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ABSTRACT 

Cyclophilins comprise a family of peptidyl-prolyl isomerases originally thought 

to contribute to protein folding, but are now thought to mediate multiple intra- and 

extracellular functions. These proteins, when liganded with cyclosporine A, bind and 

inhibit calcineurin (CaN), a calcium-calmodulin dependent protein phosphatase known to 

regulate proximal tubule sodium, potassium ATPase (NKA) activity. NKA, the protein 

responsible for the maintenance of the electrochemical gradient driving renal ion 

transport is altered in hypertension in both the spontaneously hypertensive rat (SHR) and 

human patients. Therefore, we viewed cyclophilin as a prime hypertension candidate 

gene that may exert its effects upstream of NKA. Cyclophilin B is an ER-resident 

cyclophilin isoform thought to influence [Ca''"'']i., an important parameter in both the 

etiology of hypertension and CaN regulation This observation, coupled with the 

observation that CypB expression levels are increased by various sodium-retaining 

conditions, led us to investigate this gene within the context of hypertension. No CypB 

sequence differences between samples derived from hypertensive and normotensive 

(WKY) animals were observed. However, quantitative alterations in genes contributing 

to hypertension, which itself is defined quantitatively, may play a cmcial role in the 

underlying etiology. Indeed, SHR displayed enhanced expression in whole kidney and 

microdissected proximal tubule, with the latter alteration becoming observable even in 

prehypertensive animals. Moreover, this difference was maintained in immortalized cells 

derived from SHR and WKY proximal tubules, suggesting that this alteration in 

expression is not due to a compensatory mechanism correcting for elevated blood 

pressure. We next evaluated the influence of angiotensin II (All), an NKA-activating 



hormone and two antagonistic first messengers, dopamine (DA) and atrial natriuretic 

peptide (ANP) on CypB expression. All and DA increased CypB expression, while ANP 

had no effect. No strain-specific differences were observed. We examined CypB 

subcellular localization and determined that CypB is largely restricted to the ER and 

cytosol with possible nuclear localization. Yeast two-hybrid analysis revealed 

interactions between CypB and hnRNP A2, subunit I of cytochrome oxidase, 

aminoacylase 1, very long chain acyl Co A synthetase, ribosomal protein LI 9, and 

eukaryotic initiation factor-2. These newly-characterized interactions add to an already 

extensive list and likely underscore a rich diversity of intracellular CypB functions. The 

current studies also provide evidence for a link between CypB and SHR hypertension. 

However, mechanisms underlying such a link are still unclear and require further 

investigation. 
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CHAPTER I 

INTRODUCTION 

Many forms of hypertension are secondary to obvious primary causes including 

renal artery stenosis, primary hyperaldosteronism, or coarctation of the aorta. However, 

such easily identifiable (and often curable) forms of hypertension are the exception rather 

than the mle, as 90-95% of hypertensive patients are diagnosed with essential, or idiopathic 

hypertension. Essential hypertension is a complex, multifactorial disorder, which enhances 

the risk for a variety of adverse sequelae including heart failure, stroke, and kidney failure. 

There is considerable evidence for the genetic determination of this disorder. However, as 

with most quantitative traits, genetic control of blood pressure is polygenic, with many 

genetic loci exerting their effects on blood pressure and manifesting their effects in 

numerous integrated physiological systems. It is this particular characteristic of 

multifactorial traits such as hypertension, as well as the complex environmental factors that 

influence the phenotype, that makes elucidating mechanisms underlying hypertension a 

difficult challenge in which progress remains modest. 

A major effort has been launched in recent years to identify the genes responsible 

for the heritable predisposition for hypertension. The most extensively applied technique 

in the first stage of this effort is linkage analysis. This approach seeks to identify 

chromosomal loci likely to contain one or more genes involved in the disease by observing 

the inheritance of widely distributed genetic markers to identify chromosomal regions 

consistently inherited with the disease. Unfortunately, the complex interaction of genes 



thought to underlie hypertension, as well as the heterogeneity of the disorder have severely 

impeded progress in this area. 

An alternative approach for identifying candidate hypertension genes is to select 

genes based on a mechanistic rationale. This approach has been successful in elucidating 

mechanisms underlying several rare, Mendelian forms of hypertension. For example, a 

missense mutation of the beta subunit of the epithelial sodium channel causes Liddle's 

syndrome. ̂  The syndrome of apparent mineralocorticoid excess^ involves a defect in renal 

11-beta hydroxysteroid dehydrogenase which permits mineralocorticoid effects of 

glucocorticoids to be manifest, resulting in inappropriate renal sodium retention. Finally, 

glucocorticoid-remediable aldosteronism^ produces hypertension in patients because of a 

chimeric 11 -beta-hydroxylase/aldosterone synthase gene which in effect places 

mineralcorticoid synthesis under glucocorticoid regulation. 

In addition, several animal models of inherited hypertension have been developed 

which further underscore the influence of genotype on blood pressure and serve as an 

alternative vehicle for the investigation of the etiology of hypertension. Starting from a 

heterogenous outbred population, animals with the highest blood pressures can be bred to 

each other, as can their offspring. This type of procedure concentrates the alleles for high 

blood pressure which were present by chance in the original stock of animals and leads to 

the establishment of hypertensive strains. One important such strain is the spontaneously 

hypertensive rat (SHR) and its normotensive (i.e., control) counterpart Wystar Kyoto 

(WKY). This strain was established by Okamoto and Aoki in the 1960's and has become, 

in the past 30 years as an important animal model of essential hypertension. 



Evidence derived from SHR, as well as from both human patients and additional 

animal models, support the Guytonian paradigm^ that hypertension is of primary renal 

origin. Figure 1.2 illustrates the approximate degrees of activity of numerous arterial 

pressure control mechanisms in comparison with that of the kidney. As the figure 

indicates, these various control mechanisms fall into three broad categories: rapidly acting, 

which act within seconds or minutes, intermediate acting, which exhibit significant 

responses only after several minutes, and long-term, which are induced only following 

several hours of elevated blood pressure. Significantly, while most of these corrective 

physiological safeguards plateau, for particular mechanistic reasons, after a certain amount 

of time, only the renal-blood volume pressure control displays an infinite feedback gain, in 

that arterial pressure eventually retums all the way to the equilibrium pressure level.^ 

Therefore, from the perspective of the Guytonian paradigm, only an aberration in the 

infinite feedback loop regulation of blood pressure afforded by the kidney can lead to the 

chronically elevated arterial blood pressure that defines essential hypertension. 

The primacy of the kidney in hypertension is supported empirically with 

observations derived from SHR. For example, transplantation of a kidney from an adult 

SHR results in the development of hypertension in a WKY recipient.^ Also, 

prehypertensive SHR's demonstrate an enhanced renal retention of sodium and water. 

Indeed, numerous studies, utilizing a variety of different approaches, indicate that proximal 

tubule sodium reabsorption is abnormal in SHR. Studies utilizing SHR proximal tubule 

micropuncture-^ and fractional reabsorption of lithium as an indicator of proximal sodium 



reabosrption'7 complements fractional lithium reabsorption studies^''^ that indicate that 

essential hypertension is associated with enhanced proximal sodium reabsorption. 

One specific approach that has been applied to the identification of disease genes, 

including novel hypertension genes, is that of subtractive hybridization. ̂  ^ This technique 

has led to the identification of several genes, notably the SA gene,'2 which are 

differentially expressed in the kidneys of hypertensive animals and, therefore, may 

participate in or respond to the pathophysiological processes responsible for elevated blood 

pressure. Iwai and Inagami' ̂  applied differential hybridization to isolate genes whose 

expression in the kidney is modulated according to the status of salt intake. One of the 

genes identified was called cyclophilin-like protein (Cy-LP) because of substantial 

homology to known cyclophilins (discussed below). Cy-LP expression was increased in 

the kidneys of salt-restricted and decreased in the kidneys of salt-loaded animals. The 

authors also indicated a differential expression between SHR and WKY kidneys and 

concluded, without reference to mechanism, that this gene might be involved in the renal 

sodium retentive characteristics of the SHR kidney. Orsio et al.^^ further corroborated the 

correlation between Cy-LP expression levels and sodium retention state by demonstrating 

that Cy-LP is also upregulated in the kidneys of rats with adriamycin-induced nephrotic 

syndrome as compared with control animals. Interestingly, atrial natriuretic peptide (ANP) 

upregulates renal Cy-LP expression in nephrotic rats.̂ "̂  Because both human^5- 16 ^nd 

animal'^ kidneys experiencing nephrotic syndrome do not respond to this natriuretic 

peptide hormone, this nephrotic syndrome-specific upregulation of Cy-LP in response to 



ANP was hypothesized to reflect the possibility that Cy-LP reduces sodium excretion, 

thereby determining at least this particular sodium-retaining condition. 

Besides the association of altered Cy-LP expression with sodium retention, 

cyclophilins make attractive hypertension candidate genes from a mechanistic standpoint. 

Cyclophilins normally interact with and influence the activity of the calcium-calmodulin 

dependent protein phosphatase calcineurin (CaN).^^ Calcineurin, in turn, is known to 

regulate the activity of the sodium, potassium-ATPase (NKA) in the renal proximal tubule, 

which plays a central role in the active reabsorption of sodium ions, and where 

approximately two-thirds of renal sodium reabsorption takes place. The gradient of 

sodium across the cell membrane created by NKA across the cell membrane powers the 

transmembrane flux of other ions, via secondary transporters, which deplete this gradient. 

Abnormalities in the function or regulation of one or more of these transporters may 

contribute to essential hypertension. 

A significant body of evidence that suggests that the regulation of NKA function in 

hypertensive rat kidneys, compared to normotensive controls, is altered. Antagonistic 

signaling pathways producing either natriuretic or antinatriuretic effects are mediated in 

part by the modulation of the phosphorylation state of NKA. Antinatriuretic hormones 

(e.g., angiotensin H, norepinepherine) produce an elevated [Ca"*'"'"]i, which consequently 

results in the activation of CaN and subsequent dephosphorylation and activation of 

NKA.^^ Conversely, natriuretic hormones (dopamine, atrial natriuretic peptide) trigger 

less clearly understood signaling pathways which result in the PKA- or PKC-^O' 21 

mediated phosphorylation, and subsequent inactivation, of NKA. Cyclophilins, as 



discussed below, have been implicated in the regulation of a plethora of intracellular 

proteins, some of which are associated with the aforementioned signaling pathways. 

Hence, a model whereby such regulatory signaling networks converge upon cyclophilin, for 

the modulation of NKA activity, seems plausible. 

Cyclophilins, a subfamily of the larger immunophilin family of proteins, were 

initially identified as the intracellular receptors for the immunosuppressant undecapeptide 

cyclosporine A (CsA) produced by the fungus Trichoderma polysporum.^^ The cell-

mediated immunity-specific immunosuppressive effect of this compound, along with that 

of the fungal metabolites FK506 (tacrolimus) and rapamycin (sirolimus), have significantly 

enhanced the long-term prognosis of patients undergoing bone marrow or solid organ 

transplants^^, 24 various autoimmune disorders,25"28 psoriasis 29' 30 and certain parasitic 

diseases.3^"33 The broad utility in clinical medicine demonstrated by these compounds led 

to an intense effort to identify and characterize their intracellular receptors and modes of 

action. Cyclophilin A (CypA) was the initial cyclophilin demonstrated to bind and mediate 

the T- and B-cell immunosuppressive effects of CsA.̂ "̂  Many additional homologous 

intracellular proteins have since been identified in organisms throughout the entire 

evolutionary spectrum.-^^ Efforts to further characterize these proteins led to the 

characterization of the immunophilins as a family of proteins. This family, which consists 

of the structurally-unrelated protein subfamilies, cyclophilins and FK506 binding proteins 

(FKBPs), are characterized by a common peptidyl-prolyl cis-trans isomerase^^ (i.e., 

rotamase) activity (Figure 1.1) and by pharmacological specificity toward these 



compounds: Cyclophilins bind and mediate the effects of CsA, while FKBPs interact with 

FK506 and rapamycin. 

Immunophilins are diverse, and common themes concerning the function of 

individual immunophilins, while emerging, are not yet completely developed. The 

conservation of immunophilin cis-trans isomerase activity indicates that such activity is 

critical for fundamental cellular processes. For example, the Drosophila retina-expressed 

cycclophilin nina A has been implicated in protein folding.^^ Collagen, staphylococcal 

nuclease, ribonuclease T, and other proteins have all been shown to take on structural 

conformations at a rate, which is influenced by CypA activity.^ '̂̂ O Many other less-well 

characterized cylcophilins are also either suspected to participate in protein folding directly 

or chaperone-like activity, whereby associated proteins are maintained in their properly 

folded configuration (Table 1.1). For example, both serotinergic and nicotinic as well as 

certain ligand-gated ion channels receptors^ ̂ '̂ ^ appear to depend upon the rotamase 

activity of Cyp's for their function. 

One recent important development in cyclophilin biology involves the unexpected 

observation that Cyp's may play a critical role in the pathogenesis of HrV."̂ "* Specificially, 

the virion's capsid protein (CA) forms a stable complex with Cyp^^ which is essential for 

viral entry into the cell, possibly by modifying the conformation of CA to promote 

uncoating of the virion and formation of the pre-integration complex.'̂ ^ Further 

generations of replicating HFV incorporate host-derived Cyp into their coat during virus 

assembly."* '̂ ̂ ^ This observation is nothing short of remarkable, in that while viruses have 



long since been observed to parasitize existing host machinery, Cyp is the only known host 

protein to be incorporated as a viral structural protein and actually play an essential role in 

viral replication. 

This recently characterized interaction between HFV and Cyp may illuminate a 

hitherto unkown category of cyclophilin function, namely, the regulation of folding of 

extracellular and cell surface proteins. The early observation that LPS-stimulated 

macrophages secrete cyclophilins,^^ which were then shown to possess both chemotactic 

and pro-inflammatory activity, was largely though of as enigmatic evidence for the 

existence of a leukocyte surface CypA receptor^^ surfaced. Spik and colleagues^ ''^^ 

produced further evidence for specific extracellular Cyp binding when they demonstrated 

the existence of specific CypB binding sites on T lymphocytes. The corroborating 

evidence that CypB contains a signal peptide sequence^^ and is found in the circulation 

suggests that CypB in particular may subserve an important, albeit poorly understood, 

function in the extracellular space. 

Finally, substantial indirect evidence also suggests a role for cyclophilins in 

calcium-mediated signaling pathways. Complexes between CsA and FK506, and their 

respective immunophilin-binding partner(s), bind to and potently inhibit CaN. FKBP 12, a 

skeletal muscle-specific FKBP isoform, has been shown to interact with both ryanodine 

receptors^^' ^̂  and inositol 1,4,5- trisphosphate receptors^^ mediate the calcium flux from 

the SER associated with each. Cyclophilin B (CypB), an endoplasmic reticulum-localized 

cyclophilin has been shown to interact with CAML, a novel calcium channel involved in 

the activation of T lymphocyes. Overexpression of CAML leads to an release of stored 
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calcium in Jurkat T cells,^^ suggesting that it participates in calcium signaling and suggests 

a role for cyclophilin B in the regulation of such signaling. 

With its links to calcium signaling, calcineurin, and sodium retentive states, CypB 

becomes an ideal hypertension candidate gene. One possibility worthy of investigation is 

that CypB regulates CaN function, both directly, by interacting with it, and indirectly, by 

influencing the level of intracellular calcium within the cell. Because proximal tubule CaN 

is the only known phosphatase to influence the phosphorylation state (and, therefore the 

activity) of proximal tubule NKA, such a scenario would implicate CypB in the regulation 

of NKA. Moreover, it is also plausible that the numerous signaling pathways that impinge 

upon NKA, resulting in either natriuretic or antinatriuretic effects (see above), might 

converge upon CypB in order to achieve such effects. The aforementioned observation that 

renal CypB expression is enhanced in sodium-retaining rats lends empirical weight to such 

a mechanistic rationale for selecting CypB as a likely hypertension candidate gene. 

Moreover, such a convergence of signaling pathways upon cyclophilins in the kidney is not 

without precedent. Aldosterone, a mineralcorticoid that produces marked increases in the 

rate of sodium reabsorption in the distal nephron is itself regulated by the renin-angiotensin 

signaling system. Tumlin and colleagues^^ have observed that the binding of aldosterone 

to intracellular steroid receptors in cortical collecting duct causes the release from the 

receptor complex of several components of the steroid receptor complex including the 

cyclophilin HSP56. This release is associated with very rapid, transcription- and 

translation-independent effects on sodium reabsorption in the distal nephron, suggesting 

the possibility that HSP56 activates calcineurin, thereby resulting in NKA 



dephosphorylation and activation. Because cyclophilins may modulate numerous 

signaling pathways, many of which impinge upon the pathogenesis of essential 

hypertension, and because renal CypB expression correlates with numerous sodium-

retaining conditions (of which the hypertensive phenotype of SHR is an example), CypB 

merits evaluation as a candidate gene participating in region-specific aspects of sodium 

reabsorption and its control in the nephron. 

This dissertation describes the empirical evaluation of these and related hypotheses. 

Because early reports linking cyclophilins and sodium-retaining states reported the 

existence of a novel cyclophilin (Cy-LP) with a sequence extremely similar to that of 

CypB, experiments described in Chapter n will evaluate whether both genes actually exist 

and whether strain-specific sequence differences exist in either. The hypothesis that 

quantitative alterations in the level of CypB expression in proximal nephron segments, 

between SHR and WKY, could be indicative of a nephron segment-specific alteration 

(either primary or secondary) which contributes to the hypertensive phenotype is discussed 

in Chapters EI-VI. The development of a novel RT-PCR/HPLC-based assay for the 

quantitation of transcript abundance which overcomes the various technical limitations 

typically associated with such quantitations in microdissected nephron samples is the 

subject of Chapter EQ. Chapters IV, V, and VI describe experiments utilizing this novel 

technology in order to examine putative strain-specific quantitative differences in CypB 

transcript abundance in the kidney, proximal tubule, and proximal tubule-derived cell lines, 

respectively. Experiments described in Chapter Vn will attempt to ascertain which first 

messengers, previously associated with altered sodium retention, also modulate Cy-LP 

10 



transcript abundance. Such a correlation may allow for the construction of a model 

describing putative CypB mechanistic contributions to the hypertensive phenotype. 

Chapters Vn and VHI describe experiments designed to elucidate CypB function in 

an attempt to characterize putative mechanisms which might link CypB to the hypertensive 

phenotype, but also to gain insight into heretofore unexpected CypB functions. Chapter 

v n describes the characterization of the subcellular distribution of CypB in proximal 

tubule epithelial cells. Finally, Chapter Vm describes the utilization of yeast two-hybrid 

technology to identify and test protein interactions with Cy-LP. 
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Figure I.l. Pcplidyl-prolyl cis-trans isomerase (rolamasc) activity. t=trans; c=cis. Residues involved in 
^^^ cis/trans inicrconversion are highlighted. 
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Figure 1.2. A comparison of the effectiveness (i.e., feedback gain) of various arterial 
pressure control systems. Such a comparison indicates that only the renal 
blood pressure control system displays an "infinite gain" characteristic and 
therefore is the dominant long-term arterial blood pressure control 
mechanism (adapted from Guyton et al., 1995). 
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Table 1.1. A list of selected members of the cyclophilin family of proteins and their 
subcellular localizations and selected known or proposed functions 

CYCLOPHILIN 

A 

B 

C 

D 

G 
Cyp40 

ninaA 
matrin Cyp 

USA-Cyp 

SUBCELLULAR 
LOCALIZATION 
cytosol, possibly 
nucleus, possibly 
secreted 

smooth ER 
(calcicomes), 
secreted, possibly 
nucleus 

ER 

mitochondrion 

secretory granules 
cytosol, nucleus 

nucleus 

SELECTED PROPOSED OR 
DEMONSTRATED FUNCTIONS 
alteration of YYl 
transcriptional activity, apoptosis-
related nuclease activity, modulate* 
homo-oligomeric receptor 
function, interact with calcineurin, 
enhances rate of ribonuclease T 
folding, reduces incompletely 
folded carbonic anhydrase 
apoptosis-related nuclease activity, 
interacts with CAML and regulates 
T cell Ca"'"'' flux, associates with 
calreticulin, binds cell surface 
receptors 
associated with 77 kDa scavenger 
receptor, apoptosis-related 
nuclease activity 
regulates Ca^"''-dependent 
regulation of the inner membrane 
permeability transition pore 

negatively regulates c-Myb, part of 
Hsp90/Hsc70 inactive steroid 
receptor complex 
ensures proper rhodopsin folding 
associates with nuclear matrix & 
splicing factors 
associates with U4/U6 snRNPs 

REFERENCE 

42, 62-64 65-67 
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63, 70-72 
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76 

77-79 

80 
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CHAPTER n 

CLONING AND CHARACTERIZATION OF RAT 

CYCLOPHILIN B 

Introduction 

The importance of protein folding has been recognized for many years. Evidence 

accumulated over several decades has led to the recognition that a major part of most 

proteins' folded structure consists of regular, highly periodic arrangements including a 

helices and p sheets. While many proteins appear to fold spontaneously, many others 

require the presence of chaperonins, which are usually associated with the target 

protein during part of the folding process. ̂ ""̂  In fact, many proteins require multiple 

chaperonins, each of which is responsible for catalyzing particular steps of the folding 

process either during or just after the nascent protein's formation. Furthermore, many 

chaperonins, as well as certain heat shock proteins, function to maintain particular 

protein substrates in their properly folded conformations.^ 

Cyclophilins are one important class of proteins thought to play an important role 

in both the folding of nascent protiens and the maintenance of the properly folded state 

of mature proteins. Evidence for cyclophilin involvement in the folding of many 

proteins, including ribonuclease T,^ rhodopsin,'^ procollagen,^"^ and transferrin,'^ 

among others, has been generated. These ubiquitously distributed enzymes catalyze 

the cis-trans isomerization of proteins containing X-proline-imide bonds. Numerous 

members of the cyclophilin family have been identified, with individual members 

demonstrated to be localized to every major subcellular compartment. The 
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evolutionary conservation of this particular isomerase activity (otherwise known as 

rotamase activity) within the otherwise wildly structurally divergent immunophilin 

protein family to which cyclophilins belong suggests that this role in protein folding is 

essential for cellular viability. 

Cyclophilin B, an ER-associated cyclophilin thought to be secreted by certain cell 

types,^^'!^ interacts with a calcium-modulating ligand (CAML), a recently-identified 

protein that is believed to play a role in T lymphocyte activation. ̂ ^ This protein was 

shown to be involved in T cell calcium ion flux and may therefore implicate CypB in 

calcium signaling. Heitman et al^^ simultaneously demonstrated that cyclophilins 

interact with and influence the function of calcineurin, a calcium/calmodulin-

dependent protein phosphatase, even in the absence of CsA. These findings hint at an 

intracellular role for CypB whereby it regulates calcineurin both directly, via 

molecular interactions, and indirectly, by increasing intracellular [Ca''"''] through 

CAML. 

Iwai and Inagami,'^ via a differential display assay, isolated a clone, termed 

"cyclophilin-like protein" (Cy-LP), whose expression was upregulated following 

treatments to acheive a state of sodium depletion in rats. This potential involvement in 

sodium homeostasis appropriately led to the postulation that Cy-LP might have 

significant implications in mechanisms underlying hypertension. Interestingly, 

sequence analysis revealed that this gene was highly homologous to CypB, with only a 

short sequence of intervening nucleotides bearing no homology whatsoever to CypB 

and the remainder of the molecule nearly identical. While both mouse ̂ ^ and human'^ 

tissues have been shown to express CypB, no such demonstration had been made in rat 
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tissues. As such, we hypothesized that, due to the extremely high homology between 

CypB and Cy-LP, that Cy-LP was indeed the rat CypB homologue. The association 

between modulation of renal expression of Cy-LP and sodium retaining states led us to 

consider this gene to be a candidate hypertension gene, which might manifest its 

effects at the level of the kidney. Surprisingly, however, our attempts to clone Cy-LP 

from a rat kidney cDNA library led to the first demonstration of rat CypB expression. 

This chapter describes the isolation of the CypB clone from a rat kidney library and a 

comparison of CypB sequence between hypertensive and normotensive rat strains. 

Finally, we have attempted to ascertain whether Cy-LP is expressed in addition to 

CypB, or rather, whether the Cy-LP sequence is likely to represent erroneous data. 

Methods 

Library Preparation 

RNA was isolated from a WKY strain rat kidney with a Clontech (Palo Alto, CA) 

mRNA separator kit. Briefly, pelleted RNA was resuspended in RNase-free buffer, 

heated briefly at 70°C, and immediately applied to an oligo(dt) cellulose column. This 

column was then rinsed, and RNA was eluted with a high salt buffer, as per 

manufacturer's protocol. Custom MATCHMAKER cDNA library construction was 

provided by Clontech and is described briefly here. This kidney mRNA was reverse 

transcribed with both oligo(dT) and random priming to produce cDNA. EcoRI adaptors 

were ligated to the cDNA. Next, the cDNA was sticky-end ligated into an EcoRI 

digested and dephosphorylated pGADlO cloning vector, which expresses fusion proteins 

between amino acids 768-881 of the GAL4 activation domain (AD) and amino acids 

derived from the cDNAs inserted into the MCS region at the 3' end of the AD sequence. 
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Library was transformed into DH5a and amplified in this same E. coli strain. Fifteen 

clonics were randomly picked and subjected to long-distance PCR. Of these 15 clones, 

11 contained cDNA inserts. 

Primer Selection 

We employed a forward primer (5'-TACCACTACTATGGATG-3') corresponding 

to nt 757-774 of the pGADIO vector (Clontech, Palo Alto, CA) described previously. We 

used the 20mer (5'-TTGTGACTGGCTGCTTTCAC-3') as a reverse primer, 

corresponding to nt 693-712 of the Cy-LP coding sequence. To obtain the remaing 186 

nucleotides of the Cy-LP coding sequence, the 20mer (5'TGGTACGGAAGGTGGAG 

AAC-3'), corresponding to nt 509-528 in the Cy-LP coding sequence was utilized in 

conjunction with the reverse 32mer (5'-ATCGTAGATACTGAAAAACCCCGCAAG 

TTCA-3') corresponding to nt 862-894 of the pGADlO sequence. Because the primer 

binding sites corresponding to the pGADlO primers far outnumbered the primer binding 

sites corresponding to Cy-LP structural sequence, the former was used in 10-fold excess, 

relative to the latter (Fig. 2.1). 

Sequencing 

PCR products made with the previously-discussed primer combinations were 

incubated with Exonuclease I (Exo I; Boehringer Mannheim, Indianapolis, IN) to digest 

excess primers and Shrimp Alkaline Phosphatase (SAP; Boehringer Mannheim, 

Indianapolis, IN) to degrade excess nucleotides carried over from the PCR reaction. 

Products were then purified further with Centri-Sep spin columns (Promega, Madison, 

WI). Purified amplicons were then sequenced by cycle-sequencing with Thermo 

Sequenase DNA polymerase (Amersham, Princeton, NJ), or "Big Dye" (Perkin Elmer, 
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Foster City, CA) dye terminators, and fluorescent detection on an ABI Prism 377 DNA 

sequencer (Perkin Elmer, Foster City, CA). 

Results 

Identification of CypB 

Using primers directed against the 5' and 3' termini of the published Cy-LP 

sequence,'7 which shared homology with CypB but no other cyclophilin, we screened a 

rat kidney cDNA library and generated a full-length sequence for rat CypB (Fig. 2.2). 

The predicted amino acid sequence (Figure 2.3) revealed a protein with N-terminus signal 

peptide and nuclear localization sequence (NLS) domains, as well as a C-terminus ER 

retention domain. Similar features had previously been described the CypB's of other 

species. This clone demonstrated extremely high homology, at both the nucleotide (Fig. 

2.4) and amino acid (Fig. 2.5) levels, with other previously cloned cyclophilins. 

Numerous attempts at sequencing PCR reaction products generated with these primers, 

however, failed to reveal the expression of Cy-LP. Careful analysis (Fig. 2.6) revealed 

that the nonhomologous region of Cy-LP (aa's 46-62) resulted from an upstream, single 

nucleotide deletion mutation that shifts the gene out of frame with respect to the CypB 

sequence. Furthermore, a downstream, compensatory insertion mutation 54 nucleotides 

downstream restores the original frame, resulting in a hypothetical protein exhibiting 

100% amino acid identity to mouse CypB from amino acids 1-45 and 98.6% identity 

from amino acids 63-209, but less than 6% identity (1 of 17 amino acids) in the region 

encoded by the sequence between the frameshifts (Fig. 2.7). 

We next attempted to determine whether both CypB and Cy-LP were expressed in 

the kidney cDNA library by designing primers with 3' nucleotides corresponding to those 
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nucleotides displayed both in the presence and the absence of the aforementioned 

frameshifting mutations (Fig. 2.8). Despite the repeated sequencing of multiple such PCR 

reaction products, we were unable to demonstrate the expression of a gene with identical 

sequence to Cy-LP. Instead, each attempt resulted in products with sequences 

corresponding to that of CypB, suggesting again that only CypB, and not Cy-LP was 

expressed in rat kidney. When PCR reaction cycle annealing temperature was decreased 

from 65°C to 55° C, products resulting from reactions utilizing Cy-LP-specific primers 

were observed. However, utilization of an allele-specific primer-based PCR assay (Fig. 

2.9), whereby increasing annealing temperatures during the PCR reactions designed to 

specifically produce either CypB or Cy-LP resulted in a drastic reduction of Cy-LP, but 

not CypB, product accumulation. This observation indicated that, at least in renal tissue, 

only CypB is expressed. 

Sequence Comparison between SHR and WKY CypB 

The aforementioned hypothetical link between CypB and hypertension led us to 

investigate whether the CypB expressed by the spontaneously hypertensive rat (SHR) 

exhibited any sequence differences from that of the normotensive Wistar-Kyoto (WKY). 

As depicted in Figure 2.10, no such differences were detected, either in the coding or 

noncoding regions. However, only limited upstream and downstream rat CypB 

sequences have thus far been obtained, thereby hindering the evaluation of mechanisms 

involving differences between SHR and WKY enhancers or other distal c/5-acting 

elements capable of producing strain-specific differences in CypB expression. 
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Discussion 

The vast majority of intraprotein peptide bonds are found in the trans 

configuration. The most notable exception is the bond between proline residues and 

neighboring amino acids.'^ Cis-trans isomerization about such X-Pro residues within 

peptides has been shown to be highly dependent on a variety of physical parameters, 

with most microenvironments favoring the trans conformation.'^ The uncatalyzed 

thermodynamic barrier to X-Pro isomerization is fairly high (approximately 20 

kcal/mol20) and this transformation is therefore widely considered to be one of the 

rate-limiting steps influencing protein folding. The discovery and characterization of 

cyclophilins, though, and their associated rotamase activity, has introduced a 

surprisingly underappreciated mechanism whereby cells may be able to tightly 

regulate this important step in protein folding and, furthermore to maintain particular 

conformations which may be critical to proper functioning. In fact, the cyclophilin 

whose biological function is best studied is the Drosophila homolog ninaA. Mutations 

in this gene are directly responsible for visual system signal transduction defects that 

are due to abnormal chaperoning and improper folding of rhodopsin.'̂  

Surprisingly, however, cyclophilins and other peptidyl-prolyl cis-trans isomerases 

appear to carry out vastly more complex and varied roles than simply protein folding 

and chaperone activities, and they carry out such activities in numerous subcellular 

locales. For example, a number of membrane inserted proteins (e.g., nicotinic and 

serotoninergic receptors2l and ligand-gated ion channels22) appear to depend on the 

isomerase activity of interacting cyclophilins for their proper function. Nuclear 

cyclophilins are linked to apoptosis-related DNA hydrolysis activities,2^"25 ^s well as 
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interactions with RNA polymerase 11,26 ̂ nd spliceosome components.27 Transcription 

factor regulation (specificially the zinc finger YY128 and c-Myb29), also appears to be 

a cyclophilin function. Cyclophilin D, a mitochondrion-localized cyclophilin appears 

to catalyze both the folding of mitochondrial proteins,^^ but also regulates the 

permeability transition pore,^^ a high conductance channel of the mitochondrial inner 

membrane believed to be involved in capacitative calcium signaling^^ Additional 

cyclophilins have been shown to be associated with pre-Golgi intermediate vessicles,^ 

secretory granules,^^ and, possibly, the actin cytoskeleton,^^ although their functions 

associated with these organelles are unclear. 

While a unifying theme concerning the function of cyclophilins is yet to emerge, 

multiple cyclophilins, including CypB, have been linked to calcium-dependent 

signaling pathways. This observation coupled with the association between the 

increased expression of the rat CypB homologue and enhanced sodium retention has 

led to the evaluation of CypB as a hypertension candidate gene. However, because of 

the lack of a coherent paradigm concerning the cellular function(s) of cyclophilins, 

part of such an evaluation involves a better characterization of individual cyclophilins. 

Cyclophilins are ubiquitously expressed •O' ^̂  and members of the cyclophilin 

family have been localized to every subcellular compartment (see Chapter I, Table 

I.l). The clone we have characterized here encodes a theoretical protein with high 

homology to the CypB of other species, and contains similar domains, including an N-

terminal signal sequence,'^an ER retention sequence,^^ a sequence reminiscent of a 

nuclear localization sequence^^ and the peptidyl-prolyl isomerase sequence shared by 

all members of the cyclophilin family. The bulk of the cyclophilin literature supports 
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the hypothesis that CypB is localized to the endoplasmic reticulum^^- ^- ^^ in most cell 

types, and secreted from a minority,'2-39-40 i^ accordance with the possession of an 

ER-retention sequence and signal peptide, respectively. In addition, some evidence 

exists for the nuclear localization of CypB.̂ '̂  This wide distribution of CypB implies 

multiple CypB-protein interactions, and therefore makes the elucidation of its precise 

function somewhat problematic. 

A rat kidney "cyclophilin-like protein" (Cy-LP) gene was cloned by differential 

hybridization of RNA from sodium-deprived rats, suggesting that it might play a role 

in renal mechanisms of salt retention. ̂ ^ Furthermore, nephrotic syndrome, a renal 

disease associated with expanded interstitial volume and edema due to sodium 

retention, was also accompanied by changes in renal Cy-LP expression. Cyclophilins 

have long been implicated as exerting an influence on calcineurin, an important 

regulator of the sodium, potassium-ATPase (NKA). Because this "sodium pump" is 

the sodium transport protein chiefly responsible for sodium reabsorption in the 

proximal tubule, the construction of a model describing how CypB might contribute to 

hypertension mechanisms became possible. 
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pGADlO for sequencing primer/primer binding site 

pGADlO rev sequencing primer/primer binding site 

library-derived non CypB sequence 

CypB sequence (containing CypB-specific primer binding sites) 

CypB-specific primers 

Figure 2.1. pGADlO-specific primer binding sites are present at a level far in excess 
of CypB-specific sites in a rat cDNA library. Therefore pGADlO-specific 
primers are added in lO-fold excess to ensure that they are not titrated by 
binding sites on plasmids not containing a CypB insert. 

32 



GCTGCGCCTCTCGGAGCGCAATATGAAGGTGCTCTTCGCCGCCGCCCTCATCGTGGGCTC 
CGTTGTCTTCCTTTTGCTGCCTGGACCCTCCGTGGCCAACGATAAGAAGAAGGGACCTAA 
AGTCACAGTCAAGGTATACTTTGATTTCCAAATTGGAGACGAACCTGTAGGACGAGTGAC 
CTTTGGACTCTTTGGAAAGACTGTTCCAAAAACAGTGGATAATTTTGTAGCCTTAGCTAC 
AGGAGAGAAAGGATTTGGCTATAAGAACAGCAAGTTCCATCGTGTCATCAAGGACTTCAT 
GATCCAGGGTGGAGACTTCACCAGGGGAGATGGCACAGGAGGAAAGAGCATCTATGGTGA 
GCGCTTCCCAGATGAGAACTTCAAGCTGAAGCACTATGGGCCCGGATGGGTGAGCATGGC 
CAATGCAGGCAAAGACACCAATGGCTCCCAGTTCTTCATAACTACAGTCAAGACCTCCTG 
GCTAGACGGCAAGCACGTGGTTTTCGGCAAAGTTCTGGAAGGCATGGATGTGGTACGGAA 
GGTGGAGAACACCAAGACGGACAGCCGGGACAAGCCCCTGAAGGATGTGATCATTGTAGA 
CTGTGGCAAGATCGAAGTGGAGAAACCCTTTGCCATTGCCAAGGAGTAGAGAGAGCCTCG 
GGGACCTCATCCCTCTAAACAGCTGTCTGTGCGGGTCCTGTCGATTCCCTCACAGGTGAA 
AGCAGCCAGTCACAAGGCTCTGTGCGGCTCTGGCTCCAGTGCTTCCATCCGACGGGGTGG 
CCACACCCCTCACATTCCACAGGCCTGATTTTTATATAAAACTCCTACCAATGCTGATAT 

Figure 2.2. Nucleotide sequence of CypB clone derived from rat kidney library. 
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cypb translation: 

MKVLFAAALIVGSVVFLLLPGPSVANDKKKGPKVTVKVYFDFQIGDEPVGRVTFGLFGKT 
VPKTVDNFVALATGEKGFGYKNSKFHRVIKDFMIQGGDFTRGDGTGGKSIYGERFPDENF 
KLKHYGPGWVSMANAGKDTNGSQFFITTVKTSWLDGKHVVFGKVLEGMDVVRKVENTKTD 
SRDKPLKDVIIVDCGKIEVBKPFAIAKE 

red=signal peptide sequence 
boId=putative signal peptide cleavage site 
blue=nuclear localization signal (NLS) 
greeii~ER-riiei3iion sequence 

Figure 2.3. Conceptual translation of CypB clone derived from rat kidney library and 
associated domains. 
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10 20 30 40 50 60 
r cypb 
m cypb ATGCATGCCTGGTTCCCTAGGAGACCAGAAGAGGGTCTTATATCCTCTGGGATAGGAGTG 
h cypb 
c cypb GGAGA--TGAAG 

70 80 90 100 110 120 
r cypb 
m cypb AGCTGCTATGTGAGTATTGAGAATCAAATCCTGGTCCTCTGGAAGAGTGGGTGCCACCTC 
h cypb CGGGAA 
c cypb 

130 140 150 160 170 180 
r cypb GCTGCGCCTCTCGGAGCGCAATATGAAGGTGCTCTT 
m cypb CCGCTCTTGCTGCTGCCGGTGGATGCTGCGCCTCTCGGAGCGCAATATGAAGGTGCTCTT 
h cypb CGCAACATGAAGGTGCTCCT 
c cypb - - GCTTT GGTGGCGGCGACGGCGCTGGG 

190 200 210 220 230 240 
r cypb CGCCGCCGCCCTCATCGTGGGCTCCGTTGTCTTCCTTTTGCTGCCTGGACCCTCCGTGGC 
m cypb CGCCGCCGCCCTCATCGTGGGCTCCGTCGTCTTCCTTTTGCTGCCCGGACCCTCCGTGGC 
h cypb TGCCGCCGCCCTCATCGCGGGGTCCGTCTTCTTCCTGCTGCTGCCGGGACCTTCTGCGGC 
c cypb -GCCGGCGC TCCTACTGCTGCTGCCCGCCGCCTCGAGGGC 

250 260 270 280 290 300 
r cypb CAACGATAAGAAGAAGGGACCTAAAGTCACAGTCAAGGTATACTTTGATTTCCAAATTGG 
m cypb CAACGATAAGAAGAAGGGACCTAAAGTCACAGTCAAGGTATACTTTGATTTACAAATTGG 
h cypb CGATGAGAAGAAGAAGGGGCCCAAAGTCACCGTCAAGGTGTATTTTGACCTACGAATTGG 
c cypb CGACGAGCGCAAGAAGGGCCCCAAGGTCACGGCCAAGGTGTTCTTCGACCTCCGCGTGGG 

310 320 330 340 350 360 
r cypb AGACGAACCTGTAGGACGAGTGACCTTTGGACTCTTTGGAAAGACTGTTCCAAAAACAGT 
m cypb AGATGAATCTGTAGGACGAGTCGTCTTTGGACTCTTTGGAAAGACTGTTCCAAAAACAGT 
h cypb AGATGAAGATGTAGGCCGGGTGATCTTTGGTCTCTTCGGAAAGACTGTTCCAAAAACAGT 
c cypb CGAGGAGGATGCGGGCCGCGTCGTCATCGGGCTCTTCGGCAAAACGGTGCCCAAAACGGT 

370 380 390 400 410 420 
r cypb GGATAATTTTGTAGCCTTAGCTACAGGAGAGAAAGGATTTGGCTATAAGAACAGCAAGTT 
m cypb GGATAATTTTGTAGCCTTAGCTACAGGAGAGAAAGGATTTGGCTACAAAAACAGCAAGTT 
h cypb GGATAATTTTGTGGCCTTAGCTACAGGAGAGAAAGGATTTGGCTACAAAAACAGCAAATT 
c cypb GGAGAACTTCGTGGCTTTGGCCACCGGGGAGAAAGGGTTCGGCTTCAAGGGCAGCAAGTT 

430 440 450 460 470 480 
r cypb CCATCGTGTCATCAAGGACTTCATGATCCAGGGTGGAGACTTCACCAGGGGAGATGGCAC 
m cypb CCATCGTGTCATCAAGGACTTCATGATCCAGGGTGGAGACTTCACCAGGGGAGATGGCAC 
h cypb CCATCGTGTAATCAAGGACTTCATGATCCAGGGCGGAGACTTCACCAGGGGAGATGGCAC 
c cypb CCACCGCGTCATCAAGGACTTCATGATCCAGGGAGGGGACTTCACCCGCGGGGACGGCAC 

Figure 2.4. Nucleotide alignment between the CypBs of four different species 

490 500 510 520 530 540 
r cypb AGGAGGAAAGAGCATCTATGGTGAGCGCTTCCCAGATGAGAACTTCAAGCTGAAGCACTA 
m cypb AGGAGGAAAGAGCATCTATGGTGAGCGCTTCCCAGATGAGAACTTCAAGCTGAAGCACTA 
h cypb AGGAGGAAAGAGCATCTACGGTGAGCGCTTCCCCGATGAGAACTTCAAACTGAAGCACTA 
c cypb CGGAGGGAAGAGCATCTACGGAGACCGCTTCCCTGACGAGAACTTCAAGCTGAAGCACTA 
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550 560 570 580 590 
r cypb TGGGCCCGGATGGGTGAGCATGGCCAATGCAGGCAAAAGACACCA-TGCTCCCAGTTCTT 
m cypb CGGGCCTGGCTGGGTGAGCATGGCCAATGCAGGCAAAGACACCAATGGCTCACAGTTCTT 
h cypb CGGGCCTGGCTGGGTCAGCATGGCCAACGCAGGCAAAGACACCAACGGCTCCCAGTTCTT 
C cypb CGGCCCCGGCTGGGTGAGCATGGCCAACGCCGGCAAGGACACCAACGGCTCCCAGTTCTT 

600 610 620 630 640 650 
r cypb CATAACTACAGTCAAGACCTCCTGGCTAGACGGCAAGCACGTGGTTTTCGGCAAAGTTCT 
m cypb CATAACCACAGTCAAGACCTCCTGGCTGGATGGCAAGCATGTGGTTTTCGGCAAAGTTCT 
h cypb CATCACGACAGTCAAGACAGCCTGGCTAGATGGCAAGCATGTGGTGTTTGGCAAAGTTCT 
c cypb CATCACCACGGTGAAGACGGCGTGGCTGGATGGCAAGCACGTGGTGTTCGGCAAAGTGCT 

660 670 680 690 700 710 
r cypb GGAAGGCATGGATGTGGTACGGAAGGTGGAGAACACCAAGACGGACAGCCGGGACAAGCC 
m cypb AGAGGGCATGGATGTGGTACGGAAGGTGGAGAGCACCAAGACAGACAGCCGGGACAAGCC 
h cypb AGAGGGCATGGAGGTGGTGCGGAAGGTGGAGAGCACCAAGACAGACAGCCGGGATAAACC 
c cypb GGAGGGCATGGACGTGGTGAGGAAGGTGGAGAACACCAAGACAGACAGCCGGGACAAACC 

720 730 740 750 760 770 
r cypb CCTGAAGGATGTGATCATTGTAGACTGTGGCAAGATCGAAGTGGAGAAACCCTTTGCCAT 
m cypb ACTGAAGGATGTCATCATTGTCGACTCCGGCAAGATCGAAGTGGAGAAACCCTTCGCCAT 
h cypb CCTGAAGGATGTGATCATCGCAGACTGCGGCAAGATCGAGGTGGAGAAGCCCTTTGCCAT 
c cypb CCTGAAGGACGTCACCATTGCTGACTGCGGCACCATCGAGGTGGAGAAGCCCTTCGCCAT 

780 790 800 810 820 830 
r cypb TGCCAAGGAGTAGAGAGAGCCTCGGGGACCTCATCCCTCTAAACAGCTGTCTGTGCGGGT 
m cypb TGCCAAGGAGTAGAGAG--CCTGGGGGACCTCATCCCTCTAAGCAGCTGTCTGTGTGGGT 
h cypb CGCCAAGGAGTAGGGCACA GGGACATCTTTC-TTTGAGTGACCGTCTGTGCAGGCCC 
c cypb CGGCCTCTGCAGG--CTGCCCTTCTGCCCCACGTGCATTCCCCAGTGTCCCCAGTGGCAT 

840 850 860 870 880 890 
r cypb CCTGTCGATTCCCTCACAGGTGAAAGCAGCCAGTCACAAGGCTCTGTGCGGCTCTGGCTC 
m cypb CCTGTCAATCCCCACACAGACGAAGGTAGCCAGTCACAAGGTTCTGTGCCACCCTGGCCC 
h cypb TGT AGTCCGCCACAGGGCTCTGAGCTGCACTGGCCCCG 
c cypb CCCGGGGCGTGGGCAACCGCTGAGGCCCCATTCCCAGCCCCTGCCACCTCCCCAGG-GGC 

900 910 920 930 940 950 
r cypb CAGTGCTTCCATCCGACGGGGTGGCCACACCCCTCACATTCCACAGGCCTGATTTTTATA 
m cypb TAGTGCTTCCATCTGATGGGGTGACCACACCCCTCACATTCCACAGGCCTGATTTTTATA 
h cypb GTGCTGGCATCTGGTGGAGCGGACCCACTCCCCTCACATTCCACAGGCCCATGGACTCAC 
c cypb AAGACGGGGCCCTCG TCCGCTGTCCAATACTTCTTTTGTAAGAAGCACATGCACCAA 

960 970 980 990 
r c y p b TAAAACTCCTACCAATGCTGATATTTAAAGGG 
m c y p b AAAAACT ACCAATGCTGATCAATAAAGTGGGTTTTTTTTA 
h c y p b TTTTGTAACAAACTCCTACCAACACTGACCAATAAAAAAAAATGTGGGTTTTTTTTTTTT 
c cypb TCGGCCTGTACGGATCGCTGTCTTCGCCTAGAGATC 

Figure 2.4. (continued) 
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mCyPB MVNPTVFFDITADDEPLGRVSFELFADKVPKTAE 
rCyPA MVNPTVFFDITADGEPLGRVCFELFADKVPKTAE 
mCyPB MKV- -LFAAALIVGSWFLLLPGPSVANDKKKGPKVTVKVYFDLQIGDESVGRWFGLFGKTVPKTVD 
mCyPC --MSPGPRL--LLPAVLCLGLGA—LVSSSGSSGVRKRGPSVTDKVFFDVRIGDKDVGRIVIGLFGNVBVPKTVE 
rCyPD MLALRCGPRLLGLLSGPRSAPLLLSTTRTCSDGGARGANSSSQNPLVYLDVGADGQPLGRWLELKADWPKTVE 

mCyPB NFRALSTGEKGFGYKGSSFHRIIPGFMCQGGDFTRHNGTGGRSIYGEKFEDENFILKHTGPGILSMANAGPNTNG 
rCyPA NFRALSTGEKGFGYKGSSFHRIIPGFMCQGGDFTRHNGTGGKSIYGEKFEDENFILKHTGPGILSMANAGPNTNG 
mCyPB NFVALATGEKGFGYKNSKFHRVIKDFMIQGGDFTRGDGTGGKSIYGERFPDENFKLKHYGPGWVSMANAGKDTNG 
mCyPC NFVALATGEKGYGYKGSIFHRVIKDFMIQGGDFTARDGTGGMSIYGETFPDENFKLKHYGIGWVSMANAGPDTNG 
rCyPD NFRALCTGEKGFGYKGSTFHRVIPAFMCQAGDFTNHNGTGGKSIYGSRFPDENFTLKHVGPGVLSMANAGPNTNG 

mCyPB SQFFICTAKTEWLDGKHWFGKVKEGMNIVEAMERF-GSRNGKTSKKITISDCGQL 
rCyPA SQFFICTAKTEWLDGKHWFGKVKEGMSIVEAMERF-GSRNGKTSKKITISDCGQL 
mCyPB SQFFITTVKTSWLDGKHWFGKVLKEGMDWRKVESTKTDSRDKPLKDVIIVDSGKIEVEKPFAIAKE 
mCyPC SQFFITLTKPTWLDGKHWFGKVLDGMTWHSIELQATDGHDRPLTDCTIVNSGKIDVKTPFWEVPDW 
rCyPD SQFFICTIKTDWLDGKHWFGHVKEGMDWKKIESF-GSKSGKTSKKIVITDCGQLS 

Figure 2.5. Amino acid alignments between mouse and rat cyclophilin isoforms. 
Abbreviations: m=mouse; r=rat 
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10 20 30 40 50 60 
cypb ATGAAGGTGCTCTTCGCCGCCGCCCTCATCGTGGGCTCCGTTGTCTTCCTTTTGCTGCCT 

cylp ATGAAGGTGCTCTTCGCCGCCGCCCTCATCGTGGGCTCCGTTGTCTTCCTTTTGCTGCCT 
10 20 30 40 50 60 

70 80 90 100 110 120 
cypb GGACCCTCCGTGGCCAACGATAAGAAGAAGGGACCTAAAGTCACAGTCAAGGTATACTTT 

******•••••••••••••••••••••••••••••••••• ••••*.aiiczr**r***>> 
cylp GGACCCTCGGTGGCCAACGATAAGAAGAAGGGACCTAAAGTCACAGTCAAGGTATACTTT 

70 80 90 100 110 120 

130 140 150 160 170 180 
cypb GATTTCCAAATTGGAG-ACGAACCTGTAGGACGAGTGACCTTTGGACTCTTTGGAAAGAC 

cylp GATTTCCAAATTGGAGGACGAACCTGTAGGACGAGTGACCTTTGGACTCTTTGGAAAGAC 
130 140 150 160 170 180 

190 200 210 220 230 240 
cypb TGTTCCAAAAACAGTGGATAATTTTGTAGCCTTAGCTACAGGAGAGAAAGGATTTGGCTA 

cylp TGTTCCAAAA-CAGTGGATAATTTTGTAGCCTTAGCTACAGGAGAGAAAGGATTTGGCTA 
190 200 210 220 230 240 

250 260 270 280 290 300 
cypb TAAGAACAGCAAGTTCCATCGTGTCATCAAGGACTTCATGATCCAGGGTGGAGACTTCAC 

cylp TAAGAACAGCAAGTTCCATCATATGATCAAGGACTTCATGATCCAGGGTGGAGACTTCAC 
250 260 270 280 290 300 

310 320 330 340 350 360 
cypb CAGGGGAGATGGCACAGGAGGAAAGAGCATCTATGGTGAGCGCTTCCCAGATGAGAACTT 

cylp CAGGGGAGATGGCACAGGAGGAAAGAGCATCTATGGTGAGCGCTTCCCAGATGAGAACTT 
310 320 330 340 350 360 

370 380 390 400 410 420 
cypb CAAGCTGAAGCACTATGGGCCCGGATGGGTGAGCATGGCCAATGCAGGCAAAGACACCAA 

cylp CAAGCTGAAGCACTATGGGCCCGGATGGGTGAGCATGGCCAATGCAGGCAAAGACACCAA 
370 380 390 400 410 420 

Figure 2.6. Nucleotide alignment of the published Cy-LP sequence ̂ ^ and our CypB 
clone sequenced from a WKY kidney library. Note the frameshift-inducing 
"deletion" of a guanine residue (between nt 136 and 137) and compensatory 
"insertion" of an adenine residue (nt 190). 
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430 440 450 460 470 480 
cypb TGGCTCCCAGTTCTTCATAACTACAGTCAAGACCTCCTGGCTAGACGGCAAGCACGTGGT 

cylp TGGCTCCCAGTTCTTCATAACTACAGTCAAGACCTCCTGGCTAGACGGCAAGCACGTGGT 
430 440 450 460 470 480 

490 500 510 520 530 540 
cypb TTTCGGCAAAGTTCTGGAAGGCATGGATGTGGTACGGAAGGTGGAGAACACCAAGACGGA 

cylp TTTCGGCAAAGTTCTGGAAGGCATGGATGTGGTACGGAAGGTGGAGAACACCAAGACGGA 
490 500 510 520 530 540 

550 560 570 580 590 600 
cypb CAGCCGGGACAAGCCCCTGAAGGATGTGATCATTGTAGACTGTGGCAAGATCGAAGTGGA 

cylp CAGCCGGGACAAGCCCCTGAAGGATGTGATCATTGTAGACTGTGGCAAGATCGAAGTGGA 
550 560 570 580 590 600 

610 620 630 640 650 660 
cypb GAAACCCTTTGCCATTGCCAAGGAGTAGAGAGAGCCTCGGGGACCTCATCCCTCTAAACA 

cylp GAAACCCTTTGCCATTGCCAAGGAGCTGAGAGAGCCTCGGGGACCTCATCCCTCTAAACA 
610 620 630 640 650 660 

670 680 690 700 710 720 
cypb GCTGTCTGTGCGGGTCCTGTCGATTCCCTCACAGGTGAAAGCAGCCAGTCACAAGGCTCT 

cylp GCTGTCTGTGCGGCTCCTGTCGATTCC-TCACAGGTGAAAGCAGCCAGTCACAAGGCTCT 
670 680 690 700 710 720 

730 740 750 760 770 780 
cypb GTGCGGCTCTGGCTCCAGTGCTTCCATCCGACGGGGTGGCCACACCCCTCACATTCCACA 

cylp GTGCGGCTCTGGCTCCAGTGCTTCCATCCGACGGGGTGGCCACACCCCTCACATTCCACA 
730 740 750 760 770 780 

790 800 810 
cypb GGCCTGATTTTTATATAAAACTCCTACCAATGCTGAT 

cylp GGCCTGATTTTTATATAAAACTCCTACCAATGCTGATCAATAAAGAAGTGGGTTTTTTTA 
790 800 810 820 830 840 

cypb AT 

cylp TAAAAA 

Figure 2.6 (continued) 

10 20 30 40 50 60 
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CYPB MKVLFAAALIVGSWFLLLPGPSVANDKKKGPKVTVKVYFDFQIGDEPVGRVTFGLFGKT 

CY-LP MKVLFAAALIVGSWFLLLPGPSVANDKKKGPKVTVKVYFDFQIGGRTCRTSDLWTLWKD 
10 20 30 40 50 60 

70 80 90 100 110 120 
CYPB VPKTVDNFVALATGEKGFGYKNSKFHRVIKDFMIQGGDFTRGDGTGGKSIYGERFPDENF 

CY-LP CSKTVDNFVALATGEKGFGYKNSKFHHMIKDFMIQGGDFTRGDGTGGKSIYGERFPDENF 
70 80 90 100 110 120 

130 140 150 160 170 180 
CYPB KLKHYGPGWVSMANAGKDTNGSQFFITTVKTSWLDGKHWFGKVLEGMDWRKVENTKTD 

CY-LP KLKHYGPGWVSMANAGKDTNGSQFFITTVKTSWLDGKHWFGKVLEGMDWRKVENTKTD 
130 140 150 160 170 180 

190 200 
CYPB SRDKPLKDVIIVDCGKIEVEKPFAIAKE 

CY-LP SRDKPLKDVIIVDCGKIEVEKPFAIAKE 
190 200 

Figure 2.7. Amino acid alignment of the translated rat CypB sequence we have cloned with 
that of rat " [18] Cy-LP " (GenBank Accesssion #M60456). Note that amino 
acids 46-62 of Cy-LP, corresponding to the "frameshifted" nt share almost no 
identity to CypB. 
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Cy-LP (if expressed in rat kidney cDNA library) 

.ryl'B ?-S i pniTse; • (CyPB FS2 primer) 

rnOAGA / ^ i i : k 1 N < ^ y TGGAAAGACTGTTCCAAAAA y\^ • 

CTTTGATTTCCAAATTGGAGGACGAACCTGTAGGACGAGTGACCTTTGGACTCTTTGGAAAGACTGTTCCAAAA-CAGT 

CnTGArrrCCAAATTGGAGG k TGGAAAGACTGITCCAAAA G • 

(Gy-I..PPSl primer) •(.'>-Li'rS3 prisnor} 

(Cy-I..P FSI primer; (GyLP V<1 pn-JK-r; 

CTTTGATTTCCAAATTGGAGG ^ ( ^ k rG"-: \ A A G -XG IGriGGAAAA:, ^ < ^ ^ 

CTTTGATTTCCAAATTGGAG-ACGAACCTGTAGGACGAGTGACCTTTGGACTCTTTGGAAAGACTGTTCCAAAAACAGT 

cm <: \ r r i rx'. \ A A t r OC>AC \ k TGGAAAGACTGTTCCAAAAA ^ 

<GyFiMSI pn>iK;v; (CyPB FS2 primer) 

CypB (if expressed in rat kidney cDNA library) 

Figure 2.8. Allele-Specific Primers Can Distinguish Between CypB and Cy-LP. 
Mismatches between the 3' terminal nucleotide of a primer and the target 
template will greatly reduce the efficiency of the PCR reaction. Therefore, 
at high annealing temperatures, PCR reactions utilizing primers containing 
such mismatches will be much less efficient than those utilizing fully 
complimentary primers. An annealing temperature "titration" can therefore 
be used to evaluate the expression of alleles differing by single base pair 
deletions or insertions 
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A.T. (°C) { 
53 63 53 63 53 63 

A.T. (°C) { 

60 

cypB +c 

^^^S^^^H^^H^^^^^B 

:• ^^Mi • 1 

66 60 66 60 

G; . ^•A~i;;A-i*JV 
iBAFSX^Cy-lpvFSl. 

S^^^l^^H*^'^ 

*: J Cyiffl|^FS25 Cy- lp: FS2 ^ i . m 

'^''liir¥-;. ^ ^ : : : - J * . , ,. - ...̂  . G,.>:if 

5'V 

66 60 66 60 66 

53 63 53 63 

Figure 2.9. CypB, but not Cy-LP is expressed in rat kidney. An allele-specific primer 
based PCR assay was carried out as depicted in Figure 2.6. Aimealing temperatures (AT) 
of 53, 60, 63, and 66° C were employed. CypB -rcont = primers binding to sequences 
shared by both CypB and Cy-LP (positive control). Cy-LP FSl = primers designed to 
amplify Cy-LP specifically by binding to the site of the first, upstream "fî ameshift 
mutation". Cy-LP FS2 = primers designed to amplify Cy-LP specifically by binding to 
the site of the second, downstream "fi-ameshifl mutation". Cy-LP FS2. CypB FSl and 
C '̂pB FS2 designate the analogous primers designed to specifically amplify CypB. See 
Figtire 2.6 and corresponding text for more details. 
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10 20 30 40 50 60 
WKY ATGAAGGTGCTCTTCGCCGCCGCCCTCATCGTGGGCTCCGTTGTCTTCCTTTTGCTGCCT 

SHR ATGAAGGTGCTCTTCGCCGCCGCCCTCATCGTGGGCTCCGTTGTCTTCCTTTTGCTGCCT 
10 20 30 40 50 60 

70 80 90 100 110 120 
WKY GGACCCTCCGTGGCCAACGATAAGAAGAAGGGACCTAAAGTCACAGTCAAGGTATACTTT 

SHR GGACCCTCCGTGGCCAACGATAAGAAGAAGGGACCTAAAGTCACAGTCAAGGTATACTTT 
70 80 90 100 110 120 

130 140 150 160 170 180 
WKY GATTTCCAAATTGGAGACGAACCTGTAGGACGAGTGACCTTTGGACTCTTTGGAAAGACT 

SHR GATTTCCAAATTGGAGACGAACCTGTAGGACGAGTGACCTTTGGACTCTTTGGAAAGACT 
130 140 150 160 170 180 

190 200 210 220 230 240 
WKY GTTCCAAAAACAGTGGATAATTTTGTAGCCTTAGCTACAGGAGAGAAAGGATTTGGCTAT 

SHR GTTCCAAAAACAGTGGATAATTTTGTAGCCTTAGCTACAGGAGAGAAAGGATTTGGCTAT 
190 200 210 220 230 240 

250 260 270 280 290 300 
WKY AAGAACAGCAAGTTCCATCGTGTCATCAAGGACTTCATGATCCAGGGTGGAGACTTCACC 

SHR AAGAACAGCAAGTTCCATCGTGTCATCAAGGACTTCATGATCCAGGGTGGAGACTTCACC 
250 260 270 280 290 300 

310 320 330 340 350 360 
WKY AGGGGAGATGGCACAGGAGGAAAGAGCATCTATGGTGAGCGCTTCCCAGATGAGAACTTC 

SHR AGGGGAGATGGCACAGGAGGAAAGAGCATCTATGGTGAGCGCTTCCCAGATGAGAACTTC 
310 320 330 340 350 360 

370 380 390 400 410 420 
WKY AAGCTGAAGCACTATGGGCCCGGATGGGTGAGCATGGCCAATGCAGGCAAAGACACCAAT 

SHR AAGCTGAAGCACTATGGGCCCGGATGGGTGAGCATGGCCAATGCAGGCAAAGACACCAAT 
370 380 390 400 410 420 

Figure 2.10. SHR-derived CypB does not exhibit any sequence differences compared to 
WKY-derived CypB. 
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430 440 450 460 470 480 
WKY GGCTCCCAGTTCTTCATAACTACAGTCAAGACCTCCTGGCTAGACGGCAAGCACGTGGTT 

SHR GGCTCCCAGTTCTTCATAACTACAGTCAAGACCTCCTGGCTAGACGGCAAGCACGTGGTT 
430 440 450 460 470 480 

490 500 510 520 530 540 
WKY TTCGGCAAAGTTCTGGAAGGCATGGATGTGGTACGGAAGGTGGAGAACACCAAGACGGAC 

SHR TTCGGCAAAGTTCTGGAAGGCATGGATGTGGTACGGAAGGTGGAGAACACCAAGACGGAC 
490 500 510 520 530 540 

550 560 570 580 590 600 
WKY AGCCGGGACAAGCCCCTGAAGGATGTGATCATTGTAGACTGTGGCAAGATCGAAGTGGAG 

SHR AGCCGGGACAAGCCCCTGAAGGATGTGATCATTGTAGACTGTGGCAAGATCGAAGTGGAG 
550 560 570 580 590 600 

610 
WKY AAACCCTTTGCCATTGCCA 

SHR AAACCCTTTGCCATTGCCA 
610 

Figure 2.10 (continued) 
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CHAPTER III 

DEVELOPMENT AND VALIDATION OF A QUANTITATIVE ASSAY 

OF RAT CYCLOPHILIN B TRANSCRIPT ABUNDANCE 

Introduction 

Essential hypertension is a quantitative disorder in that it is defined by chronically 

elevated arterial pressure. Although the genetic alterations responsible for the syndrome 

will probably be qualitative, the manifestations of these genetic alterations underlying 

hypertension will be quantitative. Because this disorder is associated with alterations in 

renal ion transport' the identification of alterations in the expression of genes controlling 

such transport, or its regulation, could lend insight into mechanisms underlying the 

hypertensive phenotype. The ultimate driving force for all such cellular ion flux 

phenomena is the gradient of sodium ions maintained by the Na"̂ , K"̂  ATPase (NKA). 

Abnormal NKA activity has been correlated with the hypertensive phenotype in both 

animal^. 3 and human'*' ^ hypertension. Of particular interest is the increased 

reabsorption of sodium in the proximal tubule of the spontaneously hypertensive rat 

(SHR) as a key pathophysiological element in the elevation of blood pressure. That this 

phenotypic variable is frequently observed in hypertensives of a variety of species may 

underscore a fundamental link between this biochemical marker and the etiology of the 

disorder. 

Individual nephrons can be divided both morphologically and functionally, into 

numerous segments. Therefore, a full elucidation of nephron function requires 

examination at microscopically localized levels. Segment-specific functional 
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heterogeneity of individual nephron segments is reflected in differential gene expression 

between segments. The microscopic size of these nephron segments makes the task of 

correlating abnormal levels of expression of particular genes with hypertension 

challenging. The ability to demonstrate quantitative differences in the expression of genes 

hypothesized to influence blood pressure may therefore be an important approach for the 

elucidation of molecular mechanisms underlying complex traits such as hypertension. 

Any technique designed to investigate the problem of precisely quantitating genes 

expressed in individual nephron segments must pass several stringent tests. First many 

renal transport genes exist in various isoforms which themselves often display specialized 

functions,^'^ so quantitative techniques must be able to differentiate between individual 

isoforms. Second, a quantitation technique must be capable of precise and accurate 

measurements of molecule number so that the results of experiments designed to measure 

either the same gene in different animals or functionally related genes in the same animal 

can be compared with confidence. Finally, it must be sensitive enough to be able to 

produce reliable measurements of gene expression in very small samples such as 

microdissected nephron segments. 

One technique that may meet all of the aforementioned requirements is 

competitive reverse transcription-polymerase chain reaction (RT-PCR).'^ This 

technique involves the extraction of a sample of total RNA from tissue that contains an 

unknown amount of a specific message, which can be amplified from this sample. A 

known amount of competitor RNA template possessing identical primer binding 

sequence to the native target transcript is added to the sample. This provides a system in 

which both major steps of the RT-PCR reaction occur simultaneously and in the same 
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reaction tube for both competitor and native transcripts. The initial amount of specific 

RNA in the original sample is then estimated by measurement of the ratio of the native 

and competitor reaction products. This technique has been successfully applied toward 

the quantitation of transcripts encoding two alternatively spliced isoforms of the calcium-

calmodulin dependent protein phosphatase calcineurin, and the a l , ot2, and a 3 ' ' and y 

isoforms (unpublished data) of the sodium potassium ATPase (NKA) in a variety of 

tissue types including nephron segments. 

The present study was designed to develop and optimize a competitive RT-PCR 

system capable of quantitating a candidate hypertension gene, cyclophilin B (CypB), in 

microdissected nephron segments. The primary objectives in developing and validating 

such a system is to ensure that it conforms to theoretical predictions concerning reaction 

behavior, and is appropriately precise and sensitive. The present study examined each of 

these requirements and evaluated them accordingly. 

Methods 

Nephron Microdissection and RNA Extraction 

Just prior to the tissue collection, SHR and WKY rats were deeply anesthetized 

with an intraperitoneal injection of Nembutal. Following a longitudinal ventral incision, 

the abdominal aorta was clipped just above the renal artery bifurcation. One kidney was 

selectively perfused with 20 ml ice-cold Tris-buffered physiological saline solution 

containing 1.0 mg/ml collagenase and albumin. This perfused kidney was then removed, 

sliced into thin sections, and incubated in a similar solution for 15 minutes (37° C). 

Residual collagenase was removed by rinsing. The tissue was placed in a Petri dish to 
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which was added ice-cold physiological saline containing 10 mM vanadyl ribonucleoside 

complex (a potent RNAse inhibitor) which was continuously bubbled with air. 

Individual nephron segments were identified morphologically. The following nephron 

segments were microdissected from the kidneys: proximal convoluted tubule (PCT), 

proximal straight tubule (PST), medullary thick ascending limb of Henle's loop (MTAL), 

thin ascending limb of Henle's loop (thAL), cortical collecting duct (CCT), and 

medullary collecting duct (MCT). Each segment was measured for length with an ocular 

micrometer. Ninety-six-well tissue culture plates were pre-rinsed with a solution 

containing 100ng/|il ytRNA to block non-specific RNA binding. Dissected nephron 

segments were then placed in individual wells and carefully rinsed to remove the vanadyl 

ribonucleoside complex. Tissue was lysed with RNAzol B (Teltest, Friendswood, TX) 

and RNA was extracted according to the manufacturer's protocol. Phenol/chloroform 

RNA extraction was then carried out. Samples were centrifuged at 12,900 rpm (17,700 x 

g) for 15 minutes and the supernatant was carefully removed. Following extraction, 

RNA was isopropanol-precipitated with the co-precipitants linear acrylamide (Ambion, 

Austin, TX) and yeast transfer RNA (ytRNA; Sigma, St. Louis, MO). Next, the RNA 

was pelleted, washed with 70% EtOH, briefly dried under vacuum, and dissolved in a 

200 ng/|xl ytRNA solution (0.5 mm nephron segment/jil). Samples were stored at -80°C. 

Competitive Mutant RNA Synthesis 

Mutant cDNA templates were designed against a region of the CypB gene 

corresponding to either a 266 bp region near the 3' end or a 204 bp region beginning just 

downstream of the 266 bp region and ending at the same 3' location. These templates 

were inserted into a pGem-4Z vector, which contains a T7 transcriptional promoter just 
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upstream of these inserts. The mutant construct contained a 24 bp insertion, with a Pmel 

site engineered into this native insertion sequence. RNA was produced with T7 RNA 

polymerase. This RNA was precipitated with 0.6 volumes isopropanol (22 °C), washed 

with 70% EtOH, dried briefly under vacuum, and dissolved in a yt RNA solution (100 

ng/|il). Following spectrophotometric determination of RNA concentration and purity 

(wavelength scan at 260-, 270, and 280 nm), the transcribed RNA was diluted in a 

ytRNA solution to buffer against RNAse degradation and to reduce non-specific binding 

to plastic surfaces. RNA integrity was examined by, following the extraction of RNA 

from the opposite-side kidney, denaturing agarose gel electrophoresis and visualization 

with ethidium bromide staining and UV illumination. Finally, RNA was diluted in to 100 

ng/|j.l (whole kidney RNA) or 0.5 mm/|j.l (nephron RNA) in ytRNA solution. Aliquots 

were stored long-term at -80°C 

CypB Primer Design and PCR Product Sizes 

Primers were designed to amplify a short portion of the published cDNA 

sequence 12 and to avoid self-complementarity. Either of two forward primers and a 

common reverse primer was employed in any given reaction. Forward primer #1, was a 

20mer with the sequence 5'-CAAGACCTCCTGGCTAGACG-3' (nt 447-466 in the 

cDNA sequence, Genbank accession #AF071225) while forward primer #2 was also a 

20mer with the sequence 5'-TGGTACGGAAGGTGGAGAAC-3' (nt 509-528 in the 

cDNA sequence). The reverse primer was a 20mer with the sequence 5'-TTGTGACTG 

GCTGCTTTCAC-3' (nt 693-712). PCR reaction products were generated with either of 

these two forward primers and a single, common reverse primer. The sizes for native 
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product produced with forward primer #1 was 266 bp, while the product produced with 

forward primer #2 was 204 bp. Competitor mutant amplicon was produced with forward 

primer #1 and was 290 bp. 

Competitive RT-PCR 

All steps were carried out using RNAse-free microcentrifuge tubes and filter-

barrier pipetman tips from Dot Scientific (Foster City, CA). RT and PCR reagents are 

exclusively from Perkin Elmer (Foster City, CA). RNA is primed with random hexamers 

and MMLV reverse transcriptase (RT) in the presence of the RNAse inhibitor Rnasin. 

Thirty-minute RT reactions were carried out at 42° C in a PTC-200 Peltier thermal cycler 

from MJ Research (Watertown, MA). Incubating at 99° C for 5 minutes then inactivates 

RT. PCR master mix, consisting of 2mM MgCb, IX PCR Buffer II, 32.75 |il MB grade 

water, and 2.5 U AmpliTaq Gold, and 0.3 )J.M primers (see above) were added next. The 

thermal sequence employed for the competitive RT-PCR reactions was as follows: the 

reaction mix was heated to 94° C for 10 minutes, followed by 40 cycles of 94°C for 1 

minute (denaturation of DNA), 54 ° C (primer annealing temperature), for 1 minute, 72°C 

for 1 minute to elongate DNA strands. Forty to forty-five such cycles were carried out. 

Gel Electrophoresis, Sequencing, and HPLC 
Analysis of Reaction Products 

Aliquots of RT-PCR reaction products were analyzed on 1.5-2.0% agarose gels 

under non-denaturing conditions. These gels were stained with ethidium bromide and 

inspected under UV illumination to demonstrate the integrity of the reaction products. 

Aliquots from the same tube were incubated with Exonuclease I (Exo I) to digest excess 
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PCR primers and Shrimp Alkaline Phosphatase (SAP) to degrade excess nucleotides 

carried over from the PCR reaction, followed by additional purification on Centri-Sep 

spin columns (BioRad, Hercules, CA). Purified amplicons were then sequenced by 

cycle-sequencing with Thermo Sequenase DNA polymerase (Amersham, Princeton, NJ), 

"Big Dye" (Perkin Elmer, Foster City, CA) dye terminators, and fluorescent detection on 

an ABI Prism 377 DNA sequencer (Perkin Elmer, Foster City, CA). Sequences derived 

from amplicons produced from both SHR and WKY kidney RNA were shown to be 

identical to both the published CypB sequence and to each other (see Chapter II). 

Following competitive RT-PCR, 5-10 |il of reaction products were injected 

directly onto an ion pair reversed-phase HPLC column (DNASep, Sarasep; San Jose, CA) 

containing a polystyrene-divinylbenzene CIS-bounded stationary phase. Products were 

eluted at 55°C with a solvent system comprising a gradient of acetonitrile in 100 mM 

triethylammonium acetate. A Rainin (Woburn, MA) HPXL solvent delivery system was 

used for HPLC analysis. Reaction products were detected with on-line UV absorbance 

(254 nm), and peak areas were quantified with either a Hewlett Packard (Avondale, PA) 

3390A reporting integrator or by Rainin Dynamax software. 

Data Analysis 

An automated Q-RT-PCR Microsoft Excel "Plug In" program has been 

developed'^ to facilitate data analysis of the peak areas for native, mutant, and 

heteroduplex products reported by the HP integrator (above). Its purpose is to estimate 

the unknown quantity of native and competitor specific transcript abundance from the 

ration of reaction products and the amount of competitor added to the reaction. The 

program adjusts for differences in product size and UV absorbance attributable to product 
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length, and allocates appropriate percentages of the heteroduplex peak area to total native 

and mutant peak area, based on the size of each component of the heteroduplex. The 

number of native RNA molecules in the original sample are then determined via an 

analysis of the ratio of the (native + allocated heteroduplex) and (competitor + allocated 

heteroduplex) peak areas. Comparison of normotensive and hypertensive animal groups 

is achieved by calculating means and standard errors, with significant differences being 

calculated with the Student's t-test. 

Results 

Theoretical considerations 

Competitive RT-PCR strategies are desirable in instances where maximum 

sensitivity is required. However, the exponential increases in amplicon number resulting 

from replication in many consecutive cycles renders any PCR-based quantitative assay 

susceptible to errors which result from even small differences in amplification efficiency 

between samples. Such differences might theoretically stem from the effects of various 

factors, including minor contaminants, buffer composition, and temperature on the 

processivity rate of Taq polymerase whereby shorter templates are amplified with a 

greater efficiency than longer ones. Of course, any such differences must be accounted 

for and appropriate correction factors must be employed for any such quantitative assay 

system to be reliable. 

The effects of differences in amplification efficiency have been expressed 

mathematically by Raeymaekers'^ and are summarized herein. Equation 3.1 describes 

the accumulation of reaction products indicates that minor differences between the 
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amplification efficiency of native and competitor templates can be exponentially 

compounded as the reaction progresses. 

N=No(l+E)" (3.1) 

Where N is the number of amplicons following the final cycle. No is the starting amount 

of template in the reaction tube, n is the cycle number, and E is the amplification 

efficiency. 

However, the competitive PCR assay system described herein involves the 

simultaneous amplification of two different amplicons (i.e., native and competitor) which 

share common primer binding sites. Should competitor and native templates exhibit 

differences in E, the amount of reaction products following n cycles can be described by 

equations 3.2 and 3.3. 

U=Uo(l+Eu)" (3.2) 

C=Co(l+Ec)" (3.3) 

Where U and C are the final product amounts of native and competitor DNAs, 

respectively, Uo and Co are the initial amounts of these templates, and Eu and Ec are their 

amplification efficiencies. As before, n is the number of reaction cycles. The logarithm 

of the ratio of equations 3.2 and 3.3 yields equation 3.4: 

log(Un/Cn)=log Uo - log Co + n * log[(l+Eu)/(l+Ec)] (3.4) 
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An ideal competitor would have the same amplification efficiency as the native 

amplicon so efficiencies should be identical at the begining of the reaction and remain 

equal throughout each reaction cycle. Therefore, for any given cycle, U /̂Ck = UQ/CO-

This circumstance, then, causes equation 3.4 to reduce to: 

log(Un/Cn) = log Uo - log Co. (3.4) 

One should note that the log of product ratios bears a linear relationship to initial copy 

number of the native template and takes on the standard linear equation, y = mx - b. 

Therefore, a titration plot which relates log (Up/Cn), designated y, to log Co (the amount 

of starting competitor RNA, a known quantity, designated x), will generate a straight line 

with a slope of-1 (designated m), if theoretical ideals are met. Should such ideals be 

met, log No can be calculated, thereby revealing the initial number of native templates in 

the reaction mix. 

Figure 3.2 describes the titration plot produced from the results of quantitative 

titrations of CypB transcript numbers from total RNA extracted from whole kidney 

lysates. For each reaction tube, the log ratio of native to mutant transcript amounts 

produced was plotted against the log of the corresponding initial amount of competitor 

RNA added. The initial amount of total kidney RNA added to each reaction was 50 ng, 

while the competitor input levels were 88, 132, 198, 296, 445, 667, and 1000 fg. The 

initial amount of native RNA in the sample was determined from the regression at the 
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point where the log ratio equaled zero. This corresponded to an expression level of 18 pg 

of mutant RNA/^ig kidney total RNA. 

Quantitation of competitive RT-PCR reactions 

The amount of mutant RNA in a competitive RT-PCR reaction that will be equal 

to the amount of native message in the sample is estimated by the equation of the 

regression line. This regression line is derived from a plot of the logarithm of the 

native/mutant RNA ratio versus the log of the amount of mutant RNA added to each 

reaction. The equation of the regression line can then be used to determine the amount of 

native gene expression by estimating where the log of the native/mutant ratio has the 

value 0 (log 1/1). Upon demonstrating that the final (CypB"^7CypB"'"') product ratio is 

the same as the initial product ratio, repeated titrations cease to be required, and single-

tube quantitations can then be employed.'^ 

Precision of the CypB Competitive RT-PCR 
Assay System 

Precision is defined as the ability to reproduce an estimate following repeated 

measurements of a given sample. We have ascertained the level of precision of this 

system by quantifying the amount of CypB gene expression in each of several whole rat 

kidney RNA samples multiple times. The observed average coefficient of variation 

(Figure 3.3) was 12.1% for 5 week (i.e., prehypertensive) whole kidney RNA samples 

(n=9, individual samples measured 3-5 times each) and 9.6% for 16 week (i.e., 

hypertensive) samples (n=l I, individual samples measured 3-5 times each) in which the 

mean pooled level of gene expression was 94.23 and 62.74 molecules of CypB/pg total 
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RNA, respectively. Precision was also estimated for low copy number sources by 

performing the same analysis on RNA from microdissected nephron segments. In these 

samples, a coefficient of variation of 8.9% (n=6, individual samples measured 3 times 

each), for 5 week proximal nephron RNA samples in which the pooled level of 

expression was 10034.6 (± 1359.0) molecules of CypB/0.125 mm microdissected 

nephron tissue. 

Sensitivity of the CypB competitive RT-PCR 
assay system 

Evaluation of the sensitivity limits of the CypB quantitation system involved 

measurements of serial dilutions of rat proximal convoluted tubule RNA. We found that 

primer design quality each influenced the sensitivity of the system. Initial attempts were 

successful in quantitating nephron CypB, but a single dilution (1:10) resulted in the 

inability to detect reaction products at all. Resynthesis of both primers marginally 

improved assay performance, so that a fraction of individual reactions yielded reaction 

products following a 1:10 dilution. However, redesign of the forward primer (with the 

reverse primer unchanged) markedly enhanced sensitivity. The three levels of input 

displayed in Figure 3.4 produced a decline in estimated copy number, which is linear and 

has a slope of one. Strikingly, quantitation was possible down to as few as 100 copies of 

CypB message (Figure 3.4). Moreover, the data demonstrates an extremely high level of 

precision with which replicate measurements from the same dilution could be obtained. 

However, when inputs were further diluted 5- or 10-fold beyond the highest dilution in 

Figure 3.4 (0.125 mm nephron), reactions generally failed to make detectable products or 

made non-specific products. 

60 



While primer redesign greatly enhanced QRT-PCR sensitivity, mechanisms 

underlying this enhancement of sensitivity are still unclear. However, these experiments 

clearly underscore the need for primer optimization in the development of an assay 

system where maximum sensitivity is a primary concern. 

Discussion 

Because most cellular enzymatic and structural roles are carried out by protein 

machinery, quantitation of protein may appear more relevant to understanding biological 

function than similar techniques aimed at quantifying nucleic acids. However, such 

approaches tend to be susceptible to certain types of empirical biases that might cloud 

data interpretation. For example, it is often the case that the antibodies available for the 

detection (e.g., immunoblot, immunohistochemistry, immunoprecipitation, etc.) of a 

given protein are panreactive and therefore do not exhibit selectivity between isoforms of 

that protein. Furthermore, with few exceptions,'6-'^ antibodies do not tend to distinguish 

between post-translation modification states (e.g., phosphorylation, palmitoylation, 

myristoylation, glycosylation, detyrosination, and mono- and poly-ADP-ribosylation) of 

the target protein, which often indicate the activity or functional state of that protein20-23 

Finally, while antibody-based quantitations comparing relative expression of a protein of 

interest between cell or tissue types can be can be carried out, differences in affinity and 

avidity of antibodies make a similar comparison of two different proteins extremely 

problematic. Conversely, techniques designed to quantitate nucleic acids can be designed 

to be absolutely selective across the entire range of such parameters. 

Among the most versatile of such techniques meeting all of the previously 

discussed criteria is the competitive quantitative RT-PCR assay system discussed herein. 
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Much controversy concerning the utility and reliability of this method, as well as similar 

competitive PCR-based techniques '̂*"^^ has historically led many investigators in search 

of sensitive techniques for gene quantitation to look elsewhere for solutions. However, 

much of this uncertainty stemmed largely from doubts concerning whether the native and 

competitor templates would behave similarly. In recent years, though, such variables 

have been evaluated under a variety of reaction conditions,'^ and the technique has been 

validated with respect to its exquisite accuracy, precision, and sensitivity.'^ 

The exponential amplification inherent to competitive RT-PCR confers upon it 

the sensitivity necessary to quantitate genes expressed in small tissue samples such as the 

microdissected nephron segments evaluated in this report. However, only recently have 

many of the concerns regarding the performance of this quantitation method been 

adequately addressed.'^ The most important of these concerns is the possibility of 

unequal PCR amplification efficiency between native and competitor targets, and the 

possibility of unequal decline in amplification efficiency which occurs as reactions 

approach plateau phase. This limitation was overcome in part by designing competitor 

templates which not only possessed primer binding sites which were identical to those of 

the target message, but also shared considerable sequence homology with the target, 

differing by only a small sequence insertion or deletion. 

Recent developments in HPLC-based DNA separation technology^^ have resulted 

in the production of a reversed phase, ion pairing column capable of separating 

oligonucleotides and DNA in a strictly size-dependent fashion. This development has 

significantly enhanced the resolution of PCR reaction products. Most significantly, it 

greatly facilitated the detection of heteroduplexes'^ between native and competitor 
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amplicons which accumulate during the later cycles of the PCR reaction and are rarely 

resolved following agarose electrophoresis (unpublished observations). This important 

advance has significantly increased the accuracy of the analysis of competitive reactions 

and has therefore allowed for improved validation of competitive systems, including 

demonstrations of the efficiency, accuracy, and precision of such systems'^. Finally, 

PCR products differing in size by only relatively few base pairs can be adequately 

resolved, allowing for the construction of competitor templates which are quite similar to 

the mRNA species being evaluated, an important consideration when attempting to 

design a system employing amplicons with similar amplification efficiencies. 

The primary aim of this study was to develop and validate a quantitative assay for 

measuring the expression level in specific nephron segments of a novel gene (CypB) 

hypothesized to be involved in the etiology of hypertension in the spontaneously 

hypertensive rat (SHR). In so doing, we have successfully demonstrated that the 

accuracy, precision, and sensitivity of this system is similar to that of systems which have 

successfully been applied toward the quantitation of a variety of other genes. This 

technique minimizes the limitations of other gene quantitation assay systems, such as the 

semiquantitative attributes of in situ hybridization and Northern blotting, as well as the 

low sensitivity of both Northerns and solution hybridization. Instead, competitive RT-

PCR provides accurate and highly sensitive quantitation which is suitable for use with 

extremely small tissue samples such as microdissected nephron segmentsl. Moreover, 

the HPLC/UV detection associated with this system reduces hazards associated with 

radioisotopes and ethidium bromide, and reduces errors resulting from sample-to-sample 

handling variations. 
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Several variations of quantitative PCR are currenUy being practiced. Of these 

systems, competitive PCR is generally regarded as the method of choice because of its 

ability to discern as little as 2- to 3-fold differences in transcript abundance. 

Occasionally, satisfactory results can be obtained without using either internal controls or 

kinetic analysis^S. However, such a setup can only be employed in the fortuitous (and 

unlikely) scenario in which the target gene consistently displays an identical 

amplification efficiency between samples. Attempts to correct this common deficiency 

often include the use of internal mRNA standards, such as housekeeping genes29-32 

While this approach minimizes sample-to-sample variations in RNA yield, particularly 

for analysis of samples where RNA quantities are too minute to measure 

spectrophotometrically, reliability can only be ensured if the reference standard's 

expression level does not change as a result of experimental treatments. Unfortunately, 

few genes, housekeeping or otherwise, in reality possess this property (Hayward, 

unpublished observations and refs33, 34) One approach designed to circumvent such 

difficulties is the use of an exogenous standard, either RNA or DNA that does not exist in 

the target sample nucleic acid population.35 As is the case for systems employing 

exogenous standards, however, even small differences in amplification efficiencies 

between target and standard mRNAs will render data uninterpretable. Several 

investigators^^, 37 have utilized internal standards differing only by extremely small 

insertions or deletions, thus minimizing such difficulties. 

Competitive RT-PCR differs from the aforementioned quantitative systems in that 

the standard and target gene sequences compete for the same primers. By designing 

competitors such that the amplification efficiency is identical to that of the target 
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transcript, the ratio of target to standard will be equal to the ratio of their respective 

amplicons.'0' ^8,39' x^g MIMIC competitive PCR system"*'''̂ ,̂ for example, involves 

the use of heterologous competitor fragments which share primer binding sites with the 

target transcript. However, because of the highly divergent sequences between the 

primer binding sites, extremely careful validation of the amplification efficiencies of 

these two molecules is required. The competitive system described herein utilizes 

competitors which are identical to the target sequence, with a small (generally around 20-

30 bp) insertion or deletion (see Figure 3.1) that allows the two species to be separated 

based on even small size differences. Hence, this system minimizes amplification 

efficiency differences and combines all of the advantages of the aforementioned systems. 

Moreover, as the best-characterized competitive PCR system, it can be used in a variety 

of contexts without the typical reservations about reliablitly which have traditionally 

accompanied this type of experimental approach. 
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Figure 3.2. Regression line produced by a titration of competitive RT-PCR 
reactions. This experiment is designed to quantitate CypB 
expression in 0.25 mm rat proximal convoluted tubule (PCT). The 
log ratio of native and competitor products is plotted versus the log 
of competitor input. The regression parameters (R^=0.99, 
slope=0.98) indicate that this system meets the predicted theoretical 
ideals. 
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Figure 3.3. Low coefficients of variation following multiple measurements of 
identical samples indicate that competitive RT-PCR provides a precise assay 
system. 
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Figure 3.4. Regression line demonstrating the results of quantitation of CypB 
by competitive RT-PCR following serial dilutions of nephron 
RNA. These dilutions are equivalent to decreasing nephron 
length. Estimated gene expression decreased accordingly with 
each dilution, with the highest dilution resulting in an estimation of 
approximately 100 molecules in the sample. The resulting 
regression parameters reflected predicted reduction in abundance 
(R~=1.00, slope=1.02, n=3 for each dilution level). 
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CHAPTER rV 

QUANTITATION OF CYPB IN SHR AND WKY KIDNEY 

AND NEPHRON SEGMENTS 

Introduction 

Essential hypertension refers to elevated arterial pressure resulting from an 

unknown etiology. As such, it is a heterogenous, multifactorial syndrome to which 

multiple genetic and environmental influences contribute. The impact that environment 

and lifestyle exerts on blood pressure has been widely documented. For example, a 

wide array of environmental influences, including body weight,'' 2 dietary sodium 

intake-"̂ ' ^ stress,^. 6 and increased alcohol,^ '^- ^ or decreased calcium^' 4,9-12 or 

potassium^' 13, 14 consumption contribute to hypertension, perhaps by exacerbating 

genetically programmed predispositions. The importance of such genetic influences in 

the pathogenesis of this disorder is clearly indicated by the high degree of similarity of 

blood pressure values shared by close relatives. Both twin and adoptive studies, for 

instance, indicate the importance of genetic variables in hypertension etiology.' 5-' "7 

Much experimental evidence supports the hypothesis that the kidney is central to 

the pathogenesis of hypertension. For example, renal transplantation involving 

hypertensive donors and normotensive recipients confers elevated mean arterial 

pressure on the latter in both animal models and human patients.' 8' '^ Similarly, the 

opposite effect on previously hypertensive recipients obtaining a new kidney from 

normotensive donors has also been observed. Furthermore, three rare, monogenetic 

forms of inherited human hypertension (i.e., syndrome of apparent mineralcorticoid 
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excess, Liddle's syndrome, and glucocorticoid-remediable aldosteronism) each 

implicate altered renal function in the disease.20-22 Interestingly, the 

pathophysiological mechanisms underlying each of these monogenetic hypertension 

subtypes involve defects in renal sodium and water reabsorption. 

The sodium, potassium ATPase (sodium pump, or NKA) is a key element in the 

overall mechanism of renal solute reabsorption. Intracellular sodium levels are largely 

maintained by the action of this transporter which catalyzes, via an energy-dependent 

mechanism requiring ATP hydrolysis, the exchange of three intracellular sodium ions 

for two extracellular potassium ions. Cells of the proximal tubule, where approximately 

65% of renal sodium reabsorption occur, express abundant NKA, which is localized to 

the basolateral membrane. Because such membranes are highly permeable to 

potassium, the net effect of continual NKA activity is the maintenance of an 

electrochemical gradient, which manifests itself as a low intracellular sodium 

concentration. This gradient drives the apical entry of cations and organic compounds. 

Because NKA is of primary importance to renal mechanisms underlying renal 

reabsorptive functions, and because alterations in such mechanisms are widely believed 

to contribute to hypertension, a model whereby pathophysiological alterations in the 

regulation of NKA contribute to the pathogenesis of essential hypertension becomes 

plausible. Indeed, empirical evidence to support such a hypothesis has been derived 

from both human23-27 patient and animal28-31 studies. 

Numerous intracellular regulatory processes have been shown to impinge upon the 

sodium reabsorption capabilities of nephron tubule cells. For example, elevated 

intracellular ionized calcium is correlated with several forms of essential hypertension 
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in both human patients32-34 and animal models, including the spontaneously 

hypertensive rat^^'^^ (SHR). The renin-angiotensin axis, the dominant regulator of 

sodium balance (and, therefore, arterial blood pressure) in both normotensive and 

hypertensive states, achieves many of its effects by modulating the levels of both 

cytosolic calcium^^-^^ calcium-sensitive signaling molecules. '̂̂ ''̂ ^ This and other 

signaling pathways acheive their effects by triggering phosphorylation cascades that 

impinge upon various molecules underlying ion reabsorption, including not only NKA 

but also the sodium-proton exchanger^^' ^^ and the chloride-bicarbonate exchanger.^^'^' 

In addition, proximal tubule NKA is subjected to regulation through pathways that 

involve a calcium-calmodulin-dependent protein phosphatase, calcineurin (CaN)52. 

CaN may dephosphorylate NKA, or an intermediate regulatory protein, thereby 

enhancing NKA activity.^^ Although the action of CaN on NKA is well established, 

molecular events occurring both downstream and upstream of this phosphatase, and the 

implications of such events on the hypertensive phenotype remain to be resolved. 

Cyclophilins (CyPs) comprise a family of proteins that were first identified on the 

basis of their ability to bind the immunosuppressant undecapeptide cyclosporine A 

(CsA). The immunosuppresant property of this compound stems largely from the fact 

that the CsA-Cyp complex binds to and potently inhibits the activity of CaN. CaN, in 

turn, is responsible for the dephosphorylation and subsequent activation of NFAT, the 

transcription factor largely responsible for the activation of cascades of gene expression 

associated with T cell activation. Although an interaction between renal CypB and CaN 

has yet to be observed, the combination of ubiquitous cyclophilin expression patterns 

and abundant renal NKA expression render such a model worthy of investigation. 
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Methods 

Animal Maintenance 

The normotensive Wistar-Kyoto (WKY) rat strain, as well as its genetically 

matched, hypertensive counterpart, the spontaneously hypertensive rat (SHR), were 

obtained from Harian (Indianapolis, IN). Animals were fed a standard Purina 

laboratory rodent diet and deionized water ad libitum and were housed at room 

temperature on a 12 hour: 12 hour light to day cycle. Both whole kidney and nephron 

RNA were obtained from animals between 4-5 weeks of age, to coincide with the 

earliest stages of the development of the hypertensive phenotype (prior to any 

observable elevation in blood pressure as measured by tail cuff under normal, resting 

conditions), and 15-16 weeks, to correspond with the full establishment of SHR 

hypertension. 

Kidney Dissection, Nephron Microdissection, and 
RNA Extraction 

Competitive RT-PCR reactions were performed by preparation of total RNA from 

rat microdissected nephron tissue using RNAzol B (Tel-Test, Friendswood, TX). Male 

spontaneously hypertensive (SHR) and Wystar Kyoto (WKY) rats were deeply 

anesthetized with pentobarbital (i.p., 40 mg/kg) and the abdominal cavity was opened. 

For preparation of whole kidney RNA, the kidney was removed and processed as 

described below. For preparation of microdissected nephron segment samples, the renal 

artery was cannulated and the kidney perfused with saline solution, followed by a 

solution of collagenase (400 U/ml; Sigma, St. Louis, MO). The kidney was then 

removed and cut along the cortico-medullary axis. The cut segments were placed into 
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dissecting medium, which was continuously oxygenated by bubbling compressed air 

through the medium. The medium contained an RNase inhibitor, 10 mM vanadyl 

ribonucleoside complex (New England Bioloabs, Beverly, MA). Nephron segments 

were dissected free, identified on the basis of their renal origin and morphology under a 

stereomicroscope, measured with a calibrated ocular micrometer, rinsed and added to 

RNAzol B. Linear acrylamide (20 fxg/|il) and yeast tRNA (ytRNA), co-precipitants 

(Ambion, Austin, TX) were added to maximize yield. Recovered RNA was dissolved 

in a solution of ytRNA (100 ng/ml) and stored at -80° C Integrity of RNA was 

validated by extraction of RNA from segments of whole kidney (same animal, opposite 

side) after completion of dissection. This provided sufficient RNA to be visualized by 

gel electrophoresis. Intact 18S and 28S bands were observed. 

Competitive Mutant RNA Synthesis, CypB Primer Design, and 

Competitive RT-PCR 

The following was described in detail in the previous chapter. Briefly, mutant and 

native cDNA templates were designed to correspond to a region of the CypB gene 

corresponding to either a 266 bp region near the 3' end or a 204 bp region beginning 

just downstream of the 266 bp region and ending at the same 3' location. The mutant 

constructs contained a twenty-four bp insertion, with a Pmel site engineered into this 

native insertion sequence. 

Primers were designed to amplify the portion of the published cDNA 

sequence54 corresponding to the region the mutant construct was designed against, and 

to avoid self-complementarity. Either of two forward primers and a common reverse 
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primer was employed in any given reaction. PCR reaction products were generated with 

either of these two forward primers and a single, common reverse primer. 

Gel Electrophoresis, Sequencing, and HPLC Analysis 

of Reaction Products 

Aliquots of RT-PCR reaction products were analyzed on 1.5-2.0% agarose gels 

under non-denaturing conditions. These gels were stained with ethidium bromide and 

examined under UV illumination to demonstrate the integrity of the reaction products. 

Aliquots from the same tube were sequenced with "Big Dye" (Perkin Elmer, Foster 

City, CA) dye terminators, and subsequent fluorescent detection on an ABI Prism 377 

DNA sequencer (Perkin Elmer, Foster City, CA). Sequences derived from amplicons 

produced from both SHR and WKY kidney RNA were shown to be identical to both the 

expected published region of CypB that was targeted, and to each other. 

Following competitive RT-PCR (described above), 5-10 |j.l of reaction products 

(still in PCR reaction mix) were injected onto an ion pair reversed-phase DNASep 

(Sarasep; San Jose, CA) column containing a polystyrene-divinylbenzene CIS-bounded 

stationary phase. Products were eluted at 55°C with a solvent system comprising a 

gradient of acetonitrile in 100 mM triethylammonium acetate. A Rainin (Woburn, MA) 

HPXL solvent delivery system was used for HPLC analysis. Reaction products were 

detected with on-line UV absorbance (254 nm), and peak areas were quantified with 

either a Hewlett Packard (Avondale, PA) 3390A reporting integrator or by Rainin 

Dynamax software. Data was analyzed with the automated Q-RT-PCR "Plug In" 

Microsoft Excel spreadsheet described in the preceeding chapter. 
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Results 

Development of a CypB-Specific QRT-PCR System 

As discussed in Chapter III, we have optimized a quantitative reverse transcriptase 

polymerase chain reaction (QRT-PCR) system, tailored toward CypB quantification. 

This system utilized a synthetic RNA internal competitor, which shared common primer 

binding sites with native CypB, so as to facilitate simultaneous reverse transcription and 

PCR amplification. We have coupled this system with a novel ion-pair, reversed phase 

HPLC system designed for the separation of double-stranded DNA, which greatly 

reduces analysis time and eliminates the need for radiolabeling of reaction products. 

This new HPLC technology allows for the separation and detection of heteroduplex 

molecules formed by the hybridization of native and competitor transcripts when 

competitive PCR reactions proceed beyond the exponential phase.55 Separation is 

based on the partial denaturation of heteroduplexes by the chromotographic conditions 

(primarily tempertature and organic solvent concentration). Since retention by the 

HPLC column is strictly dependent on the number of paired bases, partially denatured 

heteroduplexes elute separately from the homoduplex native and competitor reaction 

products. Such advantages result in a transcript abundance quantitation system of high 

accuracy, precision, and sensitivity^^- 57 (see also the preceding chapter). This system 

is ideally suited for gene quantitation in minute tissue samples, including the 

microdissected nephron segments discussed below. 

Preliminary characterization of CypB was initiated by examining the expression 

patterns of this gene. A qualitative RT-PCR-based survey demonstrated that CypB is 

expressed in every tissue and nephron segment (Table 4.1) examined. A quantitative 
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tissue survey utilizing this technology revealed that this gene is differentially expressed 

in various tissues, with kidney demonstrating the highest transcript abundance of all 

tissues surveyed (Fig. 4.1). Similarly, a quantitative nephron segment survey 

demonstrated that proximal tubule expresses CypB at a far greater level than any other 

nephron segment (Figure 4.1). Many gene quantitation systems allow only for relative 

comparisons in expression levels between different genes or gene products. However, 

because the transcript abundance quantitation ability is sensitive, absolute, accurate, and 

precise, it is possible to compare the abundance of transcripts corresponding to different 

genes. For example, quantitation of proximal tubule NKA revealed that it is expressed 

at a level similar to that of CypB (Figure 4.2). 

Whole Kidney Expression Studies 

Gene expression was examined in RNA extracted from corticomedullary kidney 

slices in both 5 week (i.e., "prehypertensive") and 16-week (i.e. "hypertensive") 

animals. In an attempt to correlate alterations in CypB expression with the hypertensive 

phenotype, we carried out a quantitation study examining whole kidney RNA samples 

derived from both SHR and WKY at ages corresponding to both prehypertensive and 

hypertensive states. Samples were assayed multiple times to ensure precision of 

measurement (previous chapter). While no significant difference in expression could be 

detected prior to the onset of hypertension, a statistically significant (p<0.01) decrease 

in expression could be detected at an age representative of post-hypertension onset (Fig. 

4.3). 
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Nephron Expression Studies 

Because the scant evidence concerning the function of cyclophilins in the absence 

of exogenous immunosuppressive ligands indicates that cyclophilins exert differential 

effects on calcineurin activity,^^ interpretation of this data in the context of the 

pathogenesis of essential hypertension is difficult. Moreover, the highly heterogenous 

nature of kidney tissue makes interpretation of these changes problematic. The highly 

sensitive nature of QRT-PCR, however, allowed us to probe differences in the level of 

CypB gene expression in individual, functionally and morphologically distinct nephron 

segments, rather than the aggregate pattern produced by many types of specialized 

function present in whole kidney. We focused these studies on the proximal tubule 

(proximal straight tubule, or PST and the proximal convoluted tubule, or PCT) where 

approximately two-thirds of renal sodium reabsorption occurs and, as Figure 4.3 clearly 

demonstrates, is the site of highest CypB transcript abundance. 

Our results (Figure 4.4) indicate that CypB transcript abundance is greater in the 

proximal tubules derived from SHR kidneys, relative to their WKY-derived 

counterparts. Significantly, this difference is obvious at 5 weeks of age, thus hinting at 

a causal relationship between this abnormal expression pattern and the hypertensive 

phenotype, as opposed to simply a compensatory response to the abnormal rise in blood 

pressure. Such a finding is consistent with the hypothesis that differences in CypB 

expression exert causative influences onto the hypertensive phenotype, instead of 

merely being a consequence of elevated blood pressure. 
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Discussion 

In SHR, hypertension is of primary renal origin, as its early post-natal development 

is associated with increased sodium reabsorption in the proximal tubule. Moreover, 

infusion of antagonists of the renin-angiotensin system into the renal artery can 

substantially lower blood pressure,59,60 while the same dose of antagonist administered 

systemically demonstrates no such effect. The pressure-natriuresis relationship in this 

strain appears to be abnormal, and much of this abnormality appears to derive from 

defects in the renal angiotensin system.^!. 62 j ^ addition to the antinatriuretic 

angiotensin II's influence on NKA activity, natruiuretic signaling molecules, 

particularly dopamine, also appear to play a role in the hypertension-related increased 

sodium reabsorption,^^, 64 and much of this effect appears to be modulated via an 

alteration in NKA activity. Therefore, a model whereby antagonistic natriuretic and 

antinatriuretic signaling pathways, which exert their particular phenotypic influences as 

a result of opposite effects on NKA activity, can be constructed. 

The sodium, potassium ATPase (sodium pump, NKA), maintains the 

electrochemical gradient that drives transmembrane sodium flux. Proximal tubular 

sodium pump hyperactivity is a hallmark of the hypertension phenotype in a number of 

animal models,^^, 66 as well as in many human patients. Although this activity is 

enhanced in SHR (relative to WKY), even prior to the onset hypertension, the 

expression of this gene is actually downregulated.^^ This seemingly paradoxical 

observation hints at an SHR-specific abnormality in sodium pump regulation, whereby 

the decreased expression represents a compensatory mechanism aimed at reducing net 

sodium flux. As might be expected by its prominent role in ion transport,67,68 sodium 
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pump activity is coordinately regulated by a pooriy understood, complex network of 

signaling pathways. Consequently, dissecting such regulatory mechanisms is 

problematic, with a corresponding multitude of candidate signaling defects underiying 

such a phenotype. 

Much evidence points to proximal tubular calcineurin (CaN) as a point of 

convergence of many of these signaling pathways controlling sodium pump regulation. 

Investigations of components of such pathways, which either directly or indirectly 

influence CaN activity, further extend the plausible number of candidate defective 

genes. Cyclophilin demonstrated direct interactions with CaN,69,70 as well as its 

influence on calcium flux,69,71 thereby providing a mechanistic rationale for 

investigation of it as a hypertension candidate gene. The identification here of 

cyclophilin B, which is differentially expressed in animals experiencing a variety of 

sodium retaining conditions, provides empirical evidence which is complementary to 

this rationale. 

Essential hypertension, by definition, is a quantitative disorder. As such, 

quantitative alterations in the expression of genes influencing this phenotype might 

result in relevant quantitative phenotypic alterations. The overall goal of the present 

study was to evaluate quantitative alterations in the expression of CypB between a 

hypertensive and normotensive rat strain (i.e., SHR vs. WKY) and to examine whether 

quantitations of CypB transcripts could lend insight into putative roles played by this 

gene in the etiology of essential hypertension. Initial attempts to validate a competitive 

RT-PCR based strategy for quantitating this gene demonstrated that it was both 

ubiquitously expressed and that its renal expression levels is high compared to other 
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tissues. Moreover, its expression was ubiquitous along the length of the nephron. The 

observation that the absolute numbers of proximal tubule CypB and NKA transcripts 

were similar was consistent with our hypothesis that these genes exhibit an important 

(albeit indirect) interaction. 

We next attempted to establish whether any correlation between renal and nephron CypB 

expression and the hypertensive phenotype could be observed. Interestingly, CypB transcript 

abundance was increased in SHR (relative to WKY) in RNA pools derived from whole kidney 

homogenates in hypertensive SHR animals, but not in young animals which have not yet 

experienced an elevation in arterial pressure. However, both the functional heterogeneity of 

kidney tissue as well as the lack of a correlation between this elevated expression and the 

hypertensive phenotype renders interpretation of this whole kidney data problematic. 

Nevertheless, the observation that CypB transcript abundance is significantly increased in SHR-

derived proximal convoluted tubule, where approximately two-thirds of renal sodium is 

reabsorbed, partially alleviates both of these concerns. Specifically, this elevated CypB 

expression in SHR proximal tubules correlates with elevated NKA activity, a phenotype tightly 

associated with hypertension. Furthermore, it is also consistent with a model whereby CypB 

plays a causative role in the hypertensive phenotype, rather than a role in the compensatory 

response to the abnormal hypertensive physiological conditions. However, although the 

prehypertensive animals do not exhibit elevated blood pressure, they do demonstrate certain 

hallmarks of the disorder, including enhanced sodium reabsorption and NKA activity. 

Consequently, potential models whereby CypB serves in a compensatory capacity cannot be 

eliminated and further research is needed in this regard. 
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Table 4.1. Ubiquitous expression of CypB in various tissue types and nephron segments. 
Aliquots of RNA extracted from the tissue/nephron segment type listed above was 
subjected to reverse transcriptase polymerase chain reaction (RT-PCR) and 
analyzed by injection onto a PSDV column and eluted with a gradient of 
acetonitrile in 0.1 M TEAA (pH 7). On-line UV absorbance (A254) was measured. 

Tissue 
assayed 

testis 
brain 

adipose tissue 
ventricle 
atrium 

small intestine 
colon (transverse) 

stomach 
skeletal muscle 

lung 
spleen 
thymus 

liver 
kidney 

adrenal gland 
thyroid 

Cy-LP 
expressed? 

yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 

Nephron segment 
assayed 

5 wk PCT 
5 wk CCT 
5 wk MCT 
16wkPCT 
16wkPST 
16wkMCT 

16 wk SHR CCT 

Cy-LP 
expressed? 

yes 
yes 
yes 
yes 
yes 
yes 
yes 

Notes: Nephron segment abbreviations: PCT (proximal convoluted tubule), PST 
(proximal straight tubule), CCT (cortical collecting duct), MCT (medulary 
collecting duct). 
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Figure 4.1 Quantitative CypB Tissue Survey. CypB distribution and transcript 
abundance in adult WKY rat tissues and measured by competitive RT-PCR 
using a size mutant competitor sharing primer binding sites with the native 
sequence, and analyzed by HPLC, as described in the caption to Table 4.1. 
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Figure 4.2 Quantitative nephron segment survey. Note that CypB exhibits highest 
transcript abundance in proximal segments, at a level similar to that of 
NKA. Assay was carried out as described in the caption to Figure 4.1. 
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Figure 4.3. CypB expression in SHR and WKY whole kidney. Assay was carried out as 
described in the caption to Figure 4.1. SHR-derived 5-week (i.e., 
prehypertensive) kidneys exhibited no statistically significant difference in 
CypB transcript abundance. However, SHR-derived 16-week (i.e., 
hypertensive) kidneys did exhibit a statistically significant (p=0.00147) 
difference. Data is expressed as number of CypB transcripts per pg total 
RNA. Error bars represent SEM. 
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Figure 4.4. CypB expression in proximal nephron segments. Assay was carried out as 
described in the caption to Figure 4.1. SHR-derived 5 week PCT (p= 0.0101) and 
PST (p= 0.0541), as well as 16 week old PCT (p = 0.000256) proximal tubule 
exhibited statistically significant increases in CypB transcript abundance. PST 
from 16-week animals displayed no such difference. Results are expressed as 
molecules per 0.125 mm nephron tissue. Error bars represent SEM. 
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CHAPTER V 

REGULATION OF CYPB IN IMMORTALIZED EPITHELIAL 

CELLS DERIVED FROM SHR AND WKY PROXIMAL TUBULE 

Introduction 

Increases in proximal tubular sodium transport is a particularly pronounced hallmark 

of the hypertensive phenotype in the spontaneously hypertensive rat (SHR'-^). This 

increase, which can be observed prior to the onset of elevated blood pressure, may be due 

to changes in intracellular signaling pathways which increase the transport activity of key 

proteins including the sodium-bicarbonate exchanger,"^ 5- ^ the sodium, proton exchanger 

(NHE'7-9), and the sodium, potassium, ATPase (NKA, or sodium pump).'^, 11-13 

Recent observations^"^ demonstrating an SHR-specific decrease in NKA expression 

despite an increase in the activity of this active transporter suggest an alteration in the 

regulation of this protein. For example, alterations in the expression and/or activity of 

proteins participating in such signaling pathways might result in dysregulation of NKA, 

thereby contributing to the development of hypertension. 15-18 

While the activity of the sodium pump appears to be subjected to a highly complex 

regulatory network of signal transduction pathways, most or all of these pathways seem 

to converge on the pump by influencing its phosphorylation state. Natriuretic pathways, 

such as those triggered by dopamine (DA) and atrial natriutetic peptide (ANP) signaling, 

result in phosphorylation, and subsequent internalization and inactivation of NKA.'9' 20 

Conversely, antinatriuretic hormones like angiotensin II (All) result in the activation of 

the pump following a downstream dephosphorylation event. ̂ ^ Much work has been 
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carried out characterizing the coordinated activities of protein kinases, particularly 

PKC21-25 in the regulation of sodium transport in the proximal tubule. Less well 

understood, however, is the role of protein phosphatases with regard to sodium pump 

regulation. In the proximal tubule, this dephosphorylation appears to be mediated solely 

by calcineurin (CaN), a calcium-calmodulin dependent serine-threonine protein 

phosphatase. 

The observation that the immunosuppressive fungal metabolites cyclosporine A 

(CsA) and FK506 inhibit CaN activity have greatly facilitated the characterization of 

CaN and other protein phosphatases in the kidney because of their utility as CaN 

inhibitors. Somewhat surprisingly, vastly less attention has been paid to the intracellular 

receptors for these immunosuppressants, the immunophilins (Ips), in regards to possible 

upstream regulation of NKA. Ips, which consist of the structurally unrelated cyclophilins 

and FKBPs, catalyze the interconversion of the cis and trans isomers of peptidyl-prolyl 

bonds in particular protein targets. This activity, commonly referred to as rotomase 

activity, is thought by many to implicate the members of this protein family in protein 

folding.26-31 Binding of the aforementioned immunosuppressant ligands to these 

receptors results in an inhibition of this enzymatic activity. While it is not known 

whether CaN undergoes a rotomase isomerization event following in vivo Ip binding, it is 

clear that the immunosuppressant-Ip complex tightly binds CaN and blocks its catalytic 

site,32-34 thereby preventing the dephosphorylation of any of a variety of substrates, 

possibly including NKA. 

Bram and colleagues demonstrated an interaction between cyclophilin B (CypB) and 

a novel calcium channel known as calcium-modulating ligand (CAML). This protein 
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was shown to be involved in calcium ion flux and implicates CypB in calcium signaling 

even in the absence of cyclosporine A.35,36 Furthermore, Heitman and colleagues have 

provided evidence suggesting that various immunophilins interact with CaN in the 

absence of exogenous immunosuppressive ligands.^^ Such observations might place 

cyclophilins in the potentially interesting role of a molecule able to activate calcineurin 

both via direct Cyp-CaN interactions, and indirectly, by increasing intracellular calcium. 

Such a dual regulatory role could make this protein a prime candidate for a point of 

convergence of the myriad signaling pathways influencing NKA activity. 

Previous work (outlined in Chapter IV) has evaluated the in vivo proximal tubular 

expression of CypB and demonstrated a statistically significant difference between 

hypertensive and normotensive rat strains. In the present report, we examine in vitro 

CypB expression in immortalized cell lines derived from these same hyper- and 

normotensive rat proximal tubules. Such an evaluation provides insight into whether this 

hypertension-linked alteration in gene expression contributes to the development of 

hypertension or whether it is merely a consequence of elevated blood pressure. In 

addition, we describe experiments designed to evaluate the effects of two well-

characterized natriuretic hormones, DA and ANP, as well as the antinatriuretic All, on 

proximal tubule cyclophilin B expression in the hopes of beginning to elucidate 

mechanisms regulating this increase in gene expression. 
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Methods 

Culture of Immortalized Proximal Tubule Cells 

Unless otherwise noted, chemicals were obtained from Sigma (St. Louis, MO). 

Both routine and experiment-related cultures were grown at 37°C in a 5% CO2 

humidified atmosphere. Cell lines were routinely cultured in D-MEM:F12 (1:1), 

supplemented with 15 mM HEPES, 1.2 ng/ml NaHCOs, 10 ng/ml epidermal growth 

factor (EGF), 5 mg/ml insulin, 4 mg/ml dexamethasone, 5 mg/ml transferrin, 5% fetal 

bovine serum (FBS), and 100 mg/ml streptomycin sulfate/100 LU. penicillin G. Because 

viability and attachment was extremely low when grown on plastic, cultures were grown 

on collagenl-coated 100 mm dishes. Collagen-coated plates were either obtained directly 

from the manufacturer (Becton Dickinson, Franklin Lakes, NJ), or by wetting the place 

with a 20% collagen (Becton Dickinson, Franklin Lakes, NJ) dispersion in 60% ethanol. 

In the latter case, plates were allowed to air dry in a laminar flow hood and were 

irradiated with a UV light in order to ensure sterility. A similar coating process was 

utilized when preparing filter inserts (see below). Cells were passed following a brief (3-

5 minutes) trypsin exposure, and subsequent gentle pipetting to disperse cell clumps. 

Nomenclature 

Nomenclature is used as per Woost et al.^^ Cell lines are denoted by four 

uppercase letters, followed by a series of numbers, "CI", and an additional number. The 

first uppercase letter represents the rat strain of origin ("S"=SHR, "W"=WKY). The 

second letter represents the organ of origin ("K"=kidney). The last two letters represent 

the cell type of origin ("PT"=proximal tubule). The following numbers refer to either the 
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date of microdissection or the date the clone in question was placed into culture. "CI" 

and the final number identify the particular clone or subclone. 

Electron microscopy 

Proximal tubule cell lines were fixed in 3.5% gluteraldehyde and embedded in 

epoxy resin. Thin sections were cut and examined using standard transmission electron 

microscopy (TEM) methods. Immunogold subcellular localization assays were carried 

out as follows. SKPT or WKPT monolayers on collagen I BioCoat® filter inserts 

(Becton Dickinson, Franklin Lakes, NJ) were fixed with 2% paraformaldehyde in order 

to preserve antigenicity. Next, these fixed sections were embedded in LR White resin 

(London Resin Company, Reading, Berkshire, England) and thin sections were cut. 

Individual sections were laid on EM grids and exposed to a 1:50 dilution of a CypB-

specific polyclonal antibody generously provided by Dr. Genevieve Spik^^ for 2 hours. 

The sections were then rinsed, blocked in 1% BSA, rinsed again, and exposed to a 1:50 

dilution of an anti-rabbit secondary antibody covalently bonded to 20 nm (diameter) gold 

particles. Next, sections were once again rinsed and counterstained with a solution 

containing uranyl acetate and osmium tetroxide. 

Results 

Morphological Examination of Cultured SHR- and WKY-
Derived Proximal Tubule Epithelial Cells 

Monolayers of SKPT and WKPT cells were grown and prepared as described in 

Methods. Figure 5.1 exemplifies many of the morphological features that are retained in 

such cells. Apical and basolateral polarity was quite obvious, as were the extensive 
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microvili decorating the apical membrane. Numerous mitochondria, prominent nuclei, 

basolateral folds, and tight junction were among the many featues these cultured cells 

shared with their in vivo counterparts. 

Quantitation of CypB Transcript Abundance in SKPT and 
WKPT Cells Under Baseline Conditions 

As discussed in the preceding chapter, CypB exhibited an increase renal 

expression in RNA derived from SHR kidneys relative to WKY. This pattern was also 

observed in proximal tubule RNA. Interestingly, this difference could be observed in 

RNA derived from SHR animals of ages corresponding to prehypertension and 

hypertensive. The appearance of a difference in expression even prior to the onset of 

elevated mean arterial pressure suggested that CypB might play a key causative role in 

the development of the hypertensive phenotype. However, because pathophysiological 

phenotypic characteristics (e.g., abnormally high NKA activity) could be observed in 

prehypertensive animals, the possiblility that this early increase in CypB expression was 

simply a compensatory response to some undefined, hypertension-related variable could 

not be ruled out by such observations. 

The availability of cultured proximal tubule epithelial cells provided an 

opportunity to examine proximal tubular CypB expression in the absence of such 

confounding variables. In order to eliminate hormonal influences of serum exposure 

which might artificially influence CypB expression, serum was removed four hours prior 

to RNA harvest. RNA was then collected and quantitative RT-PCR (see chapters III and 

IV) was carried out on these samples. Figure 5.3 indicates that these cells retained, 

qualitatively, the same pattern of enhanced SHR (i.e., SKPT) CypB expression, relative 
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to their WKY/ WKPT counterparts. However, the absolute numbers of transcripts (2438 

± 236 for SKPT and 1243 ± 166 for WKPT) was much lower than expected. We 

therefore conducted identical experiments on cells, which never experienced serum 

starvation. Figure 5.4 demonstrates that serum exposure positively modulates CypB 

transcript abundance, resulting in an approximately 14-fold enhancement of CypB 

expression in SKPT cells and a 16-fold enhancement in their WKPT counterparts. 

Interestingly, SKPT CypB expression remained higher than in WKPT in RNA samples 

derived from both serum-starved and serum-supplemented cultures. 

Effects of Natriuretic and Antinatriuretic Hormones 
on CypB Transcript Abundance 

Having verified that SHR/SKPT-specific enhancement of CypB transcript 

abundance is strongly correlated with SHR hypertension (previous section, chapter IV), 

we next sought to investigate mechanisms underlying the regulation of CypB expression. 

Were such a mechanism to be identified, we were hopeful that it might lend some insight 

toward a further mechanism explaining the enhanced CypB expression in hypertensive 

rats and corresponding cell lines. 

The aforementioned serum-mediated increase in CypB expression, coupled with 

the overall low levels of gene expression per unit protein (relative to RNA derived from 

proximal tubule homogenates) convinced us to examine the hormonal effects of 

dompamine, angiotensin II, and atrial natriuretic peptide (ANP) in both serum-starved 

(Figure 5.6) cells and cells cultured in a serum-containing medium (Figure 5.7). As 

depicted in Figure 5.5, cells exposed to serum displayed a much higher level of CypB 

expression. However, the effects of hormones in both conditions were, qualitatively, 
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similar. In both instances, ANP showed no significant effect. Curiously, dopamine and 

All both increased CypB expression. Interestingly, though, serum-starved cells were 

responsive to the drugs over four orders of magnitude, while serum-exposed cells were 

responsive over only a single order of magnitude. 

Discussion 

The heterogeneity of essential hypertension has greatly hindered attempts to 

characterize genes underlying this disorder. This heterogeneity stems largely from the 

polygenic nature underlying its etiology. A variety of gene combinations can likely 

produce hypertension and can manifest their effects in any of several complex integrated 

regulatory systems (i.e., nervous, renal, cardiovascular, and endocrine) which control 

arterial pressure. Differences in various genetic animal models with respect to salt-

resistance, cellular alterations, genetics, neurohumoral mechanisms, and renin status, 

exemplify this heterogeneity. Despite such differences, though, these models do share 

many features in common. Most prominent, of course, is the spontaneous development 

of elevated blood pressure at relatively young ages. Renal transplantation experiments 

between hypertensive and normotensive strains'̂ 0-43 demonstrate the primacy of the 

kidney in the etiology of hypertension in several animal models. Interestingly, this renal 

dominance is often tightly associated with alterations in proximal tubular ion transport 

functions.^^ 

The proximal tubule nephron segment reabsorbs approximately two-thirds of 

sodium filtered at the glomerulus. The sodium-proton antiporter (NHE) catalyzes the 

exhange of luminal sodium for protons across the apical membrane of the proximal 
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tubule epithelium. Carbonic anhydrase converts the resulting hydroxide ions to 

bicarbonate, which is subsequently removed by sodium-bicarbonate cotransporters 

localized to the basolateral membrane. The electrochemical gradient that drives both 

apical sodium entry and return of reabsorbed sodium to the extracellular compartment is 

created and maintained largely by the basolaterally-localized sodium, potassium ATPase 

(sodium pump, NKA). 

Proximal tubule-specific signaling pathways concerned with the regulation of 

both NHE and NKA activity are well characterized, and evidence supporting a model 

whereby alterations in these pathways in association with hypertension has accumulated 

over the past several years. The influence of dopaminergic signaling pathways is 

particularly well characterized. Dopamine, which is produced by the kidney as a local 

autocrine factor^^ results in natriuresis as a result of phosphorylation-mediated inhibition 

of NKA.'* '̂ ̂ '^ This natriuretic signaling pathway is defective in SHR, possibly as a result 

of desensitized DA receptors following chronic dopamine stimulation. Antinatriuretic 

pathways influencing NKA and NHE activity, such as those triggered by angiotensin II 

(All) and atrial natriuretic peptide (ANP) first messengers, are less clearly elucidated. 

However, it does appear clear that in the proximal tubule at least they act on the calcium-

calmodulin dependent protein phosphatase calcineurin (CaN), which dephosphorylates 

and activates these sodium active transporters. 

In recent years, cyclophilins have been shown to exhibit much more versatile 

functions than was previously believed. In addition to their traditional "housekeeping" 

roles involving protein folding, individual cyclophilin isoforms have been implicated 

apoptotic DNA cleavage,'*^"^^ chemotaxis of leukocytes^'' 2̂ modulation of calcium 
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flux,35,53.36 regulation of RNA polymerase,^'* entry of HIV into target cells,^^"^^ and the 

regulation of transcription factor activity. Recently, cyclophilins A^l and B^^- ̂ ^ have 

been shown to be secreted by certain cell types. Because a number of circulating peptide 

hormones (e.g.. All, bradykinin) contain proline residues, and because such hormones 

exhibit markedly enhanced efficacies when the ratio of cis to trans isomers is 

increased,60 a model whereby extracellular Cyp modulates hormone activity has drawn 

much interest in recent years. 

Despite such apparent functional diversity, no consistent themes of cyclophilin 

function have yet been defined. Moreover, mechanisms underlying the regulation of 

these proteins have barely been investigated. ANP, which exhibits a blunted response in 

rats experiencing nephrotic syndrome, upregulates the expression of renal CypB^' in 

adriamycin-induced nephrotic rats (but not in the kidneys of rats with healthy kidneys). 

While no previous studies had attempted to link AH with CypB expression or function, it 

does exert a biphasic effect on both proximal tubular water and electrolyte transport62-64 

activity and, as mentioned, NKA activity.^^ Similarly, no link between dopamine 

signaling and CypB expression had, prior to the present study, been established. 

The responsiveness of these cells to serum indicates either of two hypothetical 

possibilities. First, a particular hormonal microenvironment might be required in vivo in 

order to sustain CypB expression. Should it turn out to be the case that one or more 

components of this microenvironment are signals crucial to the establishment of the 

hypertensive phenotype (i.e., the antinatriuretic actions of All), then the subseuquent All-

mediated upregulation of CypB might reflect an underlying mechanism for these 

physiological hormonal effects. In such a scenario, the serum might provide ample 
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hormonal stimulation for submaximal CypB expression, and therefore even low dose 

treatment with either dopamine or All then extends this expression level to maximum 

levels. 

A second possibility is that serum removal shunts the cells into a quiescent state 

which is associated with an overall decrease in gene expression. In such a case, 

hormonal stimulation might rescue CypB expression all the way from "leaky" quiescent 

levels and allows for a dose-dependent response to added All or dopamine. More 

problematic is identifying mechanisms whereby both antinatriuretic and natriuretic 

hormones both elicit increases in the expression of a given gene. Undoubtedly, the 

explanation underscores the complexity of the myriad signaling pathways controling 

natriuresis. Further study is required in order to determine whether the upregulation of 

CypB directly contributes to either the natriuretic effects initiated by dopamine signaling 

or the antinatriuretic responses mediated by All-activated pathways, or whether it is 

simply a member of a panel of genes upregulated by either of these hormones. 
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Figure 5.1. Skpt and wkpt cell lines retain many of the characteristics of their 
source tissue types. Note the collagen coated surface which 
orients the viewer to the basolateral and apical surfaces. Many 
characteristics of proximal tubule cells are apparent, including 
prominent nuclei (N), numerous mitochondria (M), basolateral 
folds (BF), apical microvilli (MV), and tight junctions (TJ) 
between cells. 

110 



WKPT 
SKPT 
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Figure 5.2. CypB transcript abundance in RNA extracted from immortalized 
proximal tubule cell lines derived from SHR and WKY strains. 
Levels were significantly higher in SHR cultures than in WKY 
(p=0.015). Similar observations were obtained when transcript 
abundance in the cell lines was estimated per unit of protein present 
in the cultures, as well as per cell. 
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Figure 5.3. CypB transcript abundance as expressed as CypB mRNA per cell. 
Cell number was estimated by hemocytometer analysis, followed by 
cell lysis and RNA extraction. SKPT displayed a statistically 
significant (p=0.039) increase in CypB expression (per cell) relative 
to that of WKPT. 
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Figure 5.4. CypB transcript abundance as expressed as CypB messages per 
microgram protein. Cells were plated on twelve well trays and grown 
to 80% confluence. Cells fi-om four wells were collected for protein 
analysis and six were collected for RNA extraction and analysis. 
Protein was measured by BCA analysis. SKPT exhibited a statistically 
significant (p= 0.0189) increase in CypB transcript abundance per 
microgram protein. 
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Figure 5.5. CypB transcript abundance is enhanced following serum exposure in RNA 
extracted from immortalized proximal tubule cell lines derived from SHR 
and WKY strains. QRT-PCR assay was carried out as described in the 
caption to Figure 4.1. SKPT exhibited a statistically significant increase 
in CypB transcript abundance under both serum starved (p=0.0189) and 
serum supplemented (p=0.0269) culture conditions. 
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Figure 5.6. Effects of drugs on serum-starved cultured proximal tubule cells^ 

115 



O) 
c 

ri
pt

s/
50

00
 

R
N

A
 

^S 
c o 

.a 
Q. 
o 

Dopamine 

80 1 

40 i 

o l 

ANP 

m ^ k , ^ • WKPT 
p-' •̂  B*='~fr *̂  

' 1 A 1 ^SKPT 
1.00E-09 1.00E-07 

1.00E-08 1.00E-06 

[ANP] (M) 

= Angi 

JQ C 
CL >. 
U 
4t: 

• WKPT 

I SKPT 

WKPT 

SKPT 

1.00E-09 1.00E-07 

1.00E-08 1.00E-06 

[dop] (M) 

Q. >. 
U 

41: 

0 1.00E-09 1.00E-07 
1.00E-08 1.00E-06 

[All] (M) 
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CHAPTER VI 

SUBCELLULAR DISTRIBUTION OF CYCLOPHILIN B 

Introduction 

Since their introduction into clinical practice in the 1980s, the cyclic peptide 

cyclosporine A (CsA) has significantly enhanced the long-term prognosis of patients 

undergoing bone marrow or solid organ transplants. This compound, which displays 

anti-inflamatory, anti-allergic, anti-fungal, and antiparasitic properties^ potently 

suppress cell-mediated immunity. This T lymphocyte immunosuppressant specificity 

renders CsA ideal for organ transplantation procedures, since host-graft response is 

suppressed without a concomitant decrease in humoral responses which would leave 

the patient susceptible to opportunistic infections. With the recognition of the clinical 

significance of CsA, much effort was expended toward the elucidation of molecular 

mechanisms underlying this block of T cell activation. Efforts to identify intracellular 

receptors for CsA led to the characterization of a novel protein family, termed 

cyclophilins, characterized by both peptidyl-prolyl cis-trans isomerase (i.e., rotamase) 

activity and by their ability to selectively act as CsA receptors. 

The observation that all members of this protein family share rotamase activity 

and that these proteins (and this activity) are highly conserved throughout evolution 

suggests that cyclophilins are responsible for an as-yet undefined, indispensable 

intracellular function, possibly within the realm of protein folding. Eariy observations 

indicated that numerous calcium-dependent signaling pathways that regulated 

important T-cell responses, including lymphokine gene expression, apoptosis, and 
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degranulation, were all blocked by cyclosporine A.2 It was initially proposed that 

immunosuppressant-mediated inhibition of rotamase activity was the mechanism 

underlying immunosuppression. However, several subsequent experimental 

observations refuted this hypothesis. For example, several structural analogs of CsA 

have been synthesized^ which are capable of potently inhibiting rotamase activity, 

while displaying no immunosuppressive activity. Moreover, the effective 

immunosuppressive dose of this drug is much lower than doses required to saturate 

CsA binding sites."^ 

Despite this dearth of evidence concerning cyclophilin function, much indirect 

evidence suggests that they might be involved in Ca"'̂ -mediated signal transduction 

pathways. Much of this evidence stems from observation linking CsA/Cyp complexes 

to inhibition of several Ca '̂̂ -mediated cellular responses.^ Cyclophilin B (CypB) is of 

particular interest in this regard, as it has been shown to interact with calcium-

modulating cyclophilin ligand (CAML), a novel protein shown to be involved in 

calcium fluxes,^ the calcium storage protein calreticulin^ and the Ca*''*"-calmodulin-

dependent protein phosphatase calcineurin.^ 

Further complicating the development of models describing CypB function, 

however, is the observation that in certain tissues and under certain conditions, CypB 

is secreted,^ and that T lymphocytes possess specific surface CypB binding sites.'0.11 

The significance of such observations is further highlighted by the observation that 

cyclophilins play a critical role in HIV pathogenesis by forming a stable complex with 

HIV capsid protein (CA), possibly helping to promote the uncoating of the virion and 

formation of the pre-integration complex.'2,13 Additional studies suggest that 
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extracellular proteins containing proline residues may be substrates for secreted CypB. 

The observation that many peptide hormones, including angiotensin, bradykinin, and 

substance P contain peptidyl-prolyl bonds is therefore potentially signficant. 

Methods 

Tissue culture 

Dr. Ulrich Hopfer^^ generously provided all cell lines described herein, and a 

material transfer agreement has been completed. Nomenclature of skpt and wkpt lines 

derives from the species, tissue and cell type of origin. S and W, then, refer to SHR 

and WKY rat strans, respectively, K refers to kidney, and PT refers to proximal tubule 

cells. The associated numbers refer to the date of microdissection/initial culture, while 

CI enumerates the particular clone or subclone. Routine culture was on 100 mm 

dishes, which we either coated with collagen I, or bought pre-coated (Becton-

Dickinson, Franklin Lakes, NJ). Cultures were maintained in rat RTE medium 

(DMEM:F12 (1:1), 15 mM HEPES buffer, 1.2 mg/ml NaHC03, 2 mM glutamine) 

supplemented with 

5 [ig/m\ insulin (Sigma Chemical, St. Louis, MO), 5 |ig/ml transferrin (Sigma 

Chemical, St. Louis, MO), lOng/ml epidermal growth factor (Fisher Scientific, 

Pittsburgh, PA), 

4 |ig/ml dexamethasone (Fisher Scientific, Pittsburgh, PA), 5% fetal bovine 

serum (Sigma Chemical, St. Louis, MO), and (100 I.U./ml) penicillin G, and (100 

)Ltg/ml) strptomycin sulfate. Cultures were routinely split at 80-90% confluence, or 

approximately every 5-7 days. 
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Subcellular Fractionation of Tissue Culture Samples 

Crude subcellular fractions were produced using a modification of the method of 

Chase. ̂ 5 Unless otherwise noted, all procedures were carried out at room 

temperature. Upon reaching confluence, culture medium was decanted and cells were 

rinsed 2X with PBS (-Ca"̂ "̂ , -Mg"""̂ ) and scraped into sterile 50 ml centrifuge tubes. 

Cells were next pelleted with a low speed centrifugation and resuspended in mildly 

hypotopic fractionation buffer (2mM Tris-HCl (7.4), 0.25 M sucrose, 2 mM MgCL, 1 

mM EGTA), and swelled for 10 minutes. Next, cells were gently lysed with 15 passes 

of a Dounce homogenizer. Nuclear pellets were collected following a 1000 X g, 10 

minute centrifugation. Supernatant was carefully removed and spun at 10,000 X g for 

5 minutes. This produced the mitochondrial pellet. This supernatant was then 

collected and centrifuged at 22,750 X g in order to obtain the plasma membrane pellet. 

Finally, the endosomal pellet was produced following a 140,000 X g, 1 hour spin. The 

final supernatant represented the cytosolic fraction. 

The pellets described above were resuspended in 50-100 ml fractionation buffer, 

containing ImM PMSF and a protease inhibitor cocktail (Sigma, St. Louis, MO) 

containing aprotinin, 4-(2-aminoethyl)benzenesulfonyl fluoride, pepstatin A, trans-

epoxysuccinyl-L-leucyl-amido(4-guanidino)butane, bestatin, and leupeptin. Protein 

concentrations in individual samples were then determined via BCA assay (Pierce, 

Rockford, IL). Samples were aliquoted and stored at -20° C 

A more rigorous fractionation protocol, modified from the technique of 

Bourguignon et al.^^ was also employed. Briefly, cells plated on collagen-coated 

dishes were deattacted by trypsinization, resuspended in medium, pelleted, and 
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resuspended in a hypotonic buffer (1.5 mM Mg(OAc)2, ImM DTT, 10 mM HEPES 

(7.0), 10 mM triethanolamine-acetic acid, 1 mM EDTA, and the aforementioned 

proetase inhibitors. Cells were then homogenized with 30 passes in a Dounce 

homogenizer. Isotonic conditions were next reestablished upon the addition of a 

buffer consisting of 700 mM KCl, 40 mM Mg(0Ac)2, 1 mM DTT, 400 mM HEPES 

(7.0). Nuclei were pelleted at 1000 X g for 10 minutes and the post-nuclear 

supernatant was removed. Membrane contamination of nuclei was removed by 

pelleting them through a 2M sucrose solution with 5 mM MgCb (in the isotonic buffer 

described above). The post-nuclear supernatant was layered on a discontinuous 

sucrose gradient consisting of 0, 15, 25, 35, 40, and 50% sucrose in 10 mM HEPES 

(7.0), 50 mM KCl, 1 mM DTT, 2 mM MgCL. Fractions were centrifuged in a 

Beckman SW28 rotor @ 25,000 rpm for 16 hours and appropriate fractions were 

collected (Figure 6.2). 

Polyacrylamide Gel Electrophoresis and Western Blotting 

Whole-cell lysates or cell fractions from confluent SKPT or WKPT cultures 

were separated by 6% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and then transferred to a nitrocellulose filter (Micron Separations, Inc., 

Westborough, MA) by electroblotting. The efficiency of protein transfer was 

evaluated by Ponceau S (Sigma, St. Louis, MO) staining. Because there is evidence 

for CypB secretion in milk,^^ CypB Western blots were blocked with 3% gelatin in 

TTBS (Sigma, St. Louis, MO). Filters designated for CAML, NKA, and Rab-5 

Western blots were blocked with 5% nonfat dry milk in TPBS, unless they were 

intended to be stripped and reprobed with CypB antibodies, in which case 3% gelatin 
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was substituted. All antibodies were diluted in the appropriate blocking solutions 

described above. All rinses were carried out in either TPBS or TTBS, except for the 

final rinse (just before addition of substrate), that was carried out in either PBS or 

TBS. CypB blots were probed with a 1:1000 dilution of anti-cyclophilin B rabbit 

antisera.'^ Integrin pi blots were probed with a 1:500 dilution of a rabbit anti-integrin 

pl polyclonal antiserum (Chemicon International, Inc., Temecula, CA). Cytochrome 

oxidase (subunit IV) blots'^ were probed with a 1:1000 dilution of a mouse anti-

cytochrome oxidase subunit IV monoclonal antibody (Molecular Probes, Eugene, 

OR). Lamin Bl blots20 were probed with a 1:1000 dilution of a mouse anti-human 

lamin Bl monoclonal antibody (Chemicon International, Inc.). Lactose 

dehydrogenase blots were probed with a 1:100 dilution of a goat anti-lactate 

dehydrogenase polyclonal antibody (Chemicon International, Inc.). CAML blots were 

probed with a 1:2000 dilution of a rabbit anti-CAML polyclonal antibody.21 

Antibody-antigen interactions were detected via peroxidase-conjugated goat anti-

rabbit immunoglobulin G (IgG) followed by chemiluminescence (Amersham, 

Ariington Heights, IL) and visualization on Kodak film (Rochester, NY). 

Immunofluorescence 

Cells were grown to 50-60% confluence on 8-well culture slides (Becton 

Dickonson, Franklin Lakes, NJ). Media was aspirated and cells were rinsed with 

PBS {+ Ca '̂̂ /Mg"'"' to promote attachment). Next, cells were fixed with cold 100% 

methanol for 2 minutes and briefly rehydrated with PBS to prevent cell dehydration. 

A 1:2000 dilution of an anti-CypB or anti-CAML rabbit IgG was applied to the 
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monolayer and incubated on ice for 1 hour. The antibody was then removed and the 

monolayer was subjected to 4 5-minute rinses with PBS. Next, a FITC-conjugated 

goat anti-rabbit antibody (Sigma, St. Louis, MO) was added (1:2000 dilution in PBS) 

and incubated for 1 hour in the dark. This antibody was removed and the monolayer 

was subjected to four 5-minute PBS rinses, followed by three brief water rinses to 

remove salts. The slide was removed from the chamber walls and Moveal (Sigma, St. 

Louis, MO) mounting reagent was added to monolayer, which was subsequently 

overlayed with a glass coverslip. A thin coat of clear nail polish was applied to the 

edges of the cover slip, and the slide was left in the dark for 30 minutes to seal. 

Immunofluorographs were taken with a Zeiss Axioskop routine fluorescence 

microscope and a ZVS3C75DE 3CCD video system attached to a Sony Mavigraph 

color video printer (Carl Zeiss, Inc., Thorn wood, New York). 

Results 

In order to gain some insight into intracellular CypB function, we decided to 

evaluate anti-CypB antisera reactivity in both subcelluar fractions and intact, 

permeablized cells. Rat proximal tubule cells derived from SHR (i.e. SKPT) were 

utilized for these purposes. Our first attempts involved looking at gross differences in 

organellar co-localization of CypB and involved the examination of crude fractions 

obtained by Dounce homogenization and differential centrifugation (Figure 6.1 A). 

Figure 6.2 shows strong CypB reactivity in the endosomal compartment, consistent 

with published reports indicating a predominant localization in the endoplasmic 

reticulum (Figure 6.2).22-23 Some immunoreactivity was also observed in nuclear 

fractions, consistent with reports of both nuclear CypB staining and the presence of a 
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putative nuclear localization sequence.24 Surprisingly, cytosolic fractions displayed 

intense immunoreactivity. Antibodies directed against CAML, a novel, ER-resident 

calcium channel known to interact with CypB in T lymphocytes^ 1» 25, 26 

demonstrated strong reactivity in only the endosomal compartment, suggesting that the 

CypB cytosolic reactivity was not artifactual. However, nuclear CAML 

immunoreactivity (Figure 6.2) preserved the hypothesis that at least some fraction of 

the Western blot signal resulted from fractional contamination from other membrane 

compartments. 

In order to better characterize the specific organellar association of CypB, we 

utilized a sucrose gradient-based fractionation approach'^ along with antibodies 

directed against organelle-specific markers (Table 6.1). Briefly, SKPT cells were 

homogenized and fractionated by differential centrifugation followed by density 

gradient centrifugation on a discontinuous sucrose gradient as described in the 

Methods. This protocol, as schematized in Figure 6.1, allowed for the efficient 

separation of soluble proteins (fraction 1: 0-15% sucrose interface), "light desnity" 

membrane vessicles (fraction 2: 15-25% sucrose interface), mitochondria (fraction 3: 

25-35% sucrose interface), and endoplasmic reticulum/Golgi (fraction 4: 35-40% 

sucrose interface). Figure 6.3 demonstrates the results of Western analysis following 

proximal tubule epithelial cell fractionation with this procedure: predominant 

endoplasmic reticulum localization, with slight expression in both plasma membrane 

and nucleus. 

Immunohistochemistry was next utilized to both corroborate the aforementioned 

immunoblot results and to examine the three-dimensional topology and distribution of 
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expressed CypB. As seen in Figure 6.4, both CypB and CAML display a tethered 

distribution, a pattern consistent with an endoplasmic reticulum/Golgi distribution. 

Interestingly, higher magnification of anti-CypB IgG-treated cells also reveals an 

intranuclear staining pattern reminiscent of nucleolar localization. Anti-CAML IgG-

treated cells demonstrate no such additional staining pattem. 

In addition to its predominant localization to endoplasmic reticulum, CypB has 

been identified in the extracellular milieu.^ 27 xhis secretion appears to be a cell type-

specific phenomenon, as it has been observed extracellularly in milk,'^ cerebrospinal 

fluid,28 and synovial fluid,29, 30 whole blood and plasma^' and has been implicated in 

the facilitation of HIV entry into T lymphocytes. ̂  2 Moreover, a novel, 27-kDa 

cyclophilin isoform (i.e., cyclophiloin G) has been identified and localized to 

horseshoe crab exocytotic granules.^2 Consequently, we sought to identify the 

presence of CypB in the skpt and wkpt media. As depicted in Figure 6.5, Western 

analysis revealed no secreted CypB, either in WKPT or SKPT supernatants, in the 

presence or the absence of serum. To help ensure that this lack of detection was not a 

function of Western sensitivity, we concentrated media samples twenty-fold and still 

observed no immunoreactivity, even following overnight film exposures. 

Discussion 

Calcium signal modulating cyclophilin ligand (i.e., CAML) was first identified 

via a yeast two-hybrid screen as a CypB binding partner. Further characterization of 

this novel gene revealed that it was both acts downstream of the T cell receptor,2l and 

colocalizes with intracellular calcium pools.25 While the role of CAML in such 
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signaling has been a subject of rather intense scrutiny,26,33-35 [^ [^ curious that CypB 

has not yet received similar scrutiny in this context. 

Perhaps one factor contributing to this dearth of investigations of cyclophilin-

mediated calcium signaling has been the focus on the FKBP arm of the immunophilin 

superfamily in calcium regulation.^6 Moreover, a recent appreciation has developed 

for numerous diverse non-signaling functions that cyclophilin appears to 

possess.^' '̂7-39 In addition to the "traditional" functions typically ascribed to 

cyclophilins (e.g. protein folding, calcineurin-mediated immunosuppression, etc.), 

various members of the cyclophilin family participate in a wide variety of functions, 

ranging from mediating the function of the mitochondrial permeability transition 

pore,'̂ 0- 41 to memory formation.39 Interestingly, CypA also appears to play a critical 

role in HIV pathogenesis, apparently by facilitating viral entry,' 2 possibly mirroring a 

heretofore unidentified in vivo extracellular function. Moreover, the recent 

observation that CypB is secreted in a number of cell types has led to speculation 

concerning a novel role for this protein in regulating and/or maintaining appropriate 

conformations of proteins at the cell surface and in the extracellular space. ̂ 0,42-45 

Finally, reports in the literature provide conflicting pieces of evidence for the true 

subcellular localization of CypB. While there appears to be little doubt concerning the 

association of this protein with the endoplasmic reticulum, some evidence exists for 

nuclear24 and plasma membrane^^ localization. The lack of consensus concerning the 

subcellular localization of CypB has no doubt contributed to the difficulty in 

establishing a subcellular function for it. 
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In an attempt to help rectify this situation, we decided to attempt to identify 

the subcellular distribution of CypB. This study, coupled with the yeast two-hybrid 

study described in the following chapter, it was hoped, would provide some insight 

into CypB function. The localization of this protein primarily to the ER confirms 

many past observations, and jibes well with known functions of CypB involving the 

regulation of intracellular calcium release. However, the additional significant level of 

nucleolar (apparently) localization hint at additional roles that this protein may play in 

the cell, such as the apoptosis-related nuclease activity. Moreover, the potential 

significance of the identification of hnRNP A2 as a CypB binding partner (described 

in the following chapter) becomes much more obivious following this not 

unprecedented observation. 
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Table 6.1. Markers utilized to identify subcellular compartments. 

FRACTION # 

— 

1 

2 

3 

4 

SUBCELLULAR 
COMPARTMENT 

Nucleus 

Cytosol 

Mitochondria 

Endoplasmic 
Reticulum 

Plasma Membrane 

MARKER 

Lamin B1 

Lactate 
Dehydrogenase 
Cytochrome 
Oxidase Subunit IV 
CAML 

Integrin P1 
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Crude Fractionation Fine Fractionation 

Homogenize cells 
llOOOXg 
I (10 min) 

Pellet 1 (nuclei) 
(wash 2X with buffer/ 

SN 1 detergent to remove 
10000 X g contaminating membranes) 
(5 min) 

Pellet 2 (mitochondria) 

SN2 
22000 X g 
(30 min) 

SN3 
Pellet 3 

(plasma membrane) 

140000 X g 
(Ihr) 

Homogenize cells 
1000 X g 
(10 min) 

T 
SNl 

Pellet 1 
(nuclei) 

Pellet 4 (endosomes) 

SN4 
(soluble proteins/ 
cytosol) 

Repellet in 2M 
sucrose to remov 
contaminating 
membranes 

Layer on a discontinuous 
0-50% sucrose gradient 

soluble proteir 

light density 
vesicle mem 

Golgi memb. 

plasma memh 

Figure 6.1 Crude and fine subcellular fractionation schematics. 
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Figure 6.2. Western blot analysis of CypB expression in crude subcellular 
fractions. Both CypB and CAML are enriched in endosomal preps. 
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Figure 6.3. Western Blot analysis of subcellular compartment markers and 
CypB expression in sucrose gradient-derived subcellular fractions. 
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Figure 6.4. CypB (A, B) and CAML (C, D) share general patterns of 
subcellular distribution. Panels A and C were imaged with a 64X 
objective, while panels B and D were imaged under oil immersion. 
Panel E represents negative control (i.e., primary antibody = 
preimmune serum). 
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Figure 6.5. CypB is not secreted by skpt or wkpt cells. 
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CHAPTER VII 

RENAL CYCLOPHILIN B FUNCTIONAL ANALYSIS 

WriH A YEAST TWO-HYBRID ASSAY SYSTEM 

Introduction 

Cyclophilins comprise an evolutionarily conserved, ubiquitously expressed family of 

peptidyl prolyl cis-trans isomerases which were first identified as intracellular receptors for 

the immunosuppressive cyclic undecapeptide cyclosporine A (CsA). The high degree of 

evolutionary conservation and characteristic ubiquitous expression pattern associated with the 

members of this family of proteins suggest that cyclophilins subserve important roles in 

cellular metabolism. Moreover, individual cyclophilins are localized to most, if not all, 

intracellular compartments (Table 7.1). Despite extensive investigation aimed toward 

elucidating their functions, no common function of cyclophilins has yet been conclusively 

demonstrated. 

The impressive array of cyclophilin binding partners characterized so far likely 

underscores the fundamental importance of these proteins. Cyclophilin A, the prototype 

cyclophilin localized to the cytosol, participates in a variety of cellular functions, ranging 

from the reduction of the aggregation of incompletely folded carbonic anhydrase' to the 

regulation of the activity of the transcription factor YYl.2 Interestingly, both FKBP and 

cyclophilin members of the immunophilin family of proteins interact with the latter. 

It is this very apparent diversity of function that results in great difficulty in ascribing 

general functions to the cyclophilin family of proteins. This difficulty is particulariy 

pronounced with cyclophilin B2 (CypB), a cyclophilin isoform that primarily appears to be 
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associated with the endoplasmic reticulum.^-^ However, in recent years, this protein has also 

been detected in nuclei^ and the extracellular milieu^ as well. The proteins that either 

colocalize with or directly interact with CypB are no less diverse, ranging from a novel 

calcium channel^ to a partially characterized cell surface 

receptor^' 9,10 to calreticulin.'' Some circumstantial evidence for an association between 

CypB and nephrotic syndrome'2 and other sodium retaining states'^ has also been gathered. 

Complicating matters further is the observation that CypB (as well as cyclophilins A and C) 

can act as apoptosis-activated nucleases.'^ 

The purpose of the present study is to identify CypB protein binding partners in an 

attempt to further elucidate its specific function in kidney. This study builds upon data 

detailed in Chapter 6 and was designed to advance the molecular characterization of CypB 

and thereby gain insight into its biological function. 

Methods 

Two-hybrid plasmid construction 

A random-primed cDNA library was constructed from WKY kidney mRNA purified 

with the Clontech mRNA separator kit. EcoRI adaptors were ligated to the cDNA prior to 

cloning into the pGADlO vector. Insertion of cDNAs into this vector results in the production 

of a fusion between the GAL4 activation domain (AD) and the individual library clones. 

Following construction, the insert size distribution was determined via long-distance PCR. 

Fusion of CypB and the GAL4 DNA binding domain was accomplished as follows. A 

portion of the CypB gene corresponding to nucleotides 23-528 was PCR-amplified with a 

forward primer (5'-GCCATGG AGAACGATAAGAAGAAGGGACT-3') containing a Ncol 
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site at the 5' end of the primer for cloning purposes, and a reverse primer (5'-AGAT 

GTCCGTCTACAATGATCA-3') containing a Sal I site. The resulting PCR product was 

ligated into the TOP 10 vector using the TOPO TA cloning kit (Invitrogen, Carisbad, NM). 

This vector was then double digested with Sail and Ncol to remove the CypB insert, and was 

subsequently ligated into a similariy digested pAS2-l (Clontech, Palo Alto, CA) vector to 

form the fusion between CypB and the GAL4 DNA binding domain. 

Yeast transformations 

S. cerevissiae (strain Y190) were grown on YPD agar plates until colonies reached 2-3 

mm in diameter. Several colonies were picked and grown at 30° C overnight until stationary 

phase (OD600 > 1.5) was reached. One liter of YPD was added and cultures were incubated at 

30° C for 3 hours to return cells to log phase. Cells were then pooled and resuspended in 8 ml 

of fresh TE/LiAc. Bait and library constructs (2:1 molar ratio) along with denatured herring 

testes carrier DNA were added to each tube, followed by the addition of 8 ml of 50% PEG 

4000/LiAc solution. The tube was then vortexed and incubated at 30° C for 30 minutes, with 

shaking. DMSO (7 ml) was then added, followed by a 15-minute heat shock at 42° C Cells 

were chilled briefly, resuspended in 10 ml Tris-EDTA (TE), and plated on SD plates (-leu/-

trp/-his) to select for auxotrophic growth. Random His"̂  colonies were selected for P-

galactosidase filter assays. To reduce the possibility of multiple bait and/or library plasmids 

existing within individual positive clones, each positive clone was retested for both reporters. 
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P-Galactosidase Assays 

A Whatman #5 filter was placed over the surface of the colonies being assayed until 

the filter was evenly wetted. Next, the filter was carefully lifted off the plate with forceps, 

and transfered to a canister of liquid nitrogen. Following a 10-second submersion, the filter 

was removed, thawed, and placed on a second filter presoaked in Z buffer (16.1 g/L 

Na2HP04, 5.50 g/L NaH2P04, 0.75 g/L KCl, 0.246 g/L MgSO4,pH=7.0)/5-bromo-4-chloro-3-

indolyl-p-D-galactopyranoside(X Gal) mix. These filters were incubated at 30° C and were 

periodically checked for blue (positive) colonies. 

Elimination of False Positives 

Individual positive library clones were isolated by streaking positive clones on SD (-

trp), which puts no selection pressure on clones containing the bait construct, but does select 

for clones containing the library construct. Next, S. cerivissiae (Y190) is either singly 

transformed with bait construct, library construct encoding candidate interacting gene, or 

simultaneously transformed with both. Negative results from the either single transformations 

and positive results from the cotransformation are indicative of a true positive clone. 

Reverse interaction screens were carried out by switching the bait and prey domains 

from the GAL4-BD and GAL4-AD fusion-creating plasmids, respectively. The GAL4-BD 

hybrid plasmid was transformed into the mating type a S. cerivissiae strain Y187, and the 

GAL4-AD hybrid plasmid was transformed into the mating type a S. cerivissiae strain CG-

1945. These strains were mated by vortexing individual transformants in 1-3 ml of YPD, 

mixing 200 |il of each resulting cell suspension, and incubating at 30° C, with gentle rocking, 

overnight. Next, 100 |il of each mating culture were spread on SD (-leu, -trp, -his) plates and 
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incubated at 30° C for 4-5 days until colony growth was observed. Positive colonies for each 

plasmid combination were subjected to a p-galactosidase colony lift assay. 

Isolation of Yeast Plasmids 

Positive clones were inoculated in 1 ml TE buffer, vortexed vigorously, and 

centrifuged at full speed for 1 minute to pellet the cells. Cells were then resuspended in 30 ml 

suspension buffer, containing 4.5 U/ml lyticase, to each tube and incubated at 30° C for 30 

minutes. Next, cells were added 170 [i\ of lysis buffer, 200 \i\ of glass beads (Sigma) and 200 

|il phenol:chloroform:isoamyl alcohol (25:24:1). Cells were vigorously vortexed for 5 

minutes and centrifuged at full speed for 10 minutes. The aqueous phase was then transferred 

to a fresh tube, and 10.67 ml 7.5 M ammonium acetate was added, along with 500 ml absolute 

ethanol. The mix was then placed at -80° C for 1 hour until DNA was fully precipitated. 

DNA was then pelleted and resuspended in water. 

Results 

We utilized the yeast two hybrid system'^ (Clontech, Palo Alto, CA) to identify novel 

CypB binding partners in an attempt to gain insight into the cellular function of this pooriy 

characterized cyclophilin. Positive and negative control vectors (see Methods) were 

transformed into Saccharomyces cerivissiae strain Y190 to test the integrity of the system. 

Library and bait were then singly transformed into Y190 to test for the possibility of 

autonomous activation. None was observed. 

Initial attempts at interaction screening involved the construction and utilization of a 

bait plasmid designed to minimize nonspecific protein-protein interactions. Because CypB 

contains a 5' signal peptide and putative nuclear localization sequence (NLS) and a 3' 
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endoplasmic reticulum retention domain (Figure 7.2) which are shared by many other protein 

species, we elected to exclude such domains from this construct. As depicted in Figure 7.3, 

this construct was called "truncated" CypB bait.Following transformation of Y190 with a bait 

plasmid construct consisting of pAS2-l containing truncated CypB, along with a population 

of pGAD 10 plasmids containing cDNA library inserts, one interacting clone was obtained. 

As shown in Figure 7.1, sequencing this interacting clone revealed it to encode hnRNP A2, a 

member of a nucleoplasmic pre-mRNA binding protein family which carry out important 

roles in the biogenesis of mRNA.'^ 

The validity of this interaction was confirmed following cotransformation of 5. 

cerivissiae (strain Y190) with the truncated CypB-GAL4 BD bait plasmid and the isolated 

hnRNP A2-GAL4 AD prey plasmid. The transformants grew on SD (-his/-trp/ 

-leu) medium and a displayed P-galactosidase activity. To guard against the possibility that 

the observed interaction was dependent upon the conformations resulting from CypB-BD 

and/or hnRNP A2 fusions, a "reverse interaction screen" whereby a truncated CypB-GAL4 

AD (in pGADlO) fusion protein and hnRNP A2-GAL4 BD (in pAS2-l) fusion protein were 

expressed in the haploid S. cerevissiae strain Y187 (mating type a) and CG-1945 (mating 

type a), respectively. The two plasmids were introduced into the same host cell following 

yeast mating (see Methods). Viable mated transformants were screened for growth on a -his 

medium and LacZ activity, and were found to be positive for both phenotypes. 

Closer scrutiny of comparative cyclophilin amino acid sequences (Figure 7.2) reveals 

that members of the cyclophilin subfamily share extremely high identity between isoforms 

and that most unique domains occur in either the 5'- or 3'-termini. Because our initial bait 

construct lacked much of the 5'- and 3'- sequence of CypB, it unclear about whether the 
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CypB-hnRNP A2 interaction reflected a true CypB-protein interaction or a generic (i.e. not 

CypB-specific) cyclophilin-hnRNP A2 binding event. Consequently, we decided to perform a 

second yeast two-hybrid screen, this time with a bait construct encoding the entire CypB 

sequence (Figure 7.2). 

Interaction screening with this second, full length CypB bait construct revealed five 

additional interacting clones, outlined in Table 7.4. Sequence analysis of these clones (Figure 

7.3, Table 7.4) indicated CypB interactions with a diverse population of kidney proteins. 

Clone 1 corresponded to very long chain-acyl-CoA synthetase, which activates very-long-

chain fatty acids (VLCFAs) containing 22 or more carbons to their CoA derivatives.'^ Clone 

2 corresponded to subunit I of cytochrome oxidase (COX I), one of 3 mitochondrial genes 

encoding components of the thirteen subunit cytochrome oxidase monomeric complex. Clone 

3 corresponded to ribosomal protein L19, one of more than 80 structural ribosomal proteins 

with a poorly defined function. Clone 4 corresponded to eIF2, an initiation factor involved in 

the regulation of translation. Clone 5 corresponded to a homologue of human aminoacylase 

1, an enzyme involved in xenobiotic detoxication and bioactivation.'^ Confirmation of the 

validity of these interactions was confirmed by bait switching, yeast mating, or both (Table 

7.3). 

Discussion 

In this study, we have added to the panel of genes known to interact with CypB. Our 

initial attempts at identifying CypB binding partners utilized a bait construct encoding a 

fusion between the GAL4 DNA binding domain and a truncated CypB corresponding 

primarily to the peptidyl-prolyl cis-trans isomerase domain. Co-transformation of Y190 with 

this construct and a prey construct encoding a fusion between rat kidney cDNA library-
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expressed gene fragments and the GAL4 transcriptional activation domain resulted in the 

identification of a single putative CypB-interacting clone. The gene product encoded by the 

prey plasmid expressed in this clone corresponded to hnRNP A2. This gene product, which 

belongs to the hnRNP A2/B1 group of hnRNPs, is among the most abundantly expressed pre-

mRNA binding proteins.'9 While many aspects of hnRNP A2 function remain elusive, it 

does appear to function both in alternative splice site selection20 and in the shuttling of 

nascent transcripts from the nucleus to the cytoplasm or endoplasmic reticulum.21 

This first attempt at bait construction was conservative in that it eliminated potentially 

promiscuous motifs, including the signal peptide, nuclear localization sequence, and ER-

retention domain common to other proteins that might result in the detection of CypB-protein 

interactions which are not biologically relevant. However, this strategy resulted in a bait 

construct composed primarily of the rotomase domain of CypB, a domain with extremely 

high homology to all members of the cyclophilin family of proteins.22 We reasoned that this 

bait might be unable to distinguish clones that interact with CypB from those that interact 

with one or more alternative members of the cyclophilin family. Consequently, we next 

constructed a full-length cyclophilin B-GAL4 DNA BD bait and performed a yeast two-

hybrid screen with it. Five additional clones: cytochrome oxidase subunit I, aminoacylase 1, 

eIF2, ribosomal protein LI9, and very long chain acyl CoA synthetase, were identified. 

As outlined in Table 7.2, the array of cyclophilin binding partners is quite diverse, and 

the addition of the similarly disparate CypB-interacting clones described herein does little to 

simplify this diversity. Furthermore, it does little to establish clear themes in the list of 

known CypB-protein interactions that would unequivocally establish the functional role of 

CypB. However, careful analysis does hint at some common links shared by these clones. 
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For example, both eIF2 and ribosomal protein LI9 are both intimately linked to protein 

synthesis, a process in which one can easily envision the participation of CypB, given its ER-

localization. Although the precise biological role of aminoacylase is presently unknown, its 

ability to hydrolyze N-acyl-L-amino acids has led to the hypothesis that they may participate 

in the catabolism of terminal N-acylpeptides or in the salvage of N-acetylated amino acids,'^ 

two processes which may contribute to the regulation of protein turnover. With hnRNP 

playing a role in the shuttling of nascent RNA from the nucleus to the cytoplasm and 

endoplasmic reticulum,2l it can be hypothesized that CypB is involved in the regulation of a 

number of processes that contribute to intracellular protein longevity. 

The present study further extends the diversity of this array of binding partners, and 

CypB interaction with these proteins might shed light onto both their intracellular functions 

and roles they play in a variety of metabolic disorders. For example, defects in very long-

chain acyl-CoA synthetase activity, primarily localized to peroxisomes and microsomes,23 

underlies X-linked adrenoleukodystrophy, a peroxisomal disease associated with a deficiency 

of adrenocortical function and demyelination.24 COX I is markedly underexpressed in human 

nephrotic syndrome.25 Interestingly, CypB is specifically upregulated in nephrotic rats.'2 

Human aminocylase-1 is inactivated in small cell lung cancer26. Finally, ribosomal protein 

L19 is overexpressed in human breast tumors which overexpress erbB-2.'^^ 

Chapter VI details the localization of CypB to the endoplamsic reticulum (primarily), 

the nucleus, and, possibly, the plasma membrane. From these locations, CypB may function 

as a chaperonin and/or regulatory factor for numerous proteins resident in these subcellular 

compartments. This wide distribution of CypB implies multiple CypB-protein interactions, a 

scenario further supported by the interaction screen described herein. As such, the elucidation 
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of its precise function in the renal nephron regions involved in hypertension is rather 

problematic. 

Yeast two-hybrid analysis has previously revealed that both CAML^ and calcineurin28 

interact with CypB. CAML has been implicated in calcium flux and signaling^- 29 and 

calcineurin is a calcium-dependent protein phosphatase linked to the regulation of the sodium, 

potassium ATPase,30 or sodium pump (NKA). With the exception of aminocylase 1, all of 

these newly-identified CypB interactions involve proteins involved in either calmodulin 

binding!' 3lor calcium signaling32, 33 events. CypB may therefore play an important role in 

modulating a variety of calcium signaling pathways and/or regulatory processes. In 

particular, a hypothesis whereby CypB regulates NKA upstream of CaN (either by interacting 

directly with this phosphatase or by influencing [Ca"̂ "̂ ]!) becomes viable. However, we were 

unable to detect interactions between CypB and either CAML or calcineurin following 

interaction screening of the kidney cDNA library. We were, however, able to demonstrate the 

expression of both of these genes in our kidney cDNA library, raising the possibility that 

these previously characterized CypB interactions did not occur under the conditions of the 

yeast two-hybrid screen. This might be explained by inefficient interaction between these 

genes in yeast, or simply might be attributed to the stochastic attributes inherent to yeast two-

hybrid library screens and the numerous variables that play prominent roles in the detection of 

individual interactions. 

Despite the impressive body of circumstantial evidence linking CypB to calcium 

signaling, no direct demonstration of such an association has yet been achieved. 

Nevertheless, there is precedence for peptidyl-prolyl isomerase (PPIase) involvement in cell 

signaling events. Specifically, Pin-1, a member of the newly characterized parvulin protein 
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family,34 which are structurally unrelated to cyclophilins but share rotamase activity, is a 

nuclear PPIase that specifically and potently binds several mitotic phosphoproteins, in a 

phosphorylation-dependent manner.35-37 Many of these Pin-1 substrates are targets of mitotic 

cyclin/Cdk heterodimers and contain a consensus Pin-1 binding motif (i.e., WW domain), 

which itself can be phosphorylated by cyclin/Cdks.3'7 Because certain mitotic 

phosphoproteins containing WW domains are required for initiating the G2/M transition,-^^ a 

role for Pin-1 in the regulation of the timing of this transition has been suggested.39 Such a 

model is supported by the observation that yeast depleted of Ess 1, the yeast Pin-1 homologue, 

arrest in mitosis.^0 

In conclusion, the study described herein exploited the power of yeast two-hybrid 

screening to identify six novel CypB-protein interactions. The diversity of these and 

previously characterized CypB interactions undoubtedly underscores the diversity of 

functions carried out by this cyclophilin isoform. The wide subcellular distribution of CypB 

(see Chapter VI) implies multiple CypB-protein interactions, and therefore makes the 

elucidation of its precise function in the renal nephron regions involved in hypertension 

somewhat problematic. Yeast two-hybrid analysis has been widely employed to both 

characterize hypothetical cyclophilin-protein binding events and to uncover previously 

undescribed ones. The impressive array of cyclophilin binding partners characterized so far 

probably underscores the fundamental importance of these proteins. CypB has, by virtue of its 

interaction with CAML, been tightly linked to the regulation of calcium flux. That many of 

these novel interactions are linked to calcium signaling is compelling in that it provides 

additional empirical support for the postulation that CypB plays an important role in 

modulating a variety of calcium signaling pathways and calcium-regulated enzymes. The 
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previously characterized interaction between CypB and calcineurin is intriguing in the context 

of hypertension etiology because of the tight link between calcineurin activity and sodium 

pump regulation. We postulate here a model whereby CypB regulates the sodium pump in rat 

proximal tubule by influencing [Ca" ]̂i, thereby modulting the activity of calcineurin and, 

therefore, the sodium pump. We further postulate that alterations in this regulation in SHR 

proximal tubule contribute to the abnormally high sodium flux observed during the 

pathogenesis of hypertension in this rat strain. 
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Table 7.1. Subcellular distribution of cyclophilin isoforms. 

cyclophilin 

A 

B 

C 

D 

G 

Cyp20 

Cyp40 

NK-TR 

ninaA 

matrinCyp 

USA-Cyp 

subcellular localization 

cytosol, possibly nucleus, possibly secreted 

smooth ER (calcisomes), secreted, possibly nucleus 

ER 

mitochondrion 

secretory granules 

mitochondrion 

cytosol, nucleus 

cell surface 

ER 

nucleus 

nucleus 
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Table 7.2. CypB-protein interactions detected by yeast two-hybrid analysis. 

Cyclophilin 

CARS-Cyp 

SRcyp/ 
CASPIO 

CypA 

CypA 

hCyP-60 

CypB 

Cns-l (yeast 
Cyp-40 
homologue) 
Roc 1, Roc4, 
CypA/Cypl 

sn-RNP-
associated 
cyclophilin 

Interacting 
Protein 

CDC28/cdc2-like 
Kinase (Clk) 

RNA Polymerase 

YYl 

calcineurin 

eglin c 

Calcium Modultai 
Cyclophilin Ligan 
(CAML) 

Hsp-90 

VirD2 

U4/U6 snRNP 

Proposed or 
Demonstrated 

Function 
regulation of 
SR-splicing 
factors' 
phosphorylation 
states 
regulation of 
constistutive 
transcriptional 
activity 
regulation of 
transcriptional 
activity 
regulation of 
phosphatase 
activity 

regulation of 
endogenous 
protease 
inhibitory 
activity 
regulation of 
calcium flux 

regulation of 
chaperone 
activity 
regulation of 
nuclease 
activity 
regulation of 
RNA splicing 

Confirmatory 
Evidence 

absence of lacZ 
activation following 
standard control 
plasmid transformations" 

absence of lacZ 
activationfollowing 
standard control 
plasmid transformations" 
YYl/CypAGAL4 
domain switch^ 

Binding to a CypA affini 
Column, and disruption c 
This interaction with 
cyclosporine A; S. 
cerevisiae 
genetic analysis 
absence of lacZ 
activationfollowing 
standard control 
plasmid transformations^ 

Cyclosporine A 
abolishedCAML-
mediated activation 
of NF-AT 
S. cerevisiae genetic 
analysis, 
coimmunoprecipitation 
Cyp-GST fusion bound 
His-tagged VirD2 

absence of lacZ activatio 
following standard contrc 
plasmid transformations^ 

Reference 

Nestel, et al., 
1996^1 

Bourquin, et al 
199742 

Yang, et al., 
1995^3 

Cardenas, et al 
199428 

Wang, et al., 
199644 

Bram and 
Crabtree, 
19948 

Marsh, et al., 
199845 

Deng, et al, 
199846 

Horowitz, et al 
199747 

ŝee Table 7.3 and Results section to see an example of a control transformation matrix as carried out herein. 
^GAL4 domains are switched: AD is fused to gene formerly fused to BD, and vice-versa 
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Table 7.3. Control transformations to control for specificity of CypB-protein 
interactions. 

Plasmid 1 

pCLl 

pAS2-l 
pACT2-l 

pAS2-I 
pVA3 

pVA3 

pTDl 

pAS2-l 

pVA3 

pLAM5' 

pLAM5' 

pLAM5' 

Plasmid 1 
Composition 
full-length 
GAL4 
GAL4 BD 
GAL4AD 
GAL4 BD 
GAL4 BD-p53 
fusion protein in 
pGBT9 
GAL4 BD-p53 
fusion protein in 
pGBT9 
GAL4 AD-large 
T antigen fusion 
Protein in 
pGAD3F 
GAL4 BD 

GAL4 BD-p53 
fusion protein in 
pGBT9 

GAL4 BD-lamir 
C fusion protein 
in pGBT9 
GAL4 BD-lamir 
C fusion protein 
in pGBT9 
GAL4 BD-lamir 
C fusion protein 
in pGBT9 

Plasmid 2 

N/A 

N/A 
N/A 

pACT2-l 
N/A 

pACT2-l 

N/A 

pTDl 

pTDl 

N/A 

pACT2-l 

pTDl 

Plasmid 2 
Composition 

N/A 

N/A 
N/A 

GAL4 AD 
N/A 

GAL4 AD 

N/A 

GAL4 AD-lai 
T antigen fusi 
Protein in 
pGAD3F 
GAL4 AD-lai 
T antigen fusi 
Protein in 
pGAD3F 

N/A 

GAL4 AD 

GAL4 AD-lai 
T antigen fusi 
Protein in 
pGAD3F 

p-gal assay 

white 

white 
white 
white 
white 

white 

white 

white 

blue 

white 

white 

white 
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Table 7.4. Summary of newly detected CypB-protein interactions. 

CypB-Interacting Protein 

hnRNP A2 

very long-chain acyl-CoA 
synthetase 
COX I 

ribosomal 
protein LI9 
eIF2 

aminoacylase 1 

Function 

selection of alternative RNA splice sites; 
shuttling of nascent RNA from nucleus to 
cytoplasm20 
Oxidation of very long chain fatty acids 
containing more than 22 carbon atoms'^ 
one of 13 cytochrome oxidase subunits; acts 
an ion channeP3,48 
unknown ribosomal function, probably not 
structural27 
promotes binding of methionyl-tRNA to 
ribosomes and is involved in translational 
control^9 

catalyzes the hydrolysis of N"-acylated amin 
acids to L-amino acids and an acyl group26 
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mCyPA 
rCyPA 
rCvPB 
mCyPC 
rCyPD 

mCyPA 
rCyPA 
rCyPB 
mCyPC 
rCyPD 

mCyPA 
rCyPA 
rCyPB 
mCyPC 
rCyPD 

NVMPIVFF 
MKV- -jTlFAAALIVGSVVFLLLPGPSVANDKKKGPK VIVK V il F 

- -MSPGPRL- - I L PAVLCLGLGA- -LVSSSGSSGVRKRGPSVTDKVFFWRIGDKDVe 
MLALRCGPRLLG L LSGPRSAPLLLSTTRTCSDGGARGANSSSQNPI{gYigVGADGQPl{GR\;(VL^KADVtvPKTV|E 

H^PTn^FIFqiTADnHPipiJT^S FJEO'pUJKiVPKmE 
ADG E PI GRV C F E LP MDK VPKT A.E 
IGE E S\ GR\; V F G LF 3K1VPKTVP 

G K ^ 
IJGRV 

IGLFGNVEVPKTVE 

NF R ?U :̂ TGEKGFGYK G S H 

NFV?U !̂*TGEKC 
NFRALITGEKGF 

FHR] 

I 
Y|3YK|ds|l]FHR|v I t 

SYKGSIFHRVI?;* 

TPq 
I ?G FN! C QGGDFTF HN 3TGGKSIYGE « 

FWQQGGDFTT HNpTGQRg 
HNSTGOKS 

<I\FV J QGGDFT^VRDpTGC 
FNJq^b: 

TYGHWFl 
[LSMANAGPKTNG 

NFlV*^LWTGEKGFGYKMSMFHR|\lIta3FH]lQGGDFTFlGD|3TGGKSIYGE«FP'DENFt<LK^^ iCqTNG 
lYGHI FPDENF K LKÎ  YGIGWVSMANAG PE TNG 

DFTbJHNtTGGKtelydsP FPDENF T LKt V GPG /L SMANAG PK TNG 

IlLKHipPG 
ENFILKtTGPG 

fUyMANAGI PNTNG 

SQFF: 
sQFFiqr 
SQFF3 

Cfit 

?KTE 
lcTtWLDGKHVVFGKV|CEGMN]|VEAMERF-GSRNGKTSI^ITrrEDanpL-

V 3AMERF-GSRNGKTSK KIII3DC G 2L-'ILDGKHWFGKV iCEGMS 1 

K(PT' 
IV KT S 'JLDGKHWFGKV LKEGMT V /RKVESTKTDSRDKPL K D\ 

SQFF3 TLl KJPT^JLDGKHWFGKVlLDGMTVVpSIELQATDGHDRPLTDCTll^/N^GfCIDVKTPFVVEVPDW 
S Q F F ] C T ] | K ' >fLDGKHWFGjH^EGMD\(V^KI ES F -GSKSGKTSI^\{I[rDqG 

IVDSG KIEVEKPFAIAKE--
KID-̂  
2LS-

Abbreviations: 

m=mouse; r=rat 

CyPA: cytosolic; ubiquitous; involved in folding of various proteins; interacts with HIV Gag during 
formation of infectious virions. 

CyPB: contains an N-terminal endoplasmic reticulum (ER) signal sequence, signal peptide domain 
and colocalizes with the calcium binding protein calreticulin in the ER. 

CyPC: ER protein associated with scavenger receptor 

CyPD: contains a mitochondrial signal sequence 

Figtu-e 7.1. Amino acid aligimient of well-characterized cyclophilins reveals high 
residue conservation in the peptidyl-prolyl cis-trans isomerase domain and a 
high degree of structtiral divergence in both the N- and C-termini. 
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Truncated CVDB bait 

rotamase domain 

A B 

Full-lenath CvoB bait 

ER-retention 
NLS motif 

signal 
peptide 

Figure 7.2. Alternative yeast two-hybrid CypB bait constructs. Domain A contains a 
signal peptide sequence and a putative nuclear localization sequence. Domain 
B contains the rotamase domain shared by all cyclophilins. Domain C contains 
the ER-retention domain. 
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CI. A-hnRNP A2: 

GCAACTATGGTGGTGGTCCTGGTTACAGTAGTAGA 

I M I I M I M I I I M I I I I I i l l l l l i l l l l l l l l 
TATAATGGATTTGGAGGTGATGGTGGCAACTATGGTGGTGGTCCTGGTTACAGTAGTAGA 

GGAGGTTATGGAGGTGGTGGACCAGGATATGGAAACCAAGGTGGTGGATATGGTGGTGGA 
l l l l l l l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 
GGAGGTTATGGAGGTGGTGGACCAGGATATGGAAACCAAGGTGGTGGATATGGTGGTGGA 

GGAGGAGGATATGATGGTTACAATGAAGGAGGAAATTTTGGTGGAGGTAACTATGGTGGT 
l l l l l l l i l l l l l l l l l l l l l l i l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l 
GGAGGAGGATATGATGGTTACAATGAAGGAGGAAATTTTGGTGGAGGTAACTATGGTGGT 

GGTGGGAACTATAATGACTTTGGAAATTATAGTGGACAGCAACAATCTAATTATGGACCC 
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 
GGTGGGAACTATAATGACTTTGGAAATTATAGTGGACAGCAACAATCTAATTATGGACCC 

ATGAAGGGGGGCAGTTTTGGTGGAAGAAGCTCAGGCAGTCCCTATGGTGGTGGCTATGGA 

I I I I I I M I I I I I I I I I I I I M I I I I I I I I I I I I I I I I I I I I I I M I M I I i l l l l l l M 
ATGAAGGGGGGCAGTTTTGGTGGAAGAAGCTCAGGCAGTCCCTATGGTGGTGGCTATGGA 

TCTGGAGGTGGAAGTGGTGGATATGGTAGCAGAAGGTTTTAAAATAAAACAAACGGCTAC 
l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l M I I I I I I I I I I I I I I I I I I I 
TCTGGAGGTGGAAGTGGTGGATATGGTAGCAGAAGGTTTTAAAATAAAACAAACGGCTAC 

AGTTCTTAGCAGGAGAGAGAGCGAGGAGTTGTCAGGAAAGCTGCAGGTTACTTTGAGACA 

I I I M I I I I I I I I I I I M I I I M I I I I I I I I I I I I I I I I I I I I I I M I I I I i l l l l l l l l 

AGTTCTTAGCAGGAGAGAGAGCGAGGAGTTGTCAGGAAAGCTGCAGGTTACTTTGAGACA 

GTCGTCCTAAATGCATTAGAGGAACTGTAAAAATCTGCCACAGAAGGAACGA-TGATCCA 

I I I I I M I I I I I I I I I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I I l l l l l l l 
GTCGTCCTAAATGCATTAGAGGAACTGTAAAAATCTGCCACAGAAGGAACGACTGATCCA 
TAGTCAGAAAA-GTTACTGCAGCTTAAACAGGAAGCCCTTCTTGTTCAGGACTGTCATAG 
l l l l l l l l l l l l l l l l l l l l l i l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 
TAGTCAGAAAACGTTACTGCAGCTTAAACAGGAAGCCCTTCTTGTTCAGGACTGTCATAG 

CCACAGTTTGCAAAAGTGCAGCTATCGATTAATGCAATGTAGTGTCAATTAGATGTACAT 

I I I I I I I I I I M I I I I I I I I I I I I M I I I I I I I I I I M I I I I I I I I I I I I I M I I I I I I I 

CCACAGTTTGCAAAAGTGCAGCTATCGATTAATGCAATGTAGTGTCAATTAGATGTACAT 

TCCTGAGGT-CTTTTATCTGTTGTAGCTTTGTCTTTTTCTTTTTCTTTTCATTACATCAG 

l l l l l l l l l I I I I I I I I M I I I I I I I I I I I M I I I I I M I I I I I I I I I I I I I I I I I I M 

TCCTGAGGTTCTTTTATCTGTTGTAGCTTTGTCTTTTTCTTTTTCTTTTCATTACATCAG 

GTATATTGCCCTGTAAATTGTGGTAGTGGTACCAGGAATAAAAAA TTAAGGAATTTT 

I I I I I M I I I I I I I I I M I i l l l l l l l l l l l l l l l l l l l M I I I l l l l l l l l l l l l 
GTATATTGCCCTGTAAATTGTGGTAGTGGTACCAGGAATAAAAAAAAATTAAGGAATTTT 

Figure 7.3. Alignment of CypB-interacting clones with their closest Genbank 
homologues. 
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CI.2-very long chain acyl CoA synthetase: 

CAACGCCACTGTCATTCAGTACATCGGTGAACTGCTTCGGTACCTCTGCANCACGCCCCA 
llllllllllllllllllllllllllllllllllllllllllllllllll lllllllll 
CAACGCCACTGTCATTCAGTACATCGGTGAACTGCTTCGGTACCTCTGCAACACGCCCCA 

GAAACCAAATGACCGGGACCACAAAGTGAAAATAGCACTAGGAAATGGCTTACGAGGAGA 
l l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l 
GAAACCAAATGACCGGGACCACAAAGTGAAAATAGCACTAGGAAATGGCTTACGAGGAGA 

TGTGTGGAGAGAGTTCATCAAGAGATTTGGGGACATTCACATTTATGAGTTCTACGCTTC 
I I I I I I I I I I M I I I I I I I I I I I I I I I I I M I I I I I I I I I I I I I I M I I I I I I I M I I I I 
TGTGTGGAGAGAGTTCATCAAGAGATTTGGGGACATTCACATTTATGAGTTCTACGCTTC 

CACTGAAGGCAACATTGGATTTATGAACTATCCAAGAAAAATCGGAGCTGTTGGAAGAGA 
l l l l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 
CACTGAAGGCAACATTGGATTTATGAACTATCCAAGAAAAATCGGAGCTGTTGGAAGAGA 

AAATTACCTACAAAAAAAAGTTGTAAGGCACGAGCTGATCAAGTATGACGTGGAGAAGGA 
l l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 
AAATTACCTACAAAAAAAAGTTGTAAGGCACGAGCTGATCAAGTATGACGTGGAGAAGGA 

TGAGCCTGTCCGTGATGCAAATGGATATTGCATCAAAGTCCCCAAAGGAGAGGTTGGACT 
I I I I I I I I I M I I I I I M M I I I I I I I I I I I I I I I I I I I M I I I I I I M I I I I I I I I I I I 
TGAGCCTGTCCGTGATGCAAATGGATATTGCATCAAAGTCCCCAAAGGAGAGGTTGGACT 

CTTGATTTGCAAAATCACAGAGCTCACACCATTTTTTGGCTATGCTGGAGGAAAGACCCA 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I I I I I I I I I I I I I I I I I I I I I I 
CTTGATTTGCAAAATCACAGAGCTCACACCATTTTTTGGCTATGCTGGAGGAAAGACCCA 

GACAGAGAAGAAAAAGCTCAGAGATGTTTTTAAGAAAGCGTCTACTTCAACAGTGGCGAT 
I I I I I I I I I I I I I I I I I I I I M I I I I I I I I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
GACAGAGAAGAAAAAGCTCAGAGATGTTTTTAAGAAAGCGTCTACTTCAACAGTGGCGAT 

CTCCTGATGATCGGACCGTGAAAATTTCATCTATTTTCACGACAGAGTTGGAG 

I I I I I I I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I I I I I 
CTCCTGATGATCgGACCGTGAAAATTTCATCTATTTTCACGACAGAGTTGGAG 

Cl.S-Human eIF2: 

CTTGCATTCTACAGAAGTCTATGAACGATTTTAAGAA-GCACCTCCTTACTCCAT--CAC 

l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l II l l l l l l l l l l l l M i l I I I 
CTTGCATTTTACAGAAGTCTATGAACGATTTTAAAAAAGCACCTCCTTACCCCATATCAC 

GTTTCTCTGACAGTTGTTAAAGTAGGCAACGAGTATATCAACAGCTTGAATACCGGTATC 
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l I I I II 
GTTTCTCTGACAGGTGTTAAAGTAGGCAATGAGTATGTCAACAGCTTGAGCATCAGCGTC 

TTGC AAGGATTTC AGAACAATCACTCGCC AAAGAACTTGGC AG - - TTTCT ATCTTGTTTT 
l l l l l l l l l l l l l l l III l l l l l l l l l l l I l l l l l l l l III l l l l l l l l l l l 
TTGCAAGGACTTCAGACCAACCACTCGCCAAAAATCTTGGCAGCTTTTTTATCTTGTTTT 

TAACTCAATGGTACATCCACTCTGATGGTAA-CCTGTCCAGCCAAATCTCCACCACAT--

I I I I I I MM l l l l l l l l l l l l l l 11 l l l l l l l l l l l l l l l l l l l l I I I 

TAATACAACGGTATATCCACTCTGATGGCAAACCTGTCCAGCCACATCTCCACAACAAGC 

TTTGAAAAAATCAATGGTGATTAGCAAATTAGTTAGCTTTGGCACGGAGCTGTGCTCGCT 

MM MM I I I MMMMMMMMMMMMMMMMMIMMMIM 
TTTGCAAAA-TCA GTGATTAGCAAATTAGTTAGCTTTGGCACGGAGCTGTGCTCGCT 
TGCCTGTGACAGCCTGGAAGCCAGTTTTGATACTGGCCACAGAGCATCGAGAATGACAAG 

MM MMMMIMMMM MMMMMMM M i l l MM MIMIMMI 
TGCCCGTGACAGCCTGGAAGCCGGTTTTGATACTGGCAACAGAACATCTAGAATGACAAG 

Figure 7.3 (cont'd) 

TTTCACACTGTA-GAAATAGAG 

MM I I I I I M I M I I I I M 
TTTCGCACTGTAGGAAATAGAG 
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Cytochrome oxidase subunit I (COX I): 

TAATACTGGCAGTGAGAGAAGTTGTACGACGGCTGTAATTAGTACGGATCATACAAAGAG 

l l l i l l l l l l l l l l l l l l l l l l I I I MMMMMMMMMJIMMMIMMM 
TAATACTGGCAGTGAGAGAAGTAGTAGGACGGCTGTAATTAGTACGGATCATACAAAGAG 

AGGNGTCTGNTATTGGGTTATAGCAGGGGGTTTTATATTAATGATAGTGGTGATTAAGGT 

III M i l l M I I I I I I I I I I I I I I I M I I I I I I I I I I I I M I I I I I I I I I I I M M I I 
AGGTGTCTGATATTGGGTTATAGCAGGGGGTTTTATATTAATGATAGTGGTGATAAAGTT 

GATAGCTCCTATGATAGGAGACACCCCGGTTAGGTGGAGGGAAAAAATAGTTCAATCTAC 

MIMMI IM M i l l I I I I I I I I I M MMMMMMMMMMM l l l l l l l 
GATAGCTCCTAAGATAGAAGACACCCCGGCTAGGTGGAGGGAAAAAATAGTTAAATCTAC 

GGATGCTCCAACATGGGCTATGTTNCCGGNTA TATNCTGGNNATNCTGTTCC 

M M I III lllllllll III M M II III III II lllllll 
GGATACCCCAGCATGGGCTAGGTTTCCGGCTAAGGGGGGATATACTGTTCATCCTGTTCC 

AGCTCCATCTTCTACTATGGAGGATGCTTAAAGGAGTAAAAATGATGGAGGAAGCAGTCA 

lllllll M M M M M M M M M M M M M M M M M M M M M M M M M M 
AGCTCCAGCTTCTACTATGGAGGATGCTAAAAGGAGTAGAAATGATGGAGGAAGCAGTCA 

AAAGCTTATGTTATTTATTCNTGGGNATGCTGTATCANGGGCT - CAATTATTAGTGGTAC 

M M M M M M M I M M M M M M M M M M M M M M M M M M M M M M 
AAAGCTTATGTTATTTATTCGTGGGAATGCTATATCAGGGGCTCCAATTATTAGTGGTAC 

AAGTGACTTGCCGTAGCCTCCAATTATTATCCGTATTACGTATTTTGAAAATT-TTACGA 

M M I II III llllllllllllllll lllllll III lllllll llllll 
AAGTCAGTTTCCGAAGCCTCCAATTATTATAGGTATTAC-TATAAAGAAAATTATTACGA 

ATGCATGGGCTG 
llllllllllll 
ATGCATGGGCTG 

CI. 12 - euninoacyclase 1: 

ACAGCAGCTGAGAAGTTGCATAAGGTTGTAAACTCCATCTTGGCATTCCGGGAGAAGGAG 

l l l l l l l l i l l l l l MM MMMMMMMMM I I I I I111I I I I I I I11 I I 

ACAGCAGCAGAGAAGCTGCACAAGGTTGTAAACTCCATCCTGGCATTCCGGGAGAAGGAA 

AGGCAGAGGCTGCAGGCAACCCTCACCTGAAGGAAGGGGCCGTGACTTCGGTGAATCTG 

MMMMMMMMMMMMMM I M i l l I I I M M i l l l l l l l l 

TGGCAGAGGCTGCAGTCAAACCCCCACCTGAAAGAGGGGTCCGTGACCTCCGTGAACTG 

ACTAAGCTCGAAGGTGGTGTGGCCTATAATGTGGTACCTGCTACCATGAGTGCCTGTTTT 

l l l l l l l l II M i l l M IMMI IM I I I I I M I I I I I IMMI I I I I I I I 

ACTAAGCTAGAGGGTGGCGTGGCCTATAACGTGATACCTGCCACCATGAGCGCCAGCTTT 

GACTTCCGAGTGGCGCCAGATGTAGACATGAAGGCCTTCGAGAAGCAGCTGCAGAGCTGG 

llllllll M i l l II M i l l M l I M i l l II III lllllllllllllllll 
GACTTCCGTGTGGCACCGGATGTGGACTTCAAGGCTTTTGAGGAGCAGCTGCAGAGCTGG 

Figure 7.3 (cont'd) 

TGCCAGGAAGCGGGAGAGGGGGTCACCTTTGAGTTTGCTCANAAGTTTACAGAGCCTCGA 

l l l l l l l I I I II MIMMIMM I l l l l l l l l l l l MM I I II I I 

TGCCAGGCAGCTGGCGAGGGGGTCACCCTAGAGTTTGCTCAGAAGTGGATGCACCCCCAA 

ATGACACCCACTGATGATACGGACCCCTGGTGGGCAAGCTTTTAGCCGGGCCTGCAAGGA 
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l l l l l l l l l l l l l l l I MM l l i l l l l l MMMMMMMMMMMM 

GTGACACCTACTGATGACTCAAACCCTTGGTGGGC-AGCTTTTAGCCGGGTCTGCAAGGA 

AATGAACCTCACTCTGGAGCCCGAGATCTTTTCTGCTGCCACTGACAGCCG-TATATCCG 

MMMMMMMMIMIMMMM I I I I I I I I I111 M I I I I I I l l l l l l l l 
AATGAACCTCACTCTGGAGCCTGAGATCATGCCTGCTGCCACTGACAACCGCTATATCCG 

CI.13 -ribosomal protein L19: 

CTGCAGCCATGAAGTATGCTTAGGCT-CAGAAGAGGCTTGCCTCTAGCGTCCTCCGCTGT 

MMMIMMM MMIMMIM I I111111I I I I I111I I11I I I I I I I I I I I I I 

CTGCAGCCATGA-GTATGCTTAGGCTACAGAAGAGGCTTGCCTCTAGCGTCCTCCGCTGT 

GGTAAAAAGAAGGTGTGGTTGGACCCCAATGAAACCAACGAAATCGCCAATGCCAACTCT 

MMMMMMMMMMMMMMMMMMMMMMMMMMMMMM 

GGTAAAAAGAAGGTGTGGTTGGACCCCAATGAAACCAACGAAATCGCCAATGCCAACTCT 

CGTCAACAGATCAGGAAGCTGATCAAAGATGGCCTGATCATCCGGAAGCCTGTGACTGTC 

MMMMMMMMMMMMMMMMMMMMMMMMMMMMMM 

CGTCAACAGATCAGGAAGCTGATCAAAGATGGCCTGATCATCCGGAAGCCTGTGACTGTC 

CATTCCCGGGCTCGATGCCGGAAGAACACCTTGGCCCGACGGAAGGGCAGGCATATGGGC 

MMMMMMMMMMMMMMMMMMMMMMMMMMMMMM 
CATTCCCGGGCTCGATGCCGGAAGAACACCTTGGCCCGACGGAAGGGCAGGCATATGGGC 
ATAGGGAAGANGAAGGGTACTGCCAACGCTCGGATGCCCGAGAAGGTGACCTGGATGCCA 
M M I I I I M l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l I 
ATAGGGAAGAGGAAGGGTACTGCCAACGCTCGGATGCCCGAGAAGGTGACCTGGATGCGA 
AGGATGAGGATCCTGCGCCGGCTTCTCAGGAGATCCCGGGAATCTAAGAAGATTGACCGT 
llllll lllllllllllllllll II lllllllllllllllllllllllllllllllllll 
GGATGAGGATCCTGCGCCGGCTTCTCAGGAGATACCGGGAATCTAAGAAGATTGACCGT 
CATATGTATCACAGCCTGTAC 
lllllllllllllllllllll 
CATATGTATCACAGCCTGTAC 

Figure 7.3 (cont'd) 
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CHAPTER VIII 

CONCULSIONS 

The overall objective of the work contained herein is to evaluate rat cyclophilin B 

(CypB) as a candidate essential hypertension gene and to begin to investigate the mechanisms 

by which it might contribute to the hypertensive phenotype in the spontaneously hypertensive 

rat (SHR). Our rationale for initiating such a study was largely two-fold. First, much 

circumstantial evidence exists for cyclophilin-mediated control of calcineurin, 1' 2' 3- 4 ̂  protein 

phosphatase thought to strongly influence renal sodium pump activity,^' 6' '̂  which itself is an 

important component of the hypertensive phenotype in the SHR. Second, earlier reports^' 9 

identified a strong correlation between the expression level of cyclophilin-like protein (Cy-

LP), a gene highly homologous to CypB, and several sodium-retentive physiological states. 

Because essential hypertension is itself a sodium retaining condition, we reasoned that 

differences in CypB expression might be observed between hypertensive and normotensive 

rat strains. 

Chapter II describes eariy attempts to characterize Cy-LP. We examined expression 

patterns at both the whole tissue and nephron segment levels and found it to be ubiquitously 

expressed. Using primers directed against the 5' and 3' termini of the published Cy-LP 

sequence,9 we screened a rat kidney cDNA library. We demonstrated that CypB, but not the 

published Cy-LP was expressed in rat kidney. Finally, we compared CypB DNA sequence in 

SHR and WKY kidney and found no differences. 

Our next objective was to establish whether a correlation between CypB transcript 

abundance and the hypertensive phenotype could be established. Because hypertension in the 
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SHR closely follows the Guytonian paradigm'O'l 1' 12 that hypertension is of primary renal 

origin, we decided to focus our attention on renal CypB expression. However, the fine 

functional specialization of individual nephron segments necessitated an examination of 

CypB expression patterns in individually characterized segments. The minute size of such 

tissue samples presented special difficulties in that a technique of high sensitivity, precision, 

and accuracy was required. One experimental technique that met all of these criteria is 

competitive reverse transcriptase polymerase chain reaction combined with a novel reversed 

phase ion-pairing HPLC column capable of extremely high resolution of reaction products. 

Chapters III and IV describe, respectively, the development and application of this 

technique. In chapter III, the theoretical predictions of an ideal competitive RT-PCR reaction 

are discussed, and the experimental characterization of the system demonstrates that these 

ideals are met. Furthermore, the limit of sensitivity of the system was fully probed, and 

determined to be between 20 and 100 copies of the target transcript without noticeable decline 

in precision. Chapter IV describes the initial application of this system to quantitatively 

compare CypB transcript abundance at both the whole tissue and nephron segment level. 

Renal CypB transcript abundance in SHR and WKY were then compared. No difference was 

seen in RNA extracted from whole kidney of prehypertensive animals, but a statistically 

significant decrease in transcript number was observed in hypertensive animals. Interestingly, 

when individual proximal nephron segments were examined, a statistically significant 

increase was observed in both prehypertensive and hypertensive SHR, relative to their 

normotensive WKY counterparts. 

While the presence of a difference in nephron CypB transcript abundance in 

prehypertensive kidneys suggest a causative role of CypB in the development of elevated 
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blood pressure, the possibility of this increase simply being a compensatory response to the 

developing hypertension cannot be ruled out. In chapter V we attempt to distinguish between 

these two possibilities by quantitating CypB transcript abundance in cultured cell lines 

derived from SHR and WKY proximal tubule epithelial cells. The increase in SHR proximal 

tubule CypB transcript number observed in prehypertensive animals is preserved in this in 

vitro system, thus demonstrating that this difference is independent of blood pressure effects 

and may therefore play a role in the development of the hypertensive phenotype. 

Having established a correlation between CypB expression and hypertensive 

phenotype, we then shifted our focus toward characterization of the mechanism(s) by which 

CypB might participate in hypertension. Increased renal sodium retention that precedes the 

development of elevated arterial pressure is a hallmark of essential hypertension in both SHR 

and in human patients. There is also evidence of increased proximal tubule sodium 

reabsorption. The sodium, potassium-ATPase (NKA) plays a central role in sodium 

reabsorption and has been shown to be hyperactive in SHR proximal tubules during the period 

when hypertension is developing. Many signaling pathways participate in the fine control of 

the activity of NKA in the proximal tubule and individually may exert either natriuretic or 

antinatriuretic effects. In chapter VI, we examined whether CypB might be involved in any of 

these pathways and/or whether its increased expression in SHR might result from the action 

of one of these signaling molecules. CypB expression following treatment of the proximal 

tubule cell lines with the angiotensin II (All), dopamine, or atrial natriuretic peptide (ANP) 

was quantitated. Paradoxically, both All, a potent antinatriuretic hormone, and dopamine, 

which results in natriuresis, produced increases in CypB transcript abundance, while ANP had 

no effect. 
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The experiments outlined in chapter VII address the issue of CypB subcellular 

localization. Western blot and immunofluorescence analysis support other reports in the 

literature that CypB is primarily localized to the ER.'^- ^^- '5 Moreover, the observation that 

CypB and CAML, a novel calcium channel first characterized in T lymphocytes, exhibit 

similar expression patterns further supports the previous observation of Bram et al'^ that 

CypB and CAML interact functionally and may therefore shed light on CypB function. A 

model whereby CypB influences CAML-mediated calcium flux which in turn influences the 

action of CaN on NKA can easily be envisioned. 

Finally, chapter VIII describes yeast two-hybrid experiments aimed at identifying 

intracellular CypB binding partners which might shed additional light onto CypB function 

and, possibly, on a mechanistic role it might play in the development of the hypertensive 

phenotype. Our first attempt utilizing a bait missing much of the N- and C-termini identified 

an interaction with hnRNP A2, a spliceosome component involved in the shuttling of nascent 

mRNA from the nucleus to the cytoplasm. 

Our second attempt involved the utilization of a bait construct encoding the full length 

CypB. This screen further extended the diversity of the known CypB-protein interactions. 

By virtue of their interaction with CypB, insight into the function of these proteins 

(aminoacylase 1, very long chain acyl-CoA synthetase, ribosomal protein LI9, eIF2, and 

cytochrome oxidase subunit I) might shed light onto roles they and CypB might play in the 

pathogenesis of hypertension. For example, defects in very long chain acyl-CoA synthetase 

activity underlies X-linked adrenoleukodystrophy, a peroxisomal disease associated with 

reduced adrenocortical function. COX I is markedly underexpressed in human nephrotic 

syndrome, while CypB is specifically upregulated in nephrotic rats. 
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These results pose interesting new questions about renal CypB expression and 

regulation in SHR and provide evidence for the involvement of this pooriy understood gene in 

the etiology of hypertension. Prior to the onset of these studies, the only direct evidence for a 

link between cyclophilins and hypertension consisted of the aforementioned subtractive 

hybridization studies of Cy-LP (now known to be rat CypB). It is remarkable that S A, a gene 

identified by this technique whose protein product has no known function is highly 

scrutinized as a hypertension candidate gene, while Cy-LP/CypB has been virtually ignored. 

Timing is undoubtedly part of the explanation. At the time of the identification of Cy-LP, 

cyclophilins were considered to be housekeeping genes with poorly defined roles in protein 

folding attributed to their property to weakly catalyze peptidyl-prolyl isomerization. 

However, since that time a revolution in cyclophilin biochemistry has occurred by virtue of 

the fact that these proteins mediate the binding of the immunosuppressant drug cyclosporine 

to calcineurin, thus preventing the activation of lymphocytes which occurs by calcineurin-

mediated dephosphorylation and subsequent nuclear translocation of NF-AT, a transcription 

factor controlling lymphocyte proliferation. 

The signaling cascade impinging upon NKA phosphorylation state and activity is 

daunting in its complexity, undoubtedly consisting of numerous antagonistic and synergistic 

pathways which likely participate in extensive cross-talk. As such, the identification of points 

of convergence of such pathways can greatly facilitate the understanding of how myriad 

pathways are coordinately controlled. Evidence from this report and elsewhere'^' 8' '^ hints at 

the possibility that CypB may indeed be such a point of convergence. In the proximal tubule 

CaN may be responsible for dephosphorylating NKA and thereby increases its activity. As 

discussed, cyclophilin-calcineurin interactions have been well characterized both in the 
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pressence of and in the absence of immunosuppressive cyclophilin ligands such as 

cyclosporine. In addition, evidence that is rapidly accumulating that CypB may influence 

calcium flux is suggestive of the possibility that it can control the calcium-dependent activity 

of CaN by influencing intracellular calcium levels. Moreover, many natriuretic and 

antinatriuretic signaling pathways at least partially achieve their effects by influencing the 

level of intracellular calcium. 

Studies in SHR have indicated that the regulation of NKA by natriuretic hormones is 

defective.'9' 20' 21 Qne possible mechanism underlying this observation is that the abnormally 

high levels of CypB observed in SHR proximal tubule may result in an inappropriately high 

level of CaN activity, resulting in an inappropriately high NKA activity for the filtered 

sodium load. Whether this increased expression results in an abnormally high level of direct 

CypB-CaN interaction, or rather an abnormally high CypB-mediated calcium flux is 

unresolved and should be the subject of future investigation. 
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