mouse anti- cytochrome oxidase subunit I 

(CyOx-1; Invitrogen, Eugene OR) (1:100). Sections were rinsed three times for 10 min 

each in PBS and incubated for 1 h with a mixture of affinity purified donkey anti-rabbit 

IgG (1:100) conjugated to rhodamine (NIPSNAP1), and affinity purified donkey anti-

mouse IgG (1:100) conjugated to fluorescein (GAD67, TH, GFAP, CyOx-1). After three 

10-min rinses in PBS cover slips were applied using Vectashield hard-set mounting 

medium (Vector Laboratories Inc, Burlingame CA). Images were acquired with a Zeiss 

laser scanning confocal microscope (LSM 510) with associated software. Images were 

converted and assembled using Adobe Photoshop 6.0 (Adobe Systems Incorporated, San 

Jose CA). 
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J. CELL VIABILITY AND CASPASE-3 ACTIVITY ASSAYS 

HEK 293 cells were maintained in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum and 0.002 M L-glutamine at 37 
o
C in an 

atmosphere of 95% air, 5% CO2. A standard calcium phosphate transfection protocol was 

used (70). Cells (3.0 x 10
5
) were transfected with GFP cloned in pEBB vector (pEBB-

GFP), BCL2-associated X protein in pCDNA3 vector (pCDNA3-Bax), and other 

plasmids [pEBB-WT XIAP, second mitochondrial activator of caspases/direct IAP 

binding protein with low pI in pEBB vector (pEBB-Ub-Smac/Diablo-HA), pCDNA3.1-

NIPSNAP1-FLAG, cytosolic mature-NIPSNAP1 in pCDNA3 (CM), carboxyl terminal 

50 amino acids deleted NIPSNAP1 in pCDNA3 (ΔC50)] and incubated at 37 
o
C for 16 h. 

The CM and ΔC50 constructs were provided by Dr. Hemachand Tummala, South Dakota 

State College of Pharmacy, USA. The empty vector (pCDNA3) and other plasmids 

pEBB-GFP, pCDNA3-Bax, pEBB-WT XIAP and pEBB-Ub-Smac/Diablo-HA are 

described in (64) and were provided by Dr. J. C. Wilkinson at Wake Forest University. 

Cloning of pCDNA3.1-NIPSNAP1-FLAG is described in the above sections. 

Morphological assays for cell viability were performed by observing GFP fluorescent 

cells with a Leica DM IRB inverted fluorescence microscope. 

For caspase-3 activity assays floating and attached cells were harvested, and cell 

pellets were stored at -80 
o
C until use. Cell lysates were prepared by resuspending the 

frozen pellets in 75 μl caspase lysis buffer [0.05 M Hepes (pH 7.4), 0.15 M NaCl, 0.1% 

CHAPS, 0.1% NP-40, 0.292 M sucrose, 0.002 M EDTA, 0.01 M DTT, 0.001 M 

phenylmethylsulfonyl fluoride and protease inhibitor tablet (Sigma, St. Louis, MO)]. 

Fifty microliters of cell lysate were incubated with an equal volume of 0.1 M 1,4-
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piperazinediethanesulfonic acid (PIPES) containing 20% glycerol, 0.0002 M EDTA, 0.01 

M DTT, and 50 µM of the fluorogenic substrate AcDEVD-AFC (Biomol, Plymouth 

Meeting, PA). Recombinant human caspase-3 (100 ng/ml; BD-Pharmingen, San Jose, 

CA) was used as a positive control for capase-3 activity. Residual enzyme activity was 

determined by monitoring substrate hydrolysis for 1 h at 37 
o
C with a POLARstar Omega 

fluorescence plate reader (BMG Labtech) with an excitation wavelength of 405 nm and 

an emission wavelength of 510 nm.  

K. DT- DIAPHORASE ACTIVITY ASSAY 

DT-diaphorase [NAD(P)H:(quinone-acceptor) oxidoreductase, EC 1.6.99.2] 

activity in rat liver cytosol (105000 x g supernatant in mitochondrial isolation buffer) was 

measured with 100 μM NAD(P)H as electron donor and 5 μM menadione (vitamin K3) 

as electron acceptor at room temperature. Seventy five μM cytochrome c was present in 

the assay to continuously reoxidize the menadiol formed. The reduction of cytochrome c 

was followed spectrophotometrically at 550 nm, employing an extinction coefficient of 

18.5 mM
-1

cm
-1

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 43 

 
Figure 12. PCR product of full 

length rat NIPSNAP1. A product of 

size 856 base pairs was amplified by 

36 cycles of polymerase chain reaction 

(PCR) using primers designed against 

the rat NIPSNAP1 cDNA. 
 

 

CHAPTER III 

 

 

 

RESULTS 

 

 

A. CHARACTERIZATION OF PURIFIED RECOMBINANT NIPSNAP1 AND ANTI-

NIPSNAP1 ANTIBODIES 

 

Presence of NIPSNAP1 as a prominent band in the BCATm-BCKDC complex 

(see Figure 3 in Introduction section) suggested a potential role for this protein in BCAA 

metabolism. This group of proteins has not been 

characterized and their functions are unknown. 

Therefore the cDNA for mature NIPSNAP1 

with an NH2-terminal histidine tag followed by 

a thrombin cleavage site was cloned (Figure 

12) and overexpressed (Figure 13). The mature 

recombinant NIPSNAP1 protein was purified using nickel affinity chromatography 

followed by incubation with thrombin enzyme to remove the histidine tag. Mature 

NIPSNAP1 consists of 249 amino acids with a calculated molecular mass of 29,565 

daltons (Figure 14). The calculated pI (using the compute pI/MW program at ExPASy 

proteomic server: (http://www.expasy.org/tools/pi_tool.html) for the mature NIPSNAP1 

primary sequence is 9.07 suggesting a highly basic protein with a net positive charge. 

During initial protein purification, an additional 60 kDa band co-purified with 

NIPSNAP1 (see Figure 10 in Method section). This 60 kDa band was identified by mass 

spectrometry to be the GroEL protein. GroEL belongs to the family of molecular 

chaperones, and is found in a large number of bacteria. The calculated pI for GroEL is 

http://www.expasy.org/tools/pi_tool.html
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Figure 13. Overexpression of NH2-terminal 

histidine tagged recombinant rat NIPSNAP1 

(~30 kDa) using the dual media system from 

Zymo Research. “C” represents colony growing 

only in the expansion broth (EB) while “O” 

represents colony to which the overexpression 

broth (OB) was added. An SDS polyacrylamide 

gel was run using 5 μg protein per lane from 

bacterial cell extracts and transferred to 

polyvinylidene fluoride membrane. 
 

4.85 suggesting a highly acidic protein and may have thus associated with NIPSNAP1 

through ionic interactions during the purification steps. Cation exchange chromatography 

(carboxymethyl cellulose) was used as a final step in the purification of NIPSNAP1 

which resulted in >99% pure protein. A single ~30 kDa band corresponding to 

NIPSNAP1 protein was observed by SDS-PAGE analysis (Figure 15). Kyte-Doolittle 

hydrophobicity plot with a window size of 19 (http://gcat.davidson.edu/rakarnik/kyte-

doolittle.htm) did not predict any 

membrane spanning hydrophobic 

regions in the primary sequence of 

mature NIPSNAP1. A basic local 

alignment search tool at National 

Center for Biotechnology Information 

website (BLAST, 

http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

using the amino acid sequence of 

NIPSNAP1 did not identify any 

homolog proteins of known function. 

Antibodies were raised in rabbits against the purified protein and affinity purified 

as described in the Methods section. Formation of white precipitate lines (antigen-

antibody complex) using Ouchterlony immunodiffusion show that the antibodies 

recognized NIPSNAP1 and are precipitating antibodies (data not shown). As shown in 

Figure 15, Western blotting revealed a single band of ~30 kDa against the recombinant 

protein and widespread expression in rat tissues. NIPSNAP1 is expressed in rat liver, 

http://gcat.davidson.edu/rakarnik/kyte-doolittle.htm
http://gcat.davidson.edu/rakarnik/kyte-doolittle.htm
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Figure 14. Amino acid sequence for mature rat NIPSNAP1. The mature (without the 

mitochondrial targeting sequence) rat NIPSNAP1 primary sequence contains 249 amino 

acids. There are three cysteine residues in the mature protein sequence which are 

highlighed in yellow. 

 

 

kidney, brain and heart but not in skeletal muscle. These results agree with reported 

NIPSNAP1 mRNA abundance (Northern analysis) described in (28) which suggest that it 

has varied levels of expression in tissues with highest expression observed in liver, 

kidney and brain. NIPSNAP1 mRNA was not observed in skeletal muscle. 

 

To characterize the mature native recombinant protein, experiments were 

conducted to determine its physical properties. The subunit composition of purified 

recombinant NIPSNAP1 was determined using sedimentation velocity performed at 

 
 

Figure 15. NIPSNAP1 is expressed in tissues throughout the body. (A) Coomassie 

stained purified recombinant NIPSNAP1 and (B) affinity purified NIPSNAP1-specific 

antibodies which have been tested against purified protein (NIPSNAP1; 10 ng) by 

Western analysis. Western blotting of rat tissue extracts show that NIPSNAP1 is present 

in (brain, heart: 40 μg per lane; liver and kidney: 20 μg per lane) but not in 

(gastrocenimus skeletal muscle [gastroc]: 40 μg per lane). 
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varying protein concentrations. The protein behaved anomalously and appeared to form 

higher molecular weight species (tetramer, hexamer, decamer, etc) in the standard 

potassium phosphate buffer system at pH 7.0. Consistent results were obtained upon 

increasing the pH to 7.6 and increasing the salt concentration by adding 0.15 M KCl to 

the original buffer (0.025 M potassium phosphate, pH 7.0). The sedimentation (s) and 

diffusion coefficient (D) values obtained using the program SVEDBERG were fitted in 

line using Kaleidagraph plot to determine the y intercept. The extrapolated sedimentation 

(s
0

20,w) and translational diffusion coefficients (D
0

20,w) were then used to calculate the 

shape-independent molecular weight of NIPSNAP1 using the Svedberg equation. For 

each concentration, a sedimentation value of 6.977 Svedbergs was obtained. Depending 

on the corrected D values at different concentrations, average calculated Mw of 118,390 ± 

4175 Da was obtained. These values are approximately four times the calculated 

monomer molecular weight (29,565 daltons) of recombinant mature NIPSNAP1 after 

thrombin cleavage, identifying the protein as a tetramer under these conditions (Figure 

16A). NIPSNAP1 also appeared to be a tetramer upon size exclusion chromatography 

(G-200) using the same buffer.   

The absorption spectra of recombinant NIPSNAP1 in 0.025 M phosphate buffer, 

pH 7.0 with 0.15 M NaCl and 0.001 M EDTA shows a single peak at 280 nm and no 

characteristic peaks are seen between 300 to 500 nm suggesting the absence of any bound 

cofactors (data not shown). The extinction coefficient for the mature recombinant 

NIPSNAP1 protein at 280 nm in water is predicted to be 74,370 M
-1

 cm
-1 

(http://expasy.org/tools/protparam.html).  
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Analysis of secondary structural characteristics using circular dichroism 

spectroscopy suggested that mature NIPSNAP1 is predominantly a helical protein 

(Figure 16B). α-Helical structure is normally characterized by the presence of two 

minima at 222 and 208-210 nm and a maximum at 191-193 nm (71). NIPSNAP1 

spectrum shows minima at 222 and 210 and a maximum at 192, consistent with α- 

helices. Because a minimum occurs at 218 nm, normally observed for β-forms, β-sheets 

structures are also present (71). Most alpha/beta proteins are cytosolic and many 

enzymes, including all those involved in glycolysis (such as hexokinase, enolase, etc), are 

alpha/beta structures. 

As shown in the primary sequence in Figure 14, mature NIPSNAP1 contains 

three cysteine residues located at positions 48, 71 and 103 in the protein. To determine if 

there are free sulfhdryl groups present in native NIPSNAP1, DTNB titration was 

performed. As shown in Figure 16C, upon chemical denaturation three sulfhydryl groups 

(-SH) were titrated whereas with native protein two –SH groups were titrated, indicating 

that there are two surface accessible cysteines in NIPSNAP1 and that there are no 

disulfide bonds in this protein.  

Chemical denaturation, with an agent such as urea, is one of the primary ways to 

assess stability of a protein. Figure 16D shows the urea denaturation curve of NIPSNAP1 

monitored by circular dichroism spectroscopy. The curve shows a midpoint of 3.83 M 

urea which is characteristic for most proteins. The denaturation curve of BCATc has a 

midpoint of 4.1 M urea (51) which is similar to NIPSNAP1. BCATm on the other hand, 

remains folded up to a urea concentration of 8 M (51), suggesting a higher structural 

stability as compared to NIPSNAP1 and BCATc. 
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Figure 16. NIPSNAP1 is a homotetramer with significant helical structure 

containing two free surface accessible sulfhydryl groups and shows normal 

sensitivity to urea denaturation. Using mature recombinant NIPSNAP1 protein 

without the histidine tag, we performed (A) Sedimentation velocity: The sedimentation 

velocity analyses were performed at 20 
o
C using an Optima XL-A analytical 

ultracentrifuge (Beckman Instruments, Palo Alto, CA) in 25 mM potassium phosphate, 

0.15 M KCl, pH 7.6. Data were collected at 280 nm; (B) Circular dichroism (CD) 

spectra: CD spectroscopic measurements of NIPSNAP1 were acquired using a protein 

concentration of 0.5 mg/ml in 0.01 M potassium phosphate buffer, pH 7.0. Data were 

collected at 390 nm to 190 nm and fit to a single ideal species using the Igor Pro 

program; (C) DTNB titration: NIPSNAP1 protein (2μM) was incubated with a 100-fold 

molar excess of DTNB in the absence (native) or presence (denatured) of 6M urea. 

Abbreviation: DTNB (5,5'-dithiobis(2-nitrobenzoic acid); and (D) Urea denaturation: 

NIPSNAP1 protein at 0.5 mg/ml was incubated with various concentrations of urea in 

10 mM potassium phosphate buffer, pH 7.0 and CD spectroscopic measurements were 

acquired. n = 3 

 

B. MITOCHONDRIAL IMPORT AND INTRAMITOCHONDRIAL LOCALIZATION  

OF NIPSNAP1 

Analysis of the primary sequence using Mitoprot 

(http://ihg.gsf.de/ihg/mitoprot.html) shows that NIPSNAP1 and other family members 

http://ihg.gsf.de/ihg/mitoprot.html
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have cleavable mitochondrial import sequences. The mitochondrial import sequences are 

~10 to 80 amino acid residues, usually present at the NH2-terminus of proteins and are 

rich in positively charged and hydroxylated residues (72;73). In general, the import 

sequences share no sequence homology, but many of them have the potential to form 

amphiphilic α-helices which are suggested to be important for initial membrane insertion 

and/or interaction with specific receptor proteins at the mitochondrial surface (74;75).  

The predicted cleavage site for the mitochondrial import sequence of NIPSNAP1 

was found to be different than the actual cleavage site which was identified 

experimentally by NH2-terminal sequencing (see Introduction section). Analysis by 

Mitoprot predicted the cleavage site at the 19
th

 amino acid residue, while the 

experimentally determined cleavage site is located at the 35
th

 amino acid residue (see 

Figure 17). Four cleavage site motifs which are specifically cleaved by mitochondrial 

processing peptidase (MPP) for matrix and inner membrane targeting presequences have 

been described (76). Analysis of the actual cleavage site shows that NIPSNAP1 has the 

R-3 cleavage site motif which is also found at the predicted cleavage site, and therefore 

may be the reason for discrepancy in prediction and actual cleavage site (see Figure 17).  

The import sequence for NIPSNAP1 is 35 amino acids long and is located at the 

NH2-terminus of the protein. It is rich in basic, positively charged and hydrophobic 

amino acids, but the helical wheel diagram shown in Figure 17, does not suggest it forms 

amphiphilic α-helices. α-helicity is not an absolute requirement for mitochondrial 

presequences and non-helical (such as β-sheet) structures can also be tolerated (reviewed 

in (72)). It may be that the import sequence for NIPSNAP1 forms an amphiphilic β-sheet 

which is not seen by the helical wheel diagram. 
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Figure 17. The mitochondrial targeting sequence of NIPSNAP1 lacks the 

traditional amphiphilic helical structure. The import sequence for rat NIPSNAP1 is 

35 amino acids long and the NH2-terminus of the mature protein begins with a serine 

residue (determined experimentally by NH2-terminal Edman degradation). Mitoprot 

analysis (http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html) predicts the cleavage 

site at 19
th

 amino acid. This discrepancy in actual versus predicted cleavage site may be 

due the presence of the R-3 cleavage motifs. The import sequence is rich is positively 

charged (+) and hydrophobic residues (L, I, V, M, M, F, C, W). In the helical wheel 

diagram, the amino acid (aa) side chains are projected down the axis (the axis of an 

alpha helix, orthogonal to the paper plane). As an ideal alpha helix consists of 3.6 

residues per complete turn, the angle between two residues is chosen to be 100 degrees 

and thus there exists a periodicity after five turns and 18 residues. The first 18 aa are 

represented in I and the following 19-35 are in II where the 19
th

 aa is proline labeled as 

1. The figure is generated using Java Applet written by Edward K. O'Neil and Charles 

M. Grisham (University of Virginia in Charlottesville, Virginia) accessible at 

http://cti.itc.Virginia.EDU/~cmg/Demo/wheel/wheelApp.html.  

 

The NIPSNAP homologs are also predicted to have mitochondrial import 

cleavable sequences. Mitoprot analysis predicted the cleavage site for human NIPSNAP2 

at the 43
rd

 amino acid residue and for human NIPSNAP3 & 4 at the 25
th

 amino acid 

residue (Figure 18). All three cleavage sites consist of the R-3 cleavage site motif similar 

to that for NIPSNAP1 as described above.   
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Figure 18. The predicted cleavage sites for human NIPSNAP proteins. Mitoprot 

analysis (http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html) was performed to 

predict the cleavage sites (marked by an arrow) for human NIPSNAP2, 3 & 4. The 

predicted mitochondrial import sequence for NIPSNAP2 is 43 amino acids long while 

that of NIPSNAP3 & 4 is 25 amino acid long and are rich in positively charged (+), 

hydroxylated (green) and hydrophobic (L,I,V,M,M,F,C,W) residues. NIPSNAP is 

abbreviated as NSP. 

 

 

 
Figure 19. Comparision of the first 60 amino acids between the NIPSNAP 

homologs (A) and orthologs (B) does not reveal significant conservation of amino 

acid residues in the import sequence. Alignments were performed using the multiple 

sequence alignment program (CLUSTALW) at Biology WorkBench version 3.2 (San 

Diego Supercomputer Center: http://workbench.sdsc.edu/). Color coding of the aligned 

sequences was done using the BOXSHADE program at Biology WorkBench. Identity 

and similarity between the amino acid sequences is indicated by green and yellow 

boxes, respectively. Cyan boxes indicate conservative while white boxes indicate non-

conservative amino acid changes between the proteins. Dashes indicate gaps introduced 

by the alignment program. 

 

Comparison of the first 60 amino acid residues between the NIPSNAP1 homologs in 

human, mouse and rat (Figure 19 B) and the NIPSNAP homologs in human 
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Figure 20. NIPSNAP1 is present in mitochondria. Confocal 

microscopy shows the immunofluorescent colocalization of 

NIPSNAP1 (red) with mitochondrial marker cytochrome oxidase 

(CyOx-1; green) in heart muscle (yellow in the merged image).  

 

 

 

(Figure 19 A) revealed a high content of positively charged and hydrophobic residues, 

but no significant homologies among the import sequences for different NIPSNAP 

homologs. Mitochondrial import sequences have been shown to lack a consensus 

sequence and the only obvious similarity in the primary sequences is a strong bias against 

negative charges and a high content of hydrophobic residues (reviewed in (72)). 

The mitochondrial location of NIPSNAP1 was verified by co-localization with the 

mitochondrial marker cytochrome oxidase subunit I (CyOx-1) in rat heart muscle (Figure 

20). Using in vitro 

protein synthesis and 

isolated mitochondria, 

import and processing 

of NIPSNAP1 into rat 

liver mitochondria was 

carried out as shown in Figure 21A. NIPSNAP1 binds mitochondria and is imported and 

processed into a space protected from digestion by Proteinase K, thus confirming it is a 

mitochondrial protein. As shown in Figure 21B, the time-course of NIPSNAP1 import in 

vitro into mitochondria is maximal between 15 and 20 min. The time-course was carried 

up to 30 min and the representative data shown in Figure 21B is till 20 min. In order to 

investigate the dependence of import and processing on the electrochemical potential 

gradient across the inner mitochondrial membrane (Δψ), the NIPSNAP1 import reaction 

was carried out with mitochondria that were uncoupled by pre-treating with CCCP. As 

shown in Figure 21 A, CCCP treatment inhibits the import and processing of NIPSNAP1 

demonstrating that NIPSNAP1 follows the classic import process that requires the 
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Figure 21. NIPSNAP1 is imported into the mitochondria using the mitochondrial 

electropotential gradient. (A) Mitochondrial import of rat NIPSNAP1 using in vitro 

translated proteins incubated with rat liver mitochondria for 20 min (see Methods). 

Mitochondrial malate dehydrogenase (mMDH) was the control. Representative autoradiogram 

of three separate experiments show 
35

S-methionine labeled primary translated product (Lane 

1), translated product incubated with liver mitochondria without (Lane 2) and with Proteinase 

K (PK) treatment (Lane 3), translated product incubated with liver mitochondria pretreated 

with carbonyl cyanide m-chlorophenylhydrazone (CCCP) without (Lane 4) and with 

Proteinase K treatment (Lane 5). In lanes 2 and 3, the upper band represents unimported full 

length precursor protein (p) bound to the mitochondrial membrane while the lower band is the 

mature protein that has been imported and processed (m). (B) Time dependence of import of 

rat NIPSNAP1 into mitochondria.  

 

electrochemical potential gradient (54;55;77). Similar results were obtained for 

NIPSNAPs 2, 3 and 4 (Figure 22).  

 

Mitochondrial malate dehydrogenase (mMDH) was used as the control as it has 

previously been shown to be imported into the matrix, processed, and protected from 

externally-added proteases, and follows the classical import process (78;79). As seen in 

Figures 21 and 22, show the difference in molecular weight between the precursor and 

mature rat NIPSNAP2 is larger than observed for rat NIPSNAP1, suggesting that the 

import sequence for NIPSNAP2 is slightly bigger than that for NIPSNAP1. Indeed the 
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Figure 22. NIPSNAP2, 3, and 4 are also mitochondrial proteins and their import 

is also dependent on the electropotential gradient. Mitochondrial import of 

NIPSNAP2, 3 and 4 using in vitro translated proteins incubated with rat liver 

mitochondria. Representative autoradiogram of three separate experiments show 
35

S–

labeled primary translated product (Lane 1), translated product incubated with liver 

mitochondria without (Lane 2) and with Proteinase K (PK) treatment (Lane 3), 

translated product incubated with liver mitochondria pretreated with carbonyl cyanide 

m-chlorophenylhydrazone (CCCP) without (Lane 4) and with PK treatment (Lane 5). 

In lanes 2 and 3, the upper band represents unimported full length precursor protein 

(p) bound to the mitochondrial membrane while the lower band is the mature protein 

that has been imported and processed (m).  

 

Mitoprot analysis predicts a 38 amino acid long import sequence for rat NIPSNAP2 

which is longer than that for rat NIPSNAP1 (35 amino acids long). The difference 

between molecular weights of precursor and mature human NIPSNAP3 & 4 proteins is 

similar in the SDS-PAGE gel suggesting equal sizes for their import sequences (both are 

predicted to have a 25 amino acid long import sequence).  

 

Because the location of NIPSNAP1 inside the mitochondria may be important for 

its function in the mitochondrion, we utilized sonication (57) and carbonate extraction 

(58) techniques to determine if NIPSNAP1 was localized to the mitochondrial matrix, 
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Figure 23. Scheme showing sub-fractionation of rat 

liver mitochondria. Rat liver mitochondria are isolated 

by differntial centrifugation and treated with equal volume 

of 1.12% digitonin. The mitoplasts obtained lack the outer 

membrane and inter membrane space proteins. Separation 

of inner membrane, peripherally associated and matrix 

space proteins is accomplished by sonication and 

carbonate treatments, followed by high speed 

ultracentrifugation. 

 

inner membrane, or intermembrane space. Rat liver mitoplasts were prepared using 

digitonin treatment. Digitonin in low concentrations removes the outer mitochondrial 

membrane releasing the outer membranes and intermembrane space proteins. However 

some contact sites between the inner membrane and outer membrane may persist, which 

are only removed at higher digitonin concentrations (0.65%-0.75%) than were used in 

these experiments. The 

remaining mitoplasts 

consist of the inner 

membrane and 

mitochondrial matrix 

proteins. Mitoplasts were 

either sonicated or treated 

with 0.1 M Na2CO3 (pH 

11.5), and membrane 

proteins were recovered 

in the pellet after high 

speed centrifugation 

(Figure 23). Sonication 

of mitoplasts results in 

the “pinching off” of cristae, giving inside-out particles and the release of matrix 

proteins. The goal of the carbonate treatment was to eliminate peripherally associated 

membrane proteins and proteins from the matrix, leaving only truly integral membrane 

proteins in the membrane fraction. Figure 24 shows that NIPSNAP1 is in mitochondria 
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Figure 24. Western blotting shows that a fraction of the NIPSNAP1 associates with 

the inner mitochondrial membrane.  Each lane contains 10 μg protein. Abbreviations: 

E1, branched-chain α-keto acid dehydrogenase; E2, branched-chain α-keto acid 

dihydrolipoyl transacylase; CyOx-1, cytochrome oxidase subunit I; TOMM40, 

translocase of outer membrane 40. Cyclophilic D is a known matrix protein, while 

CyOx-1 is an integral inner membrane protein. Cytochrome c is associated with inner 

membrane in the intermembrane space and TOMM40 is an outer membrane protein. 

 
 

 

and protein was not detectable by Western blotting in cytosolic extracts of rat liver. 

Furthermore, it is enriched in the mitoplasts, which lack the outer membrane and the 

intermembrane space compartment, suggesting that NIPSNAP1 is present in the matrix or 

inner membrane compartment of the mitochondrion. Upon carbonate extraction, 

NIPSNAP1 was still attached to the inner membrane similar to the E2 component of 

BCKDC [known matrix protein reported to be associated loosely with the inner 

membrane, (43;44)], whereas both the E1 component of BCKDC and cyclophilin D 

(known matrix protein) are recovered in the soluble fraction. Cytochrome oxidase subunit 
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Figure 25. BCKDC subunits were retained by 

NIPSNAP1-specific antibodies coupled to 

Profound Immunoprecipitation coupling 

beads. Western blot of proteins isolated from 

kidney mitochondria using an anti-NIPSNAP1 

antibody affinity column. Proteins were eluted 

with a low pH, high salt buffer as described in 

Methods. Abbreviations: E1= branched-chain α-

keto acid dehydrogenase, E2= dihydrolipoyl 

transacylase, E3= dihydrolipoamide 

dehydrogenase. 

 

  

I (CyOx-1) is an integral inner membrane protein and was recovered completely in the 

pellet after carbonate extraction. The mitoplast preparations did not show any outer 

membrane protein (TOMM 40) although slight contamination of the intermembrane 

space (cytochrome c) was observed. Cytochrome c is loosely associated with the inner 

membrane in the intermembrane space and therefore could remain attached in the 

mitoplasts. 

 

C. CHARACTERIZATION OF PROTEIN-PROTEIN INTERACTIONS OF NIPSNAP1 

IN THE BCAA METABOLON 

 

Identification of NIPSNAP1 binding partners using affinity 

chromatography:  NIPSNAP1 shows high expression in liver and kidney. For affinity 

chromatography experiments, we first 

used kidney mitochondria as it 

expresses both components of the 

BCAA metabolon (BCATm and 

BCKDC). Using NIPSNAP1 antibody 

affinity chromatography, Western 

blotting showed that all BCKDC 

subunits (E1, E2 and E3) and 

NIPSNAP1 bound to the NIPSNAP1 

antibody column (Figure 25). 

BCATm was not detected by Western 

blotting in the eluted protein fraction. 
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The presence of BCKDC suggested that NIPSNAP1 possibly interacted with the BCKDC 

components independent of BCATm. In order to identify which subunit of BCKDC 

interacted with NIPSNAP1, we coupled NIPSNAP1 protein to Profound 

Immunoprecipitation coupling beads (Pierce, Rockford, IL) and incubated purified E1, 

BCKDC-E2, pyruvate dehydrogenase complex (PDC)-E2, E3, BCATm or glutamate 

dehydrogenase (GDH) with NIPSNAP1 bound beads. As shown in Figure 26, the E2 

component of BCKDC bound to NIPSNAP1. BCATm, E1, E3 and GDH did not interact 

with NIPSNAP1. To compare the specificity of interaction between NIPSNAP1 and 

BCKDC-E2, we also tested the E2 component of PDC. PDC-E2 also bound to 

NIPSNAP1. The interaction of NIPSNAP1 with E2 of BCKDC was further confirmed by 

affinity chromatography using liver mitochondria. The E2 component of BCKDC was 

also identified in the eluate from NIPSNAP1 protein column by mass spectrometry (data 

not shown). 

 NIPSNAP1 does not affect the kcat values of overall and individual BCKDC 

enzymes: To determine if the presence of NIPSNAP1 has an effect on overall BCKDC 

catalysis or individual reactions of the BCKDC components in vitro, spectrophotometric 

enzymatic assays were performed in the presence or absence of NIPSNAP1 over the 

concentration range of 0.3 to 4 μM NIPSNAP1 protein. There were no statistically 

significant changes in the kcat values of individual E1 decarboxylase, E2 dihydrolipoyl 

transacylase, E3 dihydrolipoyl dehydrogenase or complexed proteins (BCKDC overall 

assay) with addition of the purified recombinant NIPSNAP1 protein (Table I).   

 Overexpression of NIPSNAP1 in HEK 293 cells resulted in a decrease in 

BCAA oxidation: HEK 293 cells are widely used for functional expression of 
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Figure 26. NIPSNAP1 binds to the E2 subunit of the BCKDC and Pyruvate 

Dehydrogenase Complexes. NIPSNAP1 coupled beads (Pierce Co-IP kit) were 

incubated with purified BCAA metabolon proteins (see Methods). Flow through 

(F) and bound proteins eluted with low pH, high salt buffer (E).  Only BCKDC- 

and PDC-E2 bound NIPSNAP1. Abbreviations: E1, branched-chain α-keto acid 

dehydrogenase; E2, branched-chain α-keto acid dihydrolipoyl transacylase; E3, 

dihydrolipoamide dehydrogenase; PDC, pyruvate dehydrogenase complex 

PDC-E2: pyruvate dehydrogenase dihydrolipoyl transacetylase; BCATm, 

mitochondrial branched-chain aminotransferase; GDH, glutamate 

dehydrogenase 

 

 
 

mammalian proteins and have been shown to express enzymes of BCAA metabolism 

(BCATm, BCATc, E1, E2 and E3). Therefore they were chosen to study the effect of 

NIPSNAP1 overexpression and/or knockdown upon BCAA oxidation in situ. The  
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Figure 27. NIPSNAP1 message and protein 

expression in HEK 293 cells. The message for 

NIPSNAP1 was detected by PCR (36 cycles) in 

reverse transcribed RNA extracted from HEK 293 

cells. Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was used as a control to test the integrity 

of extracted mRNA. Endogenous NIPSNAP1 protein 

was not detected by western blotting using anti-

NIPSNAP1 antibodies over a cell extract protein 

concentration ranging from 60 to 200 μg suggesting 

very low or no expression of the protein. The 

expression of E2 (branched-chain dihydrolipomide 

transacylase) was also verified by western blotting. 

Beta-tubulin was used as a loading control. 

 
 

 

presence of endogenous 

NIPSNAP1 was determined by 

RT-PCR and Western blotting. 

The message for NIPSNAP1 was 

present in these cells, however the 

protein could not be detected by 

Western blotting (see Figure 27). 

Therefore, BCAA oxidation was 

measured and compared in 

NIPSNAP1 overexpressing vs. 

control cells. Overexpression of 

NIPSNAP1 caused a decrease in 

BCAA oxidation by 25% which 

increased to 50% upon a 15% 

increase in transfection efficiency, 

suggesting that NIPSNAP1 can inhibit BCAA oxidation in cells, though whether or not it 

acts through direct interactions with the E2 enzyme of the BCKDC remains to be 

determined (Figure 28). 
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Figure 28. NIPSNAP1 overexpression resulted in decrease in BCAA oxidation by 25% 

which increases to 50% upon a 15% increase in transfection efficiency. Oxidative 

decarboxylation of [1- 
14

C]Leucine was determined in NIPSNAP1 overexpressing HEK 293 

cells by measuring release of 
14

CO2. Results are compared between NIPSNAP1 and the 

empty (no insert) vector transfected cells. Means and standard deviations of the mean from 2 

separate experiments of differing transfection efficiency are presented with an n=3 flasks per 

experiment. Expression of protein was verified by western blotting and beta-tubulin was used 

as a loading control. The presence of a doublet for NIPSNAP1 represents unimported (upper) 

and imported protein (lower). Transfection efficiency was measured by co-transfecting the 

cells with GFP and either empty vector or NIPSNAP1 plasmids, and counting the number of 

green fluorescent protein (GFP) positive cells as described in Methods. 

 
 

 

D. IMMUNOLOCALIZATION OF NIPSNAP1 IN BRAIN 

 Our results show that NIPSNAP1 is localized in the mitochondrial matrix and 

may associate with the E2 components of BCKDC and PDC. BCAAs are an important 

source of nitrogen for glutamate (the major excitatory neurotransmitter) synthesis in 

brain. Defects in BCKDC disrupt mitochondrial BCAA metabolism and result in a 

progressive neurologic disorder, MSUD (12). Defects/deficiency of PDC also result in 

progressive neurodegenerative disorders associated with blocked glucose oxidation, 
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abnormal mitochondrial metabolism, and lactic acidosis (80). In brain, BCKDC is found 

in neurons (18) while PDC is found in neurons and glia (81;82). Whether NIPSNAP1 is 

found in cells expressing these proteins is unknown. Therefore, we investigated the 

localization of NIPSNAP1 in the CNS (brain and spinal cord).  

NIPSNAP1 is found exclusively in neurons: The nervous system is composed 

of two types of cells: 1) neuronal cells (neurons) carry information by the conduction of 

electrical impulses, and 2) glial cells (glia) serve a variety of functions including 

providing support and maintenance functions for neural tissue. Neurons come in a wide 

variety of morphological types and communicate across specialized intercellular spaces 

(synapses). There are about 100 billion neurons in the brain. There are many more glial 

cells and some of the different type of glial cells include astrocytes (provide mechanical 

support, buffers for ions and transmitters, blood-brain barrier and nourishment), 

oligodendrocytes (provide electrical insulation) and microglia (scavengers). 

 Using the affinity purified antibodies, we found NIPSNAP1 is expressed widely 

in brain. Based on the morphology of immunoreactive cell bodies, only neurons express 

NIPSNAP1. We did not observe immunolabeling of glial cells. Glutamatergic pyramidal 

neurons (which produce the excitatory neurotransmitter glutamate) were labeled 

throughout the cerebral cortex. Figure 29A and B show the high frequency of 

immunolabeling of somatosensory and motor pyramidal neurons of the cortex. Staining 

was seen mostly in the perinuclear areas which contain the highest concentration of 

mitochondria. Large projection neurons as well as local interneurons were labeled in the 

cortex. Labeled neurons in the piriform cortex, which is involved in sensing olfaction and 

signals feeding behavior in response to essential amino acid deficiency (83), had a similar  
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Figure 29. NIPSNAP1 shows widespread neuronal expression in rat brain 

and spinal cord. (A) Pyramidal neurons of deep layers of somatosensory 

cortex. (B) Neurons of deep motor cortex (near cingulum). (C) Neurons of 

granule cell layer (GCL) and polymorphic layer (PL) in the hippocampus. (D, 

E) Mediodorsal and reticular nuclei of thalamus. (F) Neurons of hypothalamus 

in the arcuate nucleus, medial part. Arrow indicates the ependymal cells lining 

the third ventricle (3V). (G) Purkinje neurons in the cerebellar cortex. (H) 

Low-resolution image showing NIPSNAP1 expression in the brainstem. 

Boxed areas representing noradrenergic neurons of locus coeruleus (LC) and 

serotoninergic neurons of raphe nuclei are shown at higher resolution in panels 

(I) and (J), respectively. (K) Motor neurons of spinal cord. ML= molecular 

layer, PkC= Purkinje cell layer, WM= white matter, Cbl= cerebellum, 4V= 

fourth ventricle, RIP= raphe interpositus nucleus. Scale bars: A, 50 μm; B, 10 

μm; C-G and I-K, 100 μm; H, 1000 μm.  
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pattern of intense staining as was observed in the rest of the cortex (data not shown). 

NIPSNAP1 labeling in the hippocampus is shown in Figure 29C and described below.  

In the thalamus, neurons in most areas were labeled for NIPSNAP1, though the 

heaviest labeling was in habenular nuclei, midline nuclei and the reticular nuclei. The 

thalamus is made up of collections of nerve cells that are centrally placed in the brain and 

are interconnected. A vast amount of sensory information (auditory, somatosensory and 

visual) converges on the thalamus and is integrated through the interconnections between 

the nuclei. The habenular nuclei receives input from anterior thalami and outputs to many 

midbrain areas involved in releasing neuromodulators, such as dopamine, norepinephrine 

and serotonin. Midline nuclei receive afferent fibers from reticular cells and their precise 

functions are unknown. Reticular cells are GABAergic (which produce the major 

inhibitory neurotransmitter GABA) and receive input from the cerebral cortex. Examples 

are shown in Figure 29D and E.  Neurons throughout the hypothalamus were heavily 

labeled for NIPSNAP1, as shown for the arcuate nucleus (group of neurons in the 

hypothalamus involved in the control of endocrine function) in Figure 29F. The 

hypothalamus links the nervous system to the endocrine system via the pituitary gland, 

and is located below the thalamus, just above the brainstem. It synthesizes and secretes 

neurohormones which in turn stimulates or inhibits the secretion of pituitary hormones. 

The hypothalamus controls body temperature, hunger, thirst, fatigue, anger and circadian 

cycles.  

In the cerebellar cortex, prominent NIPSNAP1 immunoreactivity was observed in 

GABAergic Purkinje neurons (Figure 29G). Less intense staining was seen in 

glutamatergic neurons in the molecular and granule cell layer of cerebellum (also see 
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Figure 30. NIPSNAP1 is found in mitochondria of neurons. NIPSNAP1 (A, 

D) and the mitochondrial marker cytochrome oxidase subunit 1, CyOx-1 (B, E) 

co-localize (C, F) in cerebral cortex (upper panels) and cerebellum (lower 

panels). Arrows indicate labeled pyramidal neuron in cerebral cortex and 

Purkinje neuron in cerebellum. ML= molecular layer, PkC= Purkinje cell layer, 

GCL= granule cell layer. Scale bars: A-C, 25 μm; D-F, 50 μm. 
 

 

Figure 31). NIPSNAP1 was not present in white matter tracts or oligodendrocytes. Also, 

ependymal cells lining the ventricles (see Figure 29F) did not express NIPSNAP1. 

Neurons throughout the brainstem were labeled for NIPSNAP1 at various intensities. 

Most striking were the neurons of the locus coeruleus (principle site for synthesis of 

norepinephrine in brain) as shown in Figure 29H and I.  In addition to these 

noradrenergic neurons, neurons of the serotoninergic raphe nuclei were also among the 

labeled cells (Figure 29H and J). Large cholinergic (produce neurotransmitter 

acetylcholine) motor neurons of spinal cord also show strong expression of NIPSNAP1 

(Figure 29K). 

To confirm the mitochondrial localization of NIPSNAP1 in brain, the 

mitochondrial marker CyOx-1 was co-localized with NIPSNAP1. Figure 30 shows 

NIPSNAP1 immunostaining of pyramidal cell neurons (cerebral cortex, Figure 30A-C)  
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and Purkinje cells (cerebellum, Figure 30D-F). Merging the two images demonstrated 

complete co-localization of NIPSNAP1 with CyOx-1. To determine if NIPSNAP1 is 

expressed in astrocytes, we looked at its co-localization with the astrocyte marker, GFAP. 

Figure 31 shows NIPSNAP1 immunostaining of the pyramidal cell neurons (cerebral 

cortex, Figure 31A-C) and Purkinje cells (cerebellum, Figure 31D). Lack of overlap of 

NIPSNAP1 and GFAP suggests that the protein is not expressed in astrocytes. 

NIPSNAP1 localization in the hippocampus: Altered expression of NIPSNAP1 

in PKU and a kainate-model of epilepsy in mice has suggested that it may have a role in 

brain centers involved in learning and memory (34;37). Therefore, localization of 

NIPSNAP1 in the hippocampus was determined. Immunolabeling of the hippocampal 

formation for NIPSNAP1 shows that it is present in neurons of the granule and 

polymorphic layers, and the molecular layer of the dentate gyrus (Figure 29C). The 

densely packed glutamatergic pyramidal neurons in the CA1, CA2 and CA3 layers also 

labeled for NIPSNAP1. To determine if GABAergic neurons were expressing 

NIPSNAP1, immunofluorescent analysis was performed using anti-NIPSNAP1 and anti-

GAD67, which we have found to label both cell bodies and processes of a number of 

GABAergic neurons in the hippocampus (10). Prominent NIPSNAP1 

immunofluorescence was observed in the granule cell layer (GCL) of the hippocampus, 

with scattered immunoreactivity in the polymorphic layer (PL) and the molecular layer 

(Figure 32). Expression of GAD67 delineated the GABAergic neurons in the granule, 

molecular and polymorphic layers. Merging the two images reveals partial overlap of 

glutamatergic vs. GABAergic neurons. NIPSNAP1 is expressed almost exclusively in 

tightly packed glutamatergic neurons of the GCL with some staining for NIPSNAP1 in  
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Figure 31. NIPSNAP1 is not found in astrocytes. NIPSNAP1 (A) 

and the astrocyte marker glial fibrillary acidic protein, GFAP (B) 

do not co-localize (C) in cerebral cortex and cerebellum (D). DAPI 

staining shows nuclei in blue (D). White arrow show pyramidal cell 

in the somatosensory region of the cerebral cortex. Black arrow 

shows labeled astrocyte. ML= molecular layer, PkC= Purkinje cell 

layer, GCL= Granule cell layer. Scale bars: A-C, 25 μm; D, 100 

μm. 
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Figure 32. In the hippocampus, NIPSNAP1 primarily stains glutamatergic 

neurons with some staining of GABAergic neurons of the dentate gyrus. 
NIPSNAP1 (A) and glutamic acid decarboxylase, GAD67 (B) labeling of GABAergic 

neurons in the same section shows the segregation of NIPSNAP1 and GAD67 neurons 

in the granule cell layer (GCL; C). The packed glutamatergic granule cell bodies are 

reactive for NIPSNAP1 and the processes of GABAergic neurons pass between the 

granule cells. GABAergic neurons (white arrow) in the polymorphic layer (PL) 

express NIPSNAP1. Scale bar: A-C, 50 μm. 

 

the GABAergic neurons in the PL. The GCL in the hippocampus is one of the two major 

neuronal populations that undergo adult neurogenesis.  

 

NIPSNAP1 is found in catecholaminergic neurons of midbrain and 

brainstem: Decreased levels of NIPSNAP1 mRNA have been reported in the PKU 

mouse (37). In PKU, the block at the PAH step impairs conversion of phenylalanine to 

tyrosine and both the enzymatic defect and elevated phenylalanine can impair 

catecholamine biosynthesis. Catecholamines are derived from amino acid tyrosine and 

include dopamine, norepinephrine and epinephrine. We examined the expression of 

NIPSNAP1 in catecholaminergic neurons of midbrain and brainstem. Figure 33 shows 

the immunostaining of NIPSNAP1 in dopaminergic neurons of the substantia nigra pars 

compacta (Figure 33A-C) in midbrain and noradrenergic neurons of the locus coeruleus  
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Figure 33. NIPSNAP1 is found in catecholaminergic neurons. NIPSNAP1 (A, D) 

and cytosolic tyrosine hydroxylase, TH (B, E) co-localize (C, F) in dopaminergic 

neurons in midbrain (upper panels) and noradrenergic neurons in brainstem (lower 

panels). In upper panels, black arrows indicate NIPSNAP1 staining of dopaminergic 

neurons whereas white arrows indicate staining of non-dopaminergic neurons in 

substantia nigra pars compacta. In lower panels, white arrow indicates fourth ventricle 

(4V) and black arrow indicates staining of non-noradrenergic neuron in locus coeruleus. 

Scale bars: A-C, 50 μm; D-F, 25 μm. 

 

(Figure 33D-F) in brainstem. The latter were identified by immunoreactivity for TH. 

Previous studies from our laboratory have shown that the GABAergic neurons of 

substantia nigra pars reticulata are much more immunoreactive for BCATc than the 

dopaminergic neurons of the substantia nigra pars compacta (67). Localization of 

BCKDC in this area is not known. 
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E. ANALYSIS OF NIPSNAP1 LEVELS IN PHENYLKETONURIA MICE 

 Because NIPSNAP1 was found to be expressed in catecholaminergic neurons that 

are affected in PKU and changes in NIPSNAP1 mRNA in the PKU mouse has been 

reported (37), we analyzed the NIPSNAP1 protein levels in the brains of PKU and 

wildtype (WT) mice which was not done in the earlier study. Western blotting showed 

NIPSNAP1 protein was lower in female PKU mice brains (Figure 34) than WT controls. 

The male PKU mice also show a similar trend but differences were not statistically 

significant. There was higher NIPSNAP1 protein expression in WT females than in WT 

males. Our results are consistent with the reported decrease in NIPSNAP1 mRNA in 

PKU mice brains, although the gender of the mice used in published study was not 

reported. Immunolocalization of NIPSNAP1 in PKU mice brains did not reveal 

detectable differences in expression (e.g. cortex, cerebellum, hippocampus) as compared 

to WT brains (data not shown). Also, colocalization with tyrosine hydroxylase in the 

catecholaminergic neurons did not show any difference in the pattern of expression (data 

not shown), suggesting subtle or regional differences that were not detected in the areas 

examined using immunohistochemistry. 

 

F. NIPSNAP1 AND APOPTOSIS 

NIPSNAP3 & 4 have been reported as IAP antagonists (32), therefore we 

determined if NIPSNAP1 could also antagonize XIAP to promote apoptosis in human 

cells. Although multiple apoptotic pathways exist, mitochondria have been found to play 

a central role in mediating the apoptotic process (84-87). As seen in Figure 35, 

permeablization of the outer mitochcondrial membrane leads to the cytosolic release of 
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Figure 34. NIPSNAP1 protein levels are reduced in PKU. NIPSNAP1 protein 

levels were analyzed by Western blotting and quantified by densitometry in whole 

brain extracts from WT and PKU mice. NIPSNAP1 was found to be significantly 

reduced in PKU female mice compared to the WT female mice. PKU male mice 

show a trend towards reduction compared to WT male mice. Western blot for 

females is shown below. Protein per lane is 50 μg and bands are normalized to 

beta-tubulin expression. n= 5-6. * p < 0.02. 

 

cytochrome c, which induces oligomerization of Apaf-1 and results in the activation of 

caspase-9. Caspase-9 then progresses to cleave and activate caspase-3, the principal 

effector caspase in most cell types. Caspase activity is held in check by members of the 

inhibitor of apoptosis (IAP) family, which directly bind and inhibit caspases. To combat  

 

the anti-apoptotic activity of IAP proteins, additional mitochondrial factors are released, 

such as the IAP antagonists SMAC/Diablo and Omi/HtrA2, which bind IAP proteins and 
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Figure 35. Activation of apoptosis through mitochondrial pathway. 

Overexpresssion of Bax (a pro-apoptotic B-cell lymphoma-2 family protein, Bcl-

2) causes permeabilization of the outer membrane of mitochondria releasing 

cytochrome c which together with apoptotic protease activating factor 1 (Apaf-1) 

and procaspase 9, forms the apoptosome, which is a potent activator of caspase-3. 

Second mitochondrial activator of caspases/direct IAP binding protein with low pI 

(Smac/Diablo) is a mitochondrial factor that can inhibit the action of inhibitor of 

apoptosis (IAP) proteins, which themselves can prevent caspase-3 activation and 

action. Apoptosis inducing factor (AIF) is also released from mitochondria and it 

can activate apoptosis via less well understood, caspase-independent pathways.  

 

thereby neutralize their caspase inhibitory properties. We used transient overexpression 

of Bax in human HEK 293 cells as a model system to study potential death promoting 

properties of NIPSNAP1 (Figure 36). In this setting, overexpression of Bax potently 

activates cytochrome c release and subsequent caspase activation, effects that are  
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Figure 36. NIPSNAP1, cytosolic mature lacking the mitochondrial import sequence 

(CM) and fifty amino acid deletion of the carboxyl-terminal amino acids of 

NIPSNAP1 (ΔC50) promote Bax-mediated cell death. HEK293 cells were transiently 

co-transfected with GFP (green fluorescent protein) and either expression plasmids 

containing no insert (empty vector), XIAP (mammalian inhibitor of apoptosis protein), 

SMAC/Diablo (second mitochondrial activator of caspases), full length NIPSNAP1 (NSP-

1), CM or ΔC50 in the absence and presence of Bax (member of bcl-2 family proteins that 

induces apoptosis). Sixteen hours after transfection, the viability of GFP-positive cells 

was evaluated by morphological examination. The presence of NIPSNAP1, CM and ΔC50 

reduced the anti-apoptotic effect of XIAP. No effect was seen in cells without Bax (data 

not shown). The expression of SMAC/Diablo, NIPSNAP1, CM and ΔC50 proteins was 

verified using anti-FLAG and anti-HA antibodies. 

 

 
 

 

 

completely blocked by the co-expression of XIAP (64). In the absence of Bax, cell 

viability (by morphological examination) remained unchanged following expression of 

XIAP, full length NIPSNAP1, cytosolic mature lacking the mitochondrial import 

sequence (CM), NIPSNAP1 with a fifty amino acid deletion of the carboxyl-terminal 

amino acids (ΔC50) alone or XIAP and either NIPSNAP1, CM or ΔC50 in combination 

(data not shown). In contrast, Bax expression resulted in a significant reduction in cell 



 74 

viability (apoptotic morphology: cell shrinkage and rounding), an effect that was reduced 

significantly by XIAP. As expected, XIAP protection was completely eliminated upon 

co-expression of the XIAP antagonist SMAC/Diablo. Importantly, co-expression of CM 

(mature NIPSNAP1 present in the cytosol) resulted in inhibition of XIAP function similar 

to SMAC/Diablo while full length NIPSNAP1 which contains the mitochondrial 

targeting sequence and ΔC50 resulted in a significant reduction in the protective effects of 

XIAP. No change in the membrane potential (using JC-1 dye) was observed in cells 

transfected with NIPSNAP1 plasmid (data not shown). These results suggest that in a 

manner similar to other NIPSNAP homologs, processed (mature) NIPSNAP1 can 

function as an IAP antagonist to regulate the apoptotic threshold of human cells. 

To examine whether NIPSNAP1 mediated inhibition of XIAP resulted in 

downstream activation of caspase-3, we determined caspase-3 activity assays in cell 

lysates following determination of cell viability. Caspase-3 activity was not observed in 

cell lysates co- transfected with XIAP and full length NIPSNAP1, cytosolic mature (CM) 

or ΔC50 (Figure 37), suggesting that the inhibition of XIAP function is independent of 

caspase-3 activation.  
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Figure 37. NIPSNAP1, CM and ΔC50 antagonize XIAP function 

independent of caspase-3 activation. Following determination of 

viability, cell lysates were prepared and tested for the presence of 

caspase-3 activity by incubation with the fluorogenic substrate 

DEVD-AFC. The averages ± S.D. of three independent 

measurements are shown. No activation of caspase-3 was seen in 

cells without Bax (data not shown).  
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CHAPTER IV 

 

 

 

DISCUSSION 

 

 

The first two enzymes in the BCAA catabolic pathway, BCATm and the E1 

component of BCKDC form a supramolecular structure or metabolon that facilitates 

BCAA oxidation by substrate channeling (27). In this thesis we identify and characterize 

a new mitochondrial protein, NIPSNAP1, that was identified in BCAA metabolon protein 

complex. 

The data presented in this thesis advance our knowledge of NIPSNAP1 and 

results show that: 1) purified recombinant NIPSNAP1 is a homotetramer; 2) NIPSNAP1 

is widely expressed in rat tissues but at different levels and is absent in skeletal muscle; 

3) NIPSNAP1 is a matrix protein but a fraction of NIPSNAP1 associates with the inner 

mitochondrial membrane and the protein is imported across the mitochondrial 

membranes utilizing the electrochemical potential gradient; 4) NIPSNAP1 associates 

with the E2 components of BCKDC and PDC complexes, and decreases BCAA oxidation 

when expressed in cells that do not express the protein; 5) NIPSNAP1 is expressed in 

neurons but not glial cells in brain structures; 6) NIPSNAP1 protein is lower in brains of 

female PKU mice but not in males; and 7) NIPSNAP1 can promote Bax-induced 

apoptosis and/or apoptotic morphology upon co-expression with XIAP in cells.  

The association of enzymes in a metabolic pathway not only with each other but 

also with the inner membrane of the mitochondria has been suggested (23;24;88). 

Attachment to the membrane provides structural stability to these large macromolecular 

assemblies. Indeed the E2 components of BCKDC and PDC are reported to be attached 
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to the inner membrane of mitochondria (43;44). The mitochondrial import studies are 

consistent with matrix localization for NIPSNAP1. This is consistent with binding to the 

E2 components of BCKDC and PDC complexes which are known mitochondrial matrix 

enzymes. Using mitoplasts which lack the outer mitochondrial membrane, Western 

blotting shows that NIPSNAP1 is enriched in mitoplasts suggesting NIPSNAP1 does not 

normally reside in the intermembrane space. Cruz et al. in a proteomic analysis of mouse 

liver mitochondrial fractions identified NIPSNAP1 as residing in the mitochondrial inner 

membrane (58). A Kyte-Doolittle hydrophobicity plot does not predict any 

transmembrane regions in NIPSNAP1. Therefore the authors suggested that either 

NIPSNAP1 is associated with the inner membrane and resistant to alkali treatment or is a 

matrix protein in the precursor form. We treated mitoplasts with Na2CO3 at pH 11.5 to 

strip all non integral inner membrane proteins and found that some NIPSNAP1 is 

retained in the membrane fraction after centrifugation, suggesting that it can associate 

with the inner membrane. Thus, we have speculated that NIPSNAP1 may be involved in 

anchoring the BCAA metabolon to the inner membrane of mitochondria via the E2 

subunit of BCKDC enzymes, providing structural support and stability to the 

supramolecular complex.  

Structural analysis was also used to provide clues to possible enzymatic functions 

of NIPSNAP1. The crystal structure of a NIPSNAP family protein of unknown function 

from Agrobacterium tumefaciens (np_396154.1, PDB id: 1vqy) was released on January 

2005. Sequence alignment reveals ~33% amino acid sequence identity particularly in the 

carboxyl-terminal 100 amino acid residues that constitute the conserved NIPSNAP 

domain. The structure reveals an alpha-beta protein (see Figure 38 for secondary 
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Figure 38. Secondary structural analysis of rat NIPSNAP1. Secondary structural elements 

shown above the NIPSNAP1 sequence are predicted using PredictProtein at the ExPasy 

proteomics server while shown below are based on structural template of the bacterial 

homolog (pdb id 1VQY). Solid red bars and “h” represents helices; solid blue bars and “s” 

represents strands. 

 

structural characteristics of NIPSNAP1 based on the structure of the bacterial homolog as 

template) with a ferredoxin-like fold and structural homologies identify a very large 

group of both bacterial and eukaryotic proteins of unknown function. A putative quinol 

monooxygenase, with ~15% sequence identity, which in vitro is capable of oxidizing 

menadiol [reduced form of menadione which in mammals is oxidized by DT-diaphorase] 

was also identified (89). To determine if NIPSNAP1 could function as menadione 

reductase, we performed the DT-diaphorase assay without and with addition of 

recombinant NIPSNAP1. As shown in Table II, no effect of NIPSNAP1 on the hepatic 

DT-diaphorase activity was observed.  
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 Although, the in vitro study revealed the protein-protein interactions of 

NIPSNAP1, we did not see any effect of NIPSNAP1 on the rate constants values (kcat) of 

BCKDC component proteins or total complex activities. These results would be 

consistent with an anchoring role for NIPSNAP1 rather than a role as an inhibitor or 

activator. Nevertheless, the in vitro systems do not mimic the physiological environment 

(such as the presence of membranes and other structural components). Preliminary results 

in HEK 293 cells showed that overexpression of NIPSNAP1 causes a reduction in BCAA 

oxidation. Whether this in situ effect of NIPSNAP1 upon BCAA oxidation is through 

interaction with E2 needs to be determined. It is also not known how normally expressed 

amounts of NIPSNAP1 and its knockdown would affect BCAA oxidation. Therefore, 

examination of BCAA oxidation using transfected cells where we can manipulate the 

levels of NIPSNAP1 and use of mutants (lacking the functional domain) will be 

important in future studies of this protein.  
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Figure 39. Protein structure homology-modeling (SWISS-MODEL) identifies two 

separate domains in NIPSNAP1. The two identified domains are represented as 

Fragment 1 (towards NH2-terminus; from amino acid residues 36 to 174, based on 

template for bacterial homolog 1vqsA with ~19% sequence identity) and Fragment 2 

(towards carboxyl-terminus; from amino acid residues 183 to 284, based on template for 

bacterial homolog 1vqyA ~29% sequence identity). Amino acid residues from 1-35 are 

mitochondrial import sequences. Expect (E) value describes the random background 

noise.The lower the Evalue, or closer it is to zero, the more “significant” the match is. 

Lower Evalues are observed for Fragment 2 suggesting a more reliable model for 

Fragment 2 than for Fragment 1. Sequence alignment of the two fragments with the 

NIPSNAP1 amino acid sequence reveals duplication in the 1
st
 half and 2

nd
 half of the 

protein. 

 

Progress has been made in this direction using computational analysis tools to 

predict the potential functional domains in NIPSNAP1. SWISS MODEL, an automated 

protein structure homology-modeling server, accessible via the ExPASy web sever, 

predicts the structure of NIPSNAP1 as two separate domains which are modeled based 

on the known structural homolog (Agrobacterium tumefaciens, described above). 

NIPSNAP1 is composed of 284 amino acid residues. The two identified domains are 

represented as Fragment 1 (towards NH2-terminus; from amino acid residues 36 to 174, 

based on template for 1vqsA with ~19% sequence identity) and Fragment 2 (towards 

carboxyl-terminus; from amino acid residues 183 to 284, based on template for 1vqyA  

~29% sequence identity) in Figure 39. Sequence alignment of NIPSNAP1 with 

the two fragments show duplication in 1
st
 half and 2

nd
 half of the protein (data not 
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Figure 40. PCR products of Fragments 1 

& 2 of rat NIPSNAP1. Products of sizes 

~443 base pairs for Fragment 1 and ~332 
base pairs for Fragment 2 were amplified 
by 36 cycles of polymerase chain reaction 
(PCR) using primers designed against 
mature rat NIPSNAP1 cDNA. 

 

 

shown). Fragment 2 consisting of the carboxyl-terminal 100 amino acid residues 

comprises the NIPSNAP domain and is supposed to be the functional part of the protein.  

Utilizing the co-IP assays developed in this thesis (described in Results section, 

Figure 26), and using cloned, overexpressed and purified Fragments 1 & 2, we could test 

the interaction of individual NIPSNAP1 fragments with purified E2. The E2 component 

has three major domains: the central, symmetrical catalytic core around which are 

arranged multiple copies of E1 and E3 components, the lipoic acid binding domain and 

the E3 binding domain (90). Once the 

NIPSNAP1 fragment/domain that binds to E2 is 

identified, binding of that fragment with the 

three individual domains of E2 could be tested, 

thus characterizing the NIPSNAP1 and E2 

interaction. These studies are currently being 

pursued and Fragments 1 & 2 have been cloned 

(Figure 40) and overexpressed (Figure 41). The various E2 constructs in bacterial 

expression vectors are also available (from Dr. Richard M. Wynn, UT Southwestern 

Medical Center, Texas) for these studies. Finally, the NIPSNAP1 and E2 

proteins/domains cloned into mammalian expression vectors for transfection in 

mammalian cell lines with and without a mitochondrial targeting sequence could be used 

to test the interaction between these proteins in situ. 

A comparison of the primary sequences of NIPSNAP1 and NIPSNAP2 reveals 

that they are 76% identical. Identity is found throughout the overlapping primary 

sequences including C-terminus. The most significant differences in primary sequences 
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Figure 41. Western blotting using anti-HIS antibodies show the expression (A) and 

purification (B) of Fragments 1 (~19 kDa) and 2 (~15 kDa). 1 mM IPTG was used to 

induce protein expression. Soluble (S1-3) and pellet (P1-3) fractions from three 

different colonies were used (A). Fragment 2 seems to aggregate into dimers as seen in 

the pellets. Histidine-tagged mature NIPSNAP1 (1: ~35 kDa) was used as a positive 

control for anti-HIS antibodies. Purification was performed using nickel affinity 

chromatography (B). 1= Histidine-tagged mature NIPSNAP1 (1: ~35 kDa); 2= 

Fragment 1 and 3= Fragment 2. 

 

 

 

 
Figure 42. PCR product of full length 

rat NIPSNAP2. A product of size 846 

base pairs was amplified by 36 cycles of 

polymerase chain reaction (PCR) using 

primers designed against the mouse 

NIPSNAP2 cDNA. 
 

 

 

are found in the N-terminal portion (NIPSNAP1, residues 1-50) of the proteins. 

NIPSNAP3 and NIPSNAP4 share 87% amino acid sequence identity but have less than 

25% amino acid sequence identity with the first two homologs. NIPSNAP2 is highly 

expressed in skeletal muscle which lacks NIPSNAP1, but is absent in liver where 

NIPSNAP1 is abundantly expressed. These analyses suggest that probably NIPSNAP1 &  

 

2 share similar functions and one might substitute for the loss of other homolog in tissues. 

Therefore, parallel studies as described above 

for NIPSNAP1 should also be conducted on the 

NIPSNAP2 homolog. Progress has been made 

in this direction and NIPSNAP2 has been 

cloned into bacterial and mammalian expression 

vectors (Figure 42). 

In brain, where NIPSNAP1 expression has been reported to be affected by kainate 

treatment, the protein is found exclusively in neurons including neurons in the spinal 
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Figure 43. NIPSNAP1 and BCKDC are found in similar neuronal populations. 

Sections are from the same region but not adjacent sections in rat brain. See Methods 

section for experimental details. 
 

 

cord. These results are consistent with recent gene array data showing NIPSNAP1 is 5-

fold enriched in neurons of postnatal day 17 mouse forebrains (81). Immunostaining 

results using E1α peptide antibodies show that BCKDC proteins are expressed in similar 

neurons as NIPSNAP1 (Figure 43). In peripheral tissues, NIPSNAP1 shows highest 

expression in liver which has the highest activity of BCKDC enzymes but lacks BCATm 

(7). The expression pattern of NIPSNAP1 and BCKDC is in agreement consistent with an 

interaction between these proteins in vivo. 

NIPSNAP1 protein was significantly lower in PKU females compared to PKU 

males. Also, WT females had more NIPSNAP1 than WT males. There may be gender 
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differences in the expression of NIPSNAP1. PKU females have a more severe phenotype 

than PKU male mice. Female PKU mice are reported to have higher concentrations of 

plasma phenylalanine than males and also do not respond well to the enzymatic and 

phenotypic correction by adenovirus-mediated gene therapy (91). Ovariectomy and 

implantation of a time-release testosterone pellet are required for these treatments to be 

effective in female PKU (92). Whether differences in sex hormones play a role in 

expression of NIPSNAP1 needs to be investigated further.  

Excessive plasma phenylalanine observed in untreated PKU mice not only 

competes with tyrosine and tryptophan but also with BCAA uptake across the blood-

brain barrier. Phenylalanine, tryptophan and the BCAAs are indispensable (essential) 

amino acids. In addition, these amino acids are also required for neurotransmitter 

synthesis in brain (tyrosine for catecholamines, tryptophan for serotonin and BCAA 

nitrogen for glutamate). Therefore, this competition can result in an amino-acid 

imbalance in brain that could affect protein and neurotransmitter synthesis (93;94). 

Although phenylalanine hydroxylase is a cytosolic enzyme and NIPSNAP1 as well as the 

BCAA catabolic enzymes are present in mitochondria, there is evidence that oxidative 

stress is involved in the pathophysiology of tissue damage seen in PKU (95;96). 

Mitochondrial damage resulting from oxidative stress could also account for changes in 

levels of mitochondrial NIPSNAP1. Titration with DTNB detects two free surface 

accessible cysteine residues in native NIPSNAP1 (total cysteine residues in mature 

NIPSNAP1 are three, see Figure 16C). Whether these residues are sensitive to oxidation 

and if this oxidation sensitivity affects the interaction between NIPSNAP1 and other 

proteins are important questions to be addressed. Purified recombinant NIPSNAP1 could 
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be tested for the presence of oxidation sensitive cysteine residues by sulfhydryl group 

titrations (procedure described in Methods section) following hydrogen peroxide 

treatment. DTT (a reductant) can be added to detect if the oxidation of cysteine residues 

is reversible or irreversible. A redox-active dithiol/disulfide [C-X-X-C] center has been 

implicated in regulation of BCATm (97). A recent review by Poole et al., describes 

strategies to identify and isolate the first product of cysteine oxidation (cysteine sulfenic 

acid) in purified proteins as well as cultured cells (98). Using fluorescently tagged 

dimedone (5,5-dimethyl-1,3-cyclohexanedione), a known alkylator of cysteine sulfenic 

acids, oxidation induced changes in expression/interactions of NIPSNAP1 could be 

studied in situ. 

Interestingly we found that mature, less so the precursor NIPSNAP1 can promote 

apoptosis by antagonizing XIAP in mammalian cells. The IAP antagonists (such as 

SMAC/Diablo) reside in the mitochondrial intermembrane space. How can a matrix 

protein interact with the cytosolic protein (XIAP) to play a role in apoptosis? There is 

evidence that mitochondrial matrix proteins may also selectively leak out during 

apoptosis (99). In addition to NIPSNAP3 & 4, Verhagen et al. identified GDH, a matrix 

enzyme as an IAP antagonist (32). The authors suggested that either some GDH resides 

within the intermembrane space or that at late stages of apoptosis matrix proteins are also 

released. NIPSNAP4 and GDH were not able to promote cell death following treatment 

with UV-induced cell death suggesting that these do not antagonize XIAP inhibition of 

caspase-9 but the authors suggested they may act at later stage of cell death by 

antagonizing inhibition of caspase-3. It is also possible that they have a role in promoting 

apoptosis through the death receptor pathway, in the form of an amplification loop or in 
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response to granzyme B, where XIAP may serve a role in inhibiting caspase-3 or 7. We 

found that NIPSNAP1 was capable of inhibiting/suppressing the XIAP function by 

promoting apoptosis. However, this antagonism in XIAP function was not found to be 

through activation of caspase-3, suggesting that induction of apoptotic morphology upon 

co-transfection of XIAP and NIPSNAP1 could involve activation of other caspases [such 

as caspase-6, which is not targeted by XIAP] or caspase-independent pathways that may 

also induce apoptotic morphology in these cells [for example: apoptosis inducing factor 

(100)]. Since not all of overexpressed NIPSNAP1 gets imported inside mitochondria 

(doublet seen in Western blot in Figure 36), it could also be that the precursor 

NIPSNAP1 (unimported protein) may interact with XIAP to promote cell death. Another 

possibility is that a fraction of the NIPSNAP1 may not be imported when cell death 

pathways are activated.  

The results from our study of apoptosis and NIPSNAP1 are intriguing in light of 

recent findings by Tummala et al. (personal communication) showing that amyloid 

precursor protein (APP) binds and modulates the levels of NIPSNAP1 in cell culture 

models. APP processing generates the β-amyloid peptides which are deposited as the 

amyloid plaques in brains of Alzheimer’s disease individuals (38). Also, overexpression 

of the carboxyl-terminal fragment of APP is associated with neuronal degeneration in 

brain (40;41). Strong expression of NIPSNAP1 was found in neurons of locus coeruleus 

in the brainstem which are found to degenerate in Alzheimer’s disease (101). The 

hippocampus is important in learning and memory and is the first region to be affected in 

Alzheimer’s disease (102). NIPSNAP1 was also found in neurons (pyramidal cells in 

granule cell layer and CA3 layer) of the hippocampus which are affected in Alzheimer’s 
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as well as epilepsy (102;103). Both pathological conditions are characterized by neuronal 

death (Alzheimer’s disease- mitochondrial dysfunction; epilepsy- calcium induced 

cytotoxicity in neurons). How NIPSNAP1 might play a role in promoting apoptosis 

requires further experimentation. Studies to determine if NIPSNAP1 can: a) participate in 

mitochondrial and/or non-mitochondrial dependent apoptotic pathways; b) activate 

caspases other than caspase-3, or caspase independent pathways; and c) participate during 

earlier and/or later stages of cell death by examining the time course of NIPSNAP1 and 

cytochrome c release from mitochondria after induction of apoptosis needs to be 

undertaken.  

Dr. Susan Hutson is collaborating with Drs. Hemachand Tummala (South Dakota 

State College of Pharmacy) and Ramin Homayouni (University of Memphis) on the 

development of a NIPSNAP1 knockout mouse. Future studies to determine whether 

disruption of mitochondrial NIPSNAP1, a proposed BCAA metabolon protein, would 

affect BCAA metabolism and/or mitochondrial functions (like respiration and ATP 

production) will be undertaken.  

  In conclusion, the four NIPSNAP genes are expressed in most human and mouse 

tissues and all of them are located in CpG islands characteristic of housekeeping genes. 

Widespread tissue expression and presence of an evolutionarily conserved peptide 

domain suggest essential housekeeping function(s) for the NIPSNAP family of proteins. 

NIPSNAP1 is the most abundant of all the four NIPSNAPs in brain (28;30) and has been 

found to be altered in conditions affecting brain function (34;37). The protein-protein 

interactions of NIPSNAP1 with E2 components of BCKDC and PDC (presented in this 

thesis), as well as with APP (personal communication, Tummala et al.), suggest a role in 
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brain, as defects in BCKDC and PDC cause neurodegenerative disorders (12;80) while 

abnormal APP processing is associated with neurodegeneration and Alzheimer’s disease 

(38;40;41). Therefore, understanding the mechanisms of interaction between these 

proteins and physiological status of these interactions is vital. The in vivo study of BCAA 

metabolon proteins and generation of NIPSNAP1 knockout mouse should provide the 

tools to elucidate the function of NIPSNAP1.  
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APPENDIX- STUDIES IN BCATm -/- KNOCKOUT (KO) MOUSE 

 

 

 

  Our laboratory has generated a line of transgenic mice where body BCAA 

metabolism is blocked due to global deletion of BCATm (BCAT2 gene; BCATm -/- or 

KO mouse). This animal has chronically elevated plasma and tissue BCAAs without 

elevated BCKAs or the neurologic symptoms of MSUD. Compared to sibling controls, 

the BCATm KO is leaner, exhibits increased energy expenditure, and is resistant to diet-

induced obesity (104). To understand the mechanism(s) underlying the increased energy 

expenditure and reduced fat accumulation in the BCATm KO mice, the following studies 

were performed: 

1) Mitochondrial respiratory rates were determined using substrates that enter at 
different sites in the respiratory chain: 
 

  Liver and kidney mitochondria were prepared as described in Methods. Skeletal 

muscle mitochondria (subsarcolema) were isolated without the use of proteases as 

described by Hutson et al. using 0.01 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (pH 7.4) containing 0.135 M potassium chloride, 0.002 M EGTA and 0.2% BSA 

(105). Oxygen uptake was monitored as described in Methods using a Clark type oxygen 

electrode. Respiratory substrates feeding into the respiratory chain at complex I (10 mM 

glutamate-1
 
mM malate) or complex II (10 mM succinate) were used. All substrates were 

free
 
acids buffered to pH 7.0 (KOH) in MSE. Experiments using succinate as respiratory 

substrate were conducted in the presence of the complex I inhibitor
 
rotenone (0.1 µM). 

The oxygen consumption rates were calculated by using 445 ngO (oxygen dissolved) per 

ml at 30 oC (106). Results are shown in Tables I, II and III. Significant increases in 

State 3 and State 4 respiration rates were observed in liver but not kidney mitochondria 
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Table I. State 3 and State 4 respiration rates in isolated kidney mitochondria 

from wild type (WT) and BCATm -/- (KO) mouse fed on choice diets. Males (Exp 

1) and females (Exp 2) fed defined amino acid low-and high-fat choice diets (with 

normal and reduced levels of branched-chain amino acids; Research Diets Inc., New 

Brunswick, NJ). “n” = number of animals.  

 

 
 

Table II. State 3 and State 4 respiration rates in isolated liver mitochondria from 

wild type (WT) and BCATm -/- (KO) mouse fed on choice diets. Males (Exp 1) 

and females (Exp 2) fed defined amino acid low-and high-fat choice diets. “n” = 

number of animals. KO vs WT (* p<0.05). 

 
 

 

isolated from KO mice (females). Therefore, only liver mitochondria were used for 

subsequent studies. The skeletal muscle mitochondria obtained were not isolated in 

sufficient quantity to perform the respiration studies and were only analyzed by Western 

blotting as described below.  
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Table III. State 3 and State 4 respiration rates in isolated liver mitochondria 

from wild type (WT) and BCATm -/- (KO) mouse fed on choice and high fat 

diets. Males (Exp 1) and females (Exp 2) fed defined amino acid low- and high-fat 

choice diets. Exp 3. Males fed commercial high fat chow diet with normal branched-

chain amino acids (Research Diets).  "n" = number of animals. KO vs WT (* p<0.05). 

 
 

 
 

  Western blotting was performed on isolated liver, kidney and skeletal muscle 

mitochondrial extracts (5 μg protein) using MS620 MitoProfile mitochondria membrane 

integrity kit (MitoSciences, Eugene, Oregon) which contains 5 antibodies against 

representative proteins for each of the primary structures of the mitochondrion (1:10000 

dilution): outer membrane - Porin (39 kDa), intermembrane space - Cytochrome c (12 

kDa), inner membrane - Complex Vα (55 kDa) and Complex III Core 1 (49 kDa) and 

matrix space - Cyclophilin D (21 kDa). Human heart mitochondria were used as the 
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Figure 1. Quantification of Western in tissue mitochondria of male mice on 

choice diet. Choice diets were defined amino acid low- and high-fat diets with normal 

or reduced levels of branched-chain amino acids (BCAAs). Diets were obtained from 

Research Diets Inc., New Brunswick, NJ.   #A06030501 for Low Fat Normal BCAAs; 

# A06030502 for Low Fat Reduced BCAAs; #A07060401 for High-Fat Normal 

BCAAs and #A07060402 for High-Fat Reduced BCAAs 

 
 

 

standard control. Results are shown in Figures 1, 2 and 3. No significant change in the 

expression of various mitochondrial marker proteins was observed, except for 

cytochrome c in males on a high fat diet. As shown in Figure 3, the KO animals show 

increased cytochrome c content compared to WT animals fed on high fat diet. The WT 

animals on normal diet had similar cytochrome c content as the KO animals on high fat 

diet. Sparks et al. report coordinate downregulation of genes required for mitochondrial 

oxidative phosphorylation in skeletal muscle in response to high fat diet (107). In their 

study, cytochrome c protein was found to be decreased by ~40% in mice consuming a 

high fat diet. Whether increased/preserved cytochrome c content upon consuming high 

fat diet in KO animals be indicative of heightened oxidative capacities in these animals 

remains to be seen. 
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Figure 2. Quantification of Western in tissue mitochondria of female mice on 

choice diet. Choice diets were defined amino acid low- and high-fat diets with normal 

or reduced levels of branched-chain amino acids (BCAAs). Diets were obtained from 

Research Diets Inc., New Brunswick, NJ.   #A06030501 for Low Fat Normal BCAAs; 

# A06030502 for Low Fat Reduced BCAAs; #A07060401 for High-Fat Normal 

BCAAs and #A07060402 for High-Fat Reduced BCAAs 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 105 

 
 

Figure 3. Quantification of Western in liver mitochondria of male mice on high 

fat diet. Animal were fed the commercial high fat chow diet (Research Diets, # 

D12451) which contained normal levels of branched-chain amino acids (BCAAs) 

compared to choice diets. These animals had higher plasma BCAAs compared to 

animals fed on choice diets (data not shown). Representative Western blot showing 

inner membrane complex Vα (1= IM CVa), inner membrane complex III core 1 (2= 

IM Core 1), outer membrane Porin (3= OM Porin) and intermembrane space 

cytochrome c (4= IMS Cytochrome c) identified using MitoScience antibodies. 
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2) Fatty acid oxidation was determined in skeletal muscle and liver homogenates: 
 

To determine if the BCATm KO mice has a higher capacity to oxidize fatty acids which 

might contribute to the lean phenotypes, skeletal muscle palmitate oxidation was 

compared to liver oxidation using fresh homogenates as described by Kim et al. (108) 

and modified by Dohm
 
et al. (109). Briefly, skeletal muscle and liver tissue were 

removed and placed into a microcentrifuge tube containing pre-weighed homogenization 

buffer [0.01 M Tris.HCl (pH 7.4) containing 0.25 M sucrose, 0.001 M EDTA and 0.002 

M ATP]. The wet tissue weight was recorded and the tissue was snipped with scissors on 

ice approximately 300 times thus creating a tissue homogenate. The homogenate was 

diluted twenty-fold, transferred to a glass tube and homogenized using a Polytron 

tissuemizer (Tekmar, OH) at an output setting of 30 for 10 passes across approximately a 

30-sec time span, on ice. Forty l of the homogenate was incubated with 160 μl of the 

reaction buffer [0.02 M Tris.HCl (pH 7.4) containing 0.125 M sucrose, 0.025 M 

potassium phosphate (dibasic), 0.2 M potassium chloride, 0.0025 M magnesium chloride, 

0.0025 M L-carnitine, 0.00025 mM L-malic acid, 0.0025 M DTT,  0.000125 M NAD
+
, 

0.004 M ATP and 0.000125 M coenzyme A]. The fatty acid substrate was 0.0002 M [1-

14
C]palmitate (0.5 µCi) bound to 0.5% BSA. After 30 min of

 
incubation at 37 

o
C, 100 µl 

of 70% perchloricacid was injected
 
to stop the reaction. 

14
CO2 produced during the 60 

min incubation
 
was trapped with 200 µl of 1 M sodium hydroxide. The oxidation rate of 

palmitate was measured by collecting and counting the
 14

CO2 and acid soluble 

metabolites produced during incubation. A sample of the sodium hydroxide and a sample 

of remaining acid-soluble metabolites from the homogenate reaction well were counted 

on a liquid scintillation counter and oxidation rates were expressed as nmol
 
of 

14
CO2 

released per gram of protein per
 
min. Results do not show any major significant change in 
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fatty acid oxidation among the various groups (high fat or low fat fed wild-type versus 

knockout animals; Figure 4) suggesting that increases in fatty acid oxidation are not 

responsible for lean body phenotype seen in the KO mice. 
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Figure 4. Fatty acid oxidation in tissue homogenates from wild type (WT) and 

BCATm-/- (KO) mice fed on choice diets. Fatty acid oxidation was measured in 

fresh liver and skeletal muscle (gastrocnemius) homogenates from WT and KO mice 

fed low fat (LF) or high fat (HF) choice diets (normal or reduced levels of branched-

chain amino acids). Forty microliters of 20-fold diluted homogenates were incubated 

with 0.2 mM [1-
14

C]palmitate bound to BSA for 30 minutes at 37 
0
C. Total oxidation 

is the sum of 
14

CO2 release and acid soluble metabolites. * p<0.05, between HF and 

LF- KO animals. 
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Figure 5. Western blot showing the expression of NIPSNAP1 in livers of wild 

type (WT) vs. BCATm-/- knockout (KO) mouse. Western blotting was performed 

using 20 μg of liver extract per lane using anti-NIPSNAP1 antibodies. Commercial 

high fat chow diet (normal levels of branched-chain amino acids, BCAAs) and choice 

diet (low- and high-fat with normal or reduced levels of BCAAs) were obtained from 

Research Diets, Inc., New Brunswick, NJ. 

 

 
 

 

3) Analysis of NIPSNAP1 expression: 

  NIPSNAP1 levels were not found to be changed in liver of BCATm KO mice as 

analysed by Western blotting (Figure 5).  
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