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ABSTRACT 

GOS24 and RGS'GOS8 weze among the set of genes identifieci by diaerential 

screening of human blood mononucleat tells, which hsd been treated for 2 hr with 

C o n ~ v a l i n  A (Con-A) and cyc1ohe2cimide. The fiil-length cDNA and genomic -ces 

of both genes were determineci. Their difEîerential exprpssion under a variety of conditions 

have also been examined. 

RGS2/GOS8 encodes a 24 kDa protein which is a member of a family of regdators 

of G protein signalling (RGS). As several of these proteins behave as GTPase activating 

proteins (GAPs) for the Gi subfamily of G protein alpha subunits, we anticipate a similar 

fiuiction for RGS2. The responses of RGS2 and RGSI/ZR2O/BU4 to Con-A and other 

stimuli were compared using cornpetitive RT-PCR On the basis of its responsiveness to 

Con-A and the calcium ionophore, ionomycin, we suggest that RGS2 expression is regulated 

by changes in intracelluiar calcium leveis. Recombinant RGS2 protein does not biad in vizm 

to the Gi subfamüy of G protein a-subunits for which recombinant RGS 1 has hi& affhity. 

GUS24 encodes a zinc-binding nuclear 326 amino acid protein whose biological 

hction remallis poorly undefstood. It belongs to a family of proteins which are 

characterized by the presence of one or more CXt-9C&CX3H (CCCH) amino acid repeats. 

Early work in this field suggested these domains were Pnc-binding moieties and that 

proteins which containeci them behaved as tmwriptional regdators. Out data may suggest 

a M e r e n t  role for this protein, perhaps in RNA bindiag or proceSSmg. Cornpetitive RT-PCR 

was used to study the khetics of GOS24 expression. Potential regdatory signals for 3' end 

processing and a CpG island in the 3' flank suggest the potential for a strong transcription 



termination signal. RT-PCR c-on of GûS24 mRNA expression identifieci a 

nuclear 3'-extended pn>cessiog intennedhte. TrSMSiently hi& levek of this RNA species in 

TPA-treated and fteshly explanted ceils suggest its levels are dependent on the rate of GOS24 

tmmmiption. Response of this 3' extaided RNA to cycloheximide is consistent with GOS24 

tramcription activation h u g h  a cycloheximidedeperdent mechaasm. 

CO-ArnaORsHIP 

Much of this wodc was boised on the prelimuiary identification of a set of GdG, 

switch genes in peripherai blood lymphocytes (1). As the results presented in this work are 

based on a series of papers (26) on which îhae are more than one author, the foiiowing is 

a surnrnary of the specif'ic contri ions to each paper made by each author. 

The second chapter combines the results h m  two papas on GOS8nGS2, a new 

member of a class ofnovel regulators of G protein sigpalling (RGS) proteins. Data fiom the 

first papa (3) includes the characteridon of the GOS(VRGS2 gene. D. Forsdyke and L. 

Russell cloned the origiaal GûS8BPGS2 3'end cDNA âagmeut. D. Siderovski isolated and 

characterimi the full-length version. My contributions included: screening of the genomic 

Li'bcary in A phage; m o n  of phage DNA and mapping of one genomic clone containing 

the GUS8 gene; and c o u o n  of5' end sequences using a RACE procedure. Mr. K Taher 

clone& p d e d ,  and mapped a second overlapping genomic clone. A. Yip and L. Russell 

sequenced most of the genomic region containhg the WS8 gene. This paper was written by 

D. Forsdyke with subsequent input h m  D. Siderovski and myself. For reasons of brevity 

the original manuscript has ken  signifïcantly shortend the same chapter, data h m  

iii 



the second paper descrii'bes the mRNA Rcptession of RGSI and RGS2/GOSEI (5). AU 

expaiments, including pdcat ion  of RNA h m  d tissue samples and opthnhtion of 

the conditions for RT-PCR d y s i s  ofGûS gene mRNAs were designed and carried out by 

myself. Subsequmt RT-PCR analyses of RGS2/GOS8 and W 2 4  were performed by this 

author while PCR aaalysis ofRGSI and FOWOSB geaes were carried out by A. Cristillo 

and L. Russeli mqectbeIy. The on*ginai manuscript was wntlea by myself, with subsequent 

modifications by D. Forsdyke. 

The thini chapter descn'bes the characterization of the hman GOS24 gene (2, for 

characterization of the mouse gene see 7). W. Sangrar screened a human genornic h'brary, 

identified, and p d e d  the DNA for the gewrnic region containhg the GOSZ4 gene. AU 

other expaiments were performed by myself. The original paper was written in first dmft by 

D. Forsdyke with contn'butions to later cirafts being made by myseK For presentation in this 

thesis, the manuscript has been modified to include more tecent biologicai and fiinctional 

data for the recombinant GûS24 protein. 

The fouah chapter describes efforts to characterize the expression and pst- 

transcnptionai proceshg of the GOS24 rnRNA. The manuscript was written by myseif with 

input h m  D. Fosdyke and is currently in -on for submission (6). AU experiments 

reported in this work, including recent attempts to chatacterize the hction of the GOS24 

CCCH domaiiis and 3' flank (based on wodc in 8 and 9) were designed and carried out by 

rnyseif. L. Russell peiformed RT-PCR auaiysis of the Fa FOSB, and MIPla mRNA 

controls. 
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GENERAL IN'IRODUCTTON 

Overvkw 

Despite sigaincant recent progress toward developing an u n d d g  of the 

molecular mechiuiismg that conml eukaryotic ceii cycle progression, many aspects of this 

process remain p r l y  understood (10). One popular method ofstudying this process has 

been the identification of specifïc growth-reguiated genes, whose mRNA levels are increased 

at cntical regdatory stages of the celi cycle. (1,11,12). By the characterization of mRNA 

expression kinetics for these genes and the development of funciional assays for their protein 

products, researchers may begh to understand their d e  in growth-related processes. It was 

speculated by our labotatory and others that genes d o s e  mRNA levels hcrease at one such 

step, transition fiom the quiescent (Ga to the growth (0,) phase, may play an important role 

in cellular growth and proLiferation (13). T-lymphocytes, which exist nahirally in the Go 

phase during a latency stage of their c d  cycle and can be readily stimdated to enter G, using 

a polyclonal T ce11 mitogen, provided an ideal system in which to study the GdG, switch. 

The genes identifiai on the bais of their differential expression in stimulated mononuclear 

cells (summarized in Table 1-l), were named GJG, switch (GUS) genes owing to theu 

putative involvement in this process. Whiie it should be noted that this approach has k e n  

used to idente  a number of genes which are growth-reiated but not necessarily growth- 

reguloory, it is nonetheless of interest to us that leukemias and myeloproliferative disorders 

1 (to be followed by page la) 



result h m  the uncontroiied proliferation of hemaîopoietic cells. In some cases, such disease 

states may reflect the inability of these cells to n o d y  "arrest" in the quiescent 

(nonproliferative) phase of the ceiî cycle. We anticipateci that the dysregulated expression 

of a subset ofûûS genes may lead to uncontroiied p ~ o n  (ioss of control at the GdG, 

switch) oflymphoid cells and thus contriiute to the leukemic state in af5ected individuais. 

We M e r  predicted that charsrcterization of the genomic organbtion and no& 

expression kinetics of these gens in normal individuais will be a necesary fht step toward 

dennuig their role in abnomaily pmliferating lymphoid tissues. 



The specinc aims of this work were to nRt, charactaizt the fiill-length cDNA and 

genomic sequences of GWWUGS2 and GOS24, tsuo genes whose mRNA levels are increased 

during the G& switch in T-lymphocytes Secondly, iu order to gain an understanding of 

the timing of GO6 gene expression during this cntid reguiatory switch, we developed a 

sensitive wmpetetive RT-PCR assay for each of the GûS gene mRNAs. Fiiially, based on 

the similanty of the predicted GûS8 and Go624 proteins to pmiously charactaized protein 

species, we attempted to identify their specific mles during the activation process. 

Stages of the eukmyotic cell cycle 

The cell cycle is denwd as the pend between completion of parental celi mitosis 

and the completion of daughter ceii mitosis. ln continwusly cycling cells, it is thought to be 

divided into 4 stages or phases: G,, a pnod of ceii gn,wth d e d  by an increase in 

cytoplasmic volume; S, the DNA synthesis phase; Ob a second short period of ceil growth; 

and M, the mitotic (di division) phase. Another cclatent" phase, Go, has been defined for 

non-dividing cells which are capable of re-entry into the celi cycle under appropriate 

conditions. Regdation of ceil growth and proHeration has been suggested to occur at three 

criticai steps: entry into 0,; transition fiom G, to S; and transition h m  G, to M (10). We 

have directed our efforts toward understanding the events occinruig at G, eatry. 

Physiological signijkance of quiesceme in cell lines and resting lymphocytes- 

Several of the studies to define molecular events at the GdG, switch have used "Go 

phase-am~teâ'~ murine fibroblasts as a mode1 system. In many of these casa, the arrest of 

these cells was introduced artificially, through the deprivation of senun and semm growth 



factors (12, 14). Such harsh treatment has been reported to cause irreversible damage to 

these cek wfüch wuld po6eotially afEct subsequent cycluig characteristics (15). Also, it is 

likely that as oontiawusly dividiag ceiis, they have already escaped the 'homai" eukaryotic 

growth control mechanisms. For these reasons9 the physioIogicai significance of the 

artinciaiiy induced Go state is subject to review. 

In our studies9 we routinely used neShly explanted human peripheral blood 

mononuclear cek (1) which contain large numbers ofT lymphocytes. It was our contention 

that since most of these lymphocytes are naturally arrested in Go , this system would offer 

a physiologicaliy relevant modei system in which to study events d u h g  the Gfi, switch. 

Anligenic Stimulation of T Iymphocytes 

The tem 'T-ceil activation9' =fers to the series of events initiated by antigenic 

stimulation and resulting in the production of cytokines, such as IL-2 and cytokine receptors. 

(1 6, 17). The physiologicai trigger of T-cd  activation is the specinc binduig of the T-cell 

receptor (TCR) with antigen displayed, in the context of the major histocompatability 

complex (MHC) class 1 or class II molecules, on the d a c e  of antigen presenting cek  

(APCs). The signal transduction cascades which foilow will, under the appropriate set of 

conditions, lead to cytokine production, proMeration, and clonal expansion of the subset of 

activated cells (1 8). 

Signal Transduction following T-Ceil Acfiation 

The TCRICD3 complex is responsible for mediating signal transduction following 

ligand binding. This complex (Figure 1-1) consists ofa disuifide-linked heterodimer of the 

idiotypic a p-chahs noncovalently associated with the complex composed of the invariant 
- 
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Figure 1 - l : TCR Uicluding occipancy-dependent modifications. Tyrosine based 
activation motifs are s h o ~ ~ ~ ~ a s  boxth re&oasi as is the nucleotide bin& region. Weil- 
characterized sites of phosphoryiation (P) a serine (S), threoniae O, and tyrosine (Y) are 
ais0 shown. Diagram adapted h m  (19). 





CD3 y-, 6-, E- chaïns and the & (16 LD) and q- (22 kD) chains (20,21). Ligand binding to 

the TCWCD3 wmpItx initiates a cascade of biochemid events, the earliest of which is the 

activation of intraceiiular protein tyrosiae Irinricults 22)¶ a process which appears to be 

absolutely required for ail aheqent  T ce11 responses (23). Cellular substrates for TPKs 

include CD3 and c-chains of the T-3 wmplex and the tymsine protein kinase ZAP-70 

(24) and the (Pr)-specific phospholipase C y l  (25). Rapid phosphorylation of these 

substrates d t s  in activation of PI turnover, mobiiization of intracelluiat calcium and 

stimulation of the serine/threonine-spec5c protein kinase C (16). These signais converge at 

the nucleus and resdt in increased mRNA expression of a number of activation-dependent 

and growîh-related genes. 

Although several d e s  have suggested a mle for GTP binding proteins in the signal 

transduction cascade, the significance of such mechanisms with respect to the activation of 

PLC or other cellular effectors remains poorly understood (26, 27). Recent evidence has 

suggested an association between CD3 and Ga,, in Jurkat ceii membranes (28). The 

physiological si@cance of this finding in intact ceüs, however, remains to be established. 

It is aiso of interest that the (chah itseff can bind GTP through its nucleotide binding site 

(Figure 1-l), and that a reductîon in GTP binding may be correlated with decreases in 

tyrosine phosphorylation and IL-2 production (29). 

Concanavalin-A stimulation of T-lynphocytes - a mode[ for T-ceII activation in vivo 

Activation of resting T-Lymphocytes in vitro may be induced by plant lectins which 

act as polyclonal T-ce11 mitogens. L e c h ,  such as Concanavalin-A, bhd toTCWD3 and 
- 
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other surface glycoproteins resulting in crosslinking events which appear to mimic events 

during antigen prwaitation end thus remit in the appropriate T d  activation response (30). 

We have used Con-A treatment of quiescent cells as a mode1 for studying the 

molecuiar events which occm eariy following T a U  activaiion (l,3 1). As cells pass through 

the G a  switch, previously dent genes are t ransct i i  within 30 min of latin stimulation 

of blood mononuclear ceky a process which was shown to be marked by increased Ieveis of 

3H-uridine into theit mRNAs (32). In our studies, c y c l o h ~ d e  was also added to rnitogen- 

treated cultures to enhance the detection of genes whose mRNA levels are increased 

following stimulation. Bneflyy the addition of this protein synthesis inhibitor ensures th&: 

i) only primary respome genes are isolateci; ii) short-lived rnRNAs are stabilized (protected 

fiom cytoplasmic degradation by polysome stalluig); and Gi) superinduction occurs from the 

promoters of genes whose transcription is normally ~pressed by a labile repressor (for 

review see ref. 9). 

isolation ofpreviously silent cDNA clones 

Cultures treated for 2 hr with Con-A and cycloheximïde were used to generate an 

activation cDNA Library using the method of Gubler and Hofhan (1983, ref. 33). 

Differential screening of the d t i n g  library resulted in the identification a set of genes 

whose mRNA levels are specifically increased as ceUs enter into the G, growth phase (Table 

14,31). 

Among these isolates were partial cDNAs encoduig homologs of murine transcription 

factors (ZifL68/egr-l/Krox24; c-FodTis28; Fos-b) and cytokines (Mip l a). Aiso present were 
- 
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TABLE 1- 1. SUMUARY OF ALTERNATIVE NOMENCLATURES AND 
FUNCTîONS OF SOME GOS GENES 

GOS Some other isolates Role References 
gene Rodent Human 

2 O 
O ? (34) 

3 FOSB FOSB transcription (AP 1 )  (1,4,222) 

7 F05?TIS28 FOS transcription (AP 1 )  (77) 

8 - - regulator of (3,39,45,49) 
G-protein coupled 
receptor 

PBEF cytokine (1,223) 

cytokine inhibitor (84,224) 
of  stem cells. 
HIV- 1 suppressor 

cytokine 

pseudogene? 

transcription? 
RNA Binding 
zinc finger? 

transcription/ (1 84) 
zinc k g e r  



two cDNA clones corresponding to the 3' ends of the WS24 (0.32 kb) and GUS8 (O .8 kb) 

mRNAs. The characteripition ofthe genes fiom which these two cDNAs were deriveci is the 

focus of this M y .  Diiring the course of this study, the apparent nuclear Iocalization of 

GûS24 (7) and ûûS8 6 Druey, personal communication) proteins, together with a number 

of  amho acid sequence faitures consistent with theù role as tranSCnption fators (GûS24, 

reE 2; ûûS8, ref. 3) suggested that these proteins wtze reqpired for modulation of 

transciptionai eventg early in the G, phase of the oeil cycle. Thus, t seemed a logicd strategy 

to cany out cbatacterization of both fiill-length cDNAs and subsequent cloning into bacterial 

expression veçtors in parallel with the intent to identify the consensus DNA-binding 

elements to whidi these two proteins bound Howeva, recent fiinctional evidence for these 

proteins, obtauied in both our lab, and the laboratones of our wilaborators suggest 

alternative roles for these proteins. This exemplifies the difficulties in predictuig functional 

characteristics of dinerentially expressed genes in a mammalian systern. 

Characterizatiion of GOS gene orgonidon 

As part of the characterization of the GOS8 and GOS24 genes, a significant amount 

of time and effort was spent on the characterization of the genomic sequence and 

organization of these genes Although these genes are relatively srnail in size, such projects 

were not a trivial exercise as the complete sequencing of both strands was canïed out 

manually, before the widespread avai labi lity o f  automated DNA sequencing techno logy - 1 t 

is notable that to date, the GOS8/RGS2 and GOS24 genomic sequences reported in this work 

rernain as the ody such human gene sequences in the GenBank database (Septgmber 1996). 
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'Ibis is sqnking since thete are mw known to be at least 17 human fàmily membeis of  the 

RGS2/WSû gene. 

We are confident tbat the number of importaut studies waich these sequences wiU 

make immediately possiMe are justification for the t h e  spent in theit c-on First, 

these sequences indicate a number of potential reguiaîory elements in the 5' flank and 

intronic regions, and wil l  thus provide the necrisery -1s for fimire in depth promoter 

analysis. Also, imowledge of these sequences rnay provide clues to understauding the 

developmental expression patterns of these genes. Secondly? chromosomal aberrations 

leading to abnormal expression of GûS24lZYU" and GOS8/RGS2 mRNAs have been 

found in several human leukemias and other malignancies (for review see general 

discussion). While the nature ofthese a b n o d t i e s  remaias to be estabiished, it is possible 

that such abnormal expression may in some cases be the result of point mutations or smaii 

deletions in the promoter regions of  these genes, In such cases, the clones and sequences 

generated in this work wiii aiiow the rapid development of cluiical reagents to screen patients 

for these abnormalities. The debileci genomic restriction maps which we have generated for 

these regions may also be usehi for the interpretation of Restriction Fragment Length 

Polymorphism (RFLP) anaLyses of genomic DNA h m  affécted individuals. Finaily, 

characterization of the GOS24 gene has made possible a study of nuclear processing and 

transcription temilliation (see Chapter 4). The design of RT-PCR p h e r s  for such studies 

would not have been possible without genomic sequence data. 



Cornpetitive RT-PCR as a sensi&e d t e h e  ive0 Northem blotthg 

Early aüempts at the cbaractaizationof -24 and GU8 mRNA exprrssion kinetics 

suggested that basal levels were o h  below the level ofsensitivity of Northem blotting. 

Furthemore, Con-A stimulation of mom111#:1ear ceUs in the absence of cycIoheximide, àid 

not resuit in the marked changes in mRNA levels which typify immediate-early gene 

responses in other systems (1,34). As the suppLy of normal human mononuc1ear ceiis was, 

for practical purposes, limiting, we needed a very sensitive assay to study changes in the 

mRNA levels of these genes. Thus, to study multiple genes in response to a variety of 

stimuli, we developed competitive RT-PCR technology. AIthough a more complete 

description of the assay method is provideci in Heximer et al, (1 996, ref 4), this paper bas 

been excluded h m  this thesis for reasons of brevity. A brief summary of the development 

and interpretation of the competitive RT-PCR assay procedure is shown in Appendk A 1. 



CaAPTER2 

TITLE: Cornparison of mRNA Fapression of Two Regdators of GPmteia Signaoing, 

RGSMRL34ZZR.20 md RGSWG4IS8, in Cuiaved Hlimrio B l d  Mononuc1ear Ceb. 

PREFACE 

The foflowing chapter combines the work h m  the two papers on WSMtGS2 which 

were pubiished by our lab (3,s). It descn i  the original chanicterization of the WS8IRGSt 

gene and the subsequent compaison of mRNA kinetics of GOmGS2 and a related family 

member, RGSI/BL34/IR200. The he paper (3), describes the only pubiished complete gene 

sequence for any member of the RGS M y  of genes and will be an induable refmnce for 

future c l in id  studies designeci to characteriz a role for this protein in development of 

human leukemias (see general discussion). In the origioal paper we noted a si@cant region 

of amino acid similarity between ûûS8/RGS2 and a f d y  of helix-loophelix, DNA- 

binding transcription factorsy thus leading to our original assumption that this protein played 

a role in the transcriptional regdation of events early during T ceU activation (3). Perhaps 

more sigdicatltly, howevet, was our identification of a region of Sst2p (yeast pheromone 

desensitization protein) similarity found in the GûS8RGS2 protein and a growing family of 

modulators of G protein coupled signal eraasduction inc1llning p adrenergic receptor kinases 

(PARKS). This domain (now h w m  as the 120 amino acid "RGS core domain") has been 

shown to be required for the fiinction of RGS protek, a new class of GTPase activator 

proteins (GAPs) for Ga subunits of heterotnmeric G proteins (35,36). The ment discovery 

of the biological function of the RGS proteins provided a timely backdrop for the mRNA 
- 
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studies which corn- the expression patterns of RGS2/WS8 and RGSIBL34/IR20 in 

mitogen-treated peripherd blood mononucIear cells. The second paper points to s e v d  

differences in the RNA expression aad potential biologid activity of these two RGS 

proteins, and suggests a d e  for RGS2 in the contra1 of calcium signabg, perhaps through 

the G, subunit of G pmteins. Subseqymtly, this h p -  was confirmeci by M. Linda, one 

of our co11aborators at Washington University, St Louis, who has, in a preliminary set of 

experiments, demoIlStfated specinc interaction between G, and recombinant RGSZ in vitro. 

For presentation as part of this thesis, a more detailed description of the genomic mapping, 

(His),,-GOS8 expression and characteristics of the recombinant protein have k e n  included. 

ABSTRACT 

RGSZûûS8 was identified as a differentially expressed mRNA in human blood 

mononuclear cells treated with the T celi lectin Conaumalin A (Con-A) and cycloheximide 

(1). Cornparison of a fidi-Iength cDNA sequence with the corresponding genomic sequence 

reveals an open reading fiame of 21 1 amho acids, distributecl across 5 exons. RGSUGOS8, 

the 24 kDa predicted gene product, and RGSl/lR20/BL34, the product of a phorbol ester 

(TPA)- inducible gene in human B lymphocytes, belong tn a new class of regulatoa of G 

protein sigaalling. The RGSl gene shows low basal mRNA expression in fteshiy purified 

blood mononuclear cells, which increases upon incubation for a day. In contrast, RGSZ 

initially shows hi& basal ievels of mRNA expression, which subsequently decreases. 

Expression of both genes increases in response to Con-A, with RGS2 mRNA levels 

increasing bnskly to a maximum between 0.5-1 hr and decreasing to baseline by 6 hr, 
- 
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whereas the RGSZ mRNA increase is delayed reaching a maximum between 1-2 hr. RGSl 

mRNA levels incrrase much more in respollse to a protein h a s e  C activafor (TPA), than 

to a calcium ionophore (ionomycin), wkeas  the opposite is tme for RGS2. We suggest that 

Con-A elevates RGS2 on the basis of its ability to increase intracefiular calcium, and that 

RGSZ may be involved in the regdation of intraceiIuiar calcium, The distinction between 

RGS1 and RGS2 is mer emphasizeà by studies indicating that recombinant RGS2 does 

not bind in vitro to two members of the q subfhnily of G protein a-subunits for which 

recombinant RGS 1 has high afflnity. 

INTRODUCTION 

Heterotrimeric G proteins, containhg a, B and y subUIUts, play a major mle in coupling 

receptors to effectors in eukaryotic signal transduction pathways. Continueci stimulation of 

receptors brings about desensitization by three groups of pmteins, receptor kinases which 

phosphorylate the receptors (37), arrestins which wmpete with G proteins for receptor 

binding (38), and the recently recognized RGS proteins (regdators of G-protein signalling), 

which interact with a-subunits (39, 40). Desensitization appears to provide a bais  for 

attenuation to Light, homones, antigens and neuroregdatory molecules, and may uinwnce 

the efficacy of the many therapeutic compomds which operate by way of Goprotein coupled 

pathway S. 

RGSI was identifieci as a phorbol ester-inducible, cyclohe>cimide-superinducible, mRNA 

in lymphocytes fiom patients with B ce11 chronic lymphocytic leukemia (IR20 ; refs. 4 1 -42), 

and was ùidependently isolated fiom human tondar B lymphocytes by Hong and coworkers 
- 
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in 1993 (BW4; ref. 43). RGS2 was identïfied on the b i s  of increased mRNA expression 

in human blood mononuclear ceils cuitiired for 2 h with the Tdi specific lectin Con-A and 

cycloheximide (GOS8; cell cycle Go /G1 switeh gene number 8; refs. 1,34). 

R G S 2 ~ ~  CDNA hybridized to multiple bands on g d c  Southem blots indicating 

a large fàmiiy of relateci genes (1). Both RGSI and RGS2 were found at chromosome band 

lq3 1 (44.45). It was noted that the derived protein mences showed similarities to the 

yeast Sst2p (superseasitivity to pheromone when mutated) protein, which desensitizes 

against phemmone-imposecl arrest in the GI-phase of the ceil cycle, and to domains 

conserveci arnong eukaryotic G protein-associateci receptor kinases (3,43). 

Sst2p mRNA and protein levels were fomd to increase on exposing haploid yeast cells 

to the appropriate pheromone, concomitant with the imposition of G, arrest (46,47,48; W. 

E. Courchesne and J. Thorner, personal communication). B d  on data h m  dominant gain- 

of-fiuition W 2  mutants, Doblman and coworkers (1995,1996; refs. 40,48) mggesteci that 

Sst2p was an RGS protein mediating its adaptive effects at the levei of Gpalp, the G protein 

a subunit required for transduction of pheromone-induceci signals. Further evidence that 

RGS proteins interact with a-subunits came h m  the characterization of new members of 

the family. 

Using a two-hybrid assay, De Vries and coworkers (1995; ref. 49) identified a human 

cDNA clone h m  HeLa ce11 libraries which encoded a protein (GAIP) interacting with the 

a-subunit G,,. Similarly, EGL-LO, a protein localized to n e d  processes in C. elegans, 

was shown to reguiate G protein-mediated egg-laying behaviour (50). In humans there may 

be at Ieast 15 RGS protellis, with varying specificities for different a-subunits and for 
- 
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different tissues, and with varyîng abilities to modulate responses to different signalling 

agents (51). RGS proteins share acommon 120 amho acid C-terminal sequence, and trans- 

species complementation indicaies hct ioaal  consmation of thne GH (GûS8 homology) 

domains (39,s 1). The brain-spacinc rat RGS4, and the human RGS 1 and GAP proteins, 

activate the intrinsic GTPase advity ofG protein (Gi) a-subUILits (35,36). 

W e  here present auaiysis of the RGS2IGOS8 @NA, its predicted protein, and the 

corresponding genomic region (1, 3, 34). Using RT-PCR, we compare expression of its 

mRNA in human periphd blood mononuclear cds relative to that of the related gene, 

RGSI. High RGSl mRNA levels were found in blood ceus of a child with B cell acute 

lymphocytic leukemia (43). High RGS2 mRNA levels wrre found in ceus h m  patients with 

acute leukaemias of both T and B Iineages (45). These observations suggest that RGS 

proteins are involveci in control of the size of lymphoid cell populaaons. Noting that protein 

kinase C, calcium and G proteins play important d e s  in Lymphocyte activation pathways 

(28, 52, 53), we also describe here the innuence of a T lymphocyte activator (Con-A), a 

protein kinase C activator (TPA; phorbol ester), and a calcium ionophoce (ionomycin), on 

the expression of RGSI and RGS2 mRNAs in blood mononuclear cell cultures. Our results 

suggest a particular involvement of RGSZ in calcium signalling pathways, and interaction 

with a different G protein a-subuait than RGS 1. 



MATERLACS AND METHODS 

Methods were as descriibed previously (1,2,4,54). 

Monomcfeat cefl piaication and cuiîtue conditions 

Freshiy collecteci, hepah-treaîeà blood fmm heaithy human donors (90 ml) was diiuted 

with an eqpal volume of pre-wauned (37'0 medium 199 or medium RPMi 1640,layered 

over 16 ml of Ficoii-Paque (Phamiacia, Piscataway, NJ) and centrifugai 12 min at 800 x g. 

The mononuclear ceil layer was diiuted in five volumes of 1640 medium and ceils were 

pelleted by spuuiùig for 4 min at 600 x g. Cells were resuspended in incubation medium 

(RPM 1640, 83.3 %; autoiogous serum, 16.7 %; 2-mercaptoethanol, 0.05 %) to a final 

concentration of 0.5-5.0 x 106 ceWml. Unless otherwise indicated, ceiis were aliquotted and 

incubated 24 hr prior to addition of reagents to appropriate tubes (tirne denned as O hr). AU 

experiments were repeated at least three times with ceiis h m  different human donors. TPA 

(phorbol 12-myristate 13-acetate 44-methyl ether; Sigma Chem. Co., Mississauga) was 

dissolved in dïmethylsulfoxide (DMSO). Ionomycin (Calbiochem, San Diego), was 

dissolved in DMSO. Actinomycin D-Mannitol (Sigma Chem. Co.) was dissolved in water. 

Preparation of 32P-labelled DNA probes 

Preparation of radiolabelleci probes was done by random-sequence hexanucleotide using 

the Multiprime DNA Labeliing System Kit (Amersham PLC, Arlington Heights, IL). 

LabeIIing reactions were carzied out at 22°C for 3 hr using 30 pCi of 3000 Cilmm01 [~E)~P]- 

dCTP (ICN Biomedicais inc., Costa Mesa, CA) and 2 uni& (U) DNA polymerase 1 Klenow 
- 
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fragment- Labelled DNA probes were pdfied h m  unincorporateci nucleotides using gel 

filtration chromatography (Sephadex (3-50; DNA grade). DNA was routinely labeiied to a 

specific activity of 1 x 1OP cpmlpg and was denatured immediately before use by treatment 

with 0.2 M NaOH at 37°C for 10 min. 

Hybridhttion of 32P-ZabelZed probes 

Prehybridintion of nylon blots was carried out at 6S°C for 2 hr in 1.0 M NaCI, 50 m M  

Tris-Cl, pH 8.0, and 1 % SDS. q-labelled DNA probes were mixed with sheared salmon 

sperm DNA (200 pg/d hybridization mix) and alkaline denatureci as descnbed above. 

Hybridization was peiîonned at 6S°C for 20 hr in 1.0 M NaCl, 50 mM Tris-CI, pH 8.0,1% 

SDS, and 10 % de- sulfate. Following hybridi;ration, blots were washed according to the 

following steps: twice with wash A (2 x SSPE, 0.5 % SDS and 0.1 % (w/v) NaPP, at 22°C 

for 5 min; and twice with wash B (O. 1 x SSPE, 0.5 % SDS and 0.1 % NaPP,) at 65 OC for 3 0 

mia Membranes were air-dried and autoradiography perfomed as described in the text. 

Genomic Zibrmy screening 

A genomic library fiom Strategene (La Jolla, CA) contained human placental DNA 

inserted into the- 1 site of the k FIX II vector. Two positive clones (AoOS8-1 and nGOS8- 

2) were identifiecl among 500,000 plaqua ~creened for hybridization to a 32P-1abelled GOS8 

cDNA. Library screening and subsequent large-sale preparatiom of DNA fkom L phage 

were perfomed as describeci by Sambrook et al., (1989, refi 55) . 



M i n g  of Genomic DNA clones 

Recombinant phage DNA (0.5 pg) was digested to oompktion with 5-10 UI1its (U) of 

one of the foIiowing enzymes: Eeo RI , W I , Xba 1, Hmd IiI, or &n HI either alone or in 

pairwise combinations Reaction pmducts sizes were detemhed following -on on 

0.8% agarose gels, EtBr staining? and cornparison to A HMlII  markers. Prelimhmy maps 

were genezated h m  these data (56). Gels were then transfeLzed to 2ktapmbe-GT nylon 

membrane (BioRad, Hercules, CA) using alkaline capillary transfkr (57). Blots were 

wutdzed 10 min in 0.5 M Tris-Cl, pH 7 5 1  .O M NaCl, airdried, baked 80°C for 30 min, 

and stored in seaied bags until needd To idenm genomic hgments comsponding to 

RGSZ/GOS8 exon sequence, blots were probed with a 32P-iabeiled RGS2/GûS8 cDNA probe 

(1 @ cpmhl). Restriction maps were confirmed using a previously descnbed cohesive-end 

mapping method (58). Briefly, using a range of concentrations (0.0 1 5- 0.5 units/ 166 ng of 

DNA) of each of the restriction enzymes used in the complete digestion analysis, a set of 

partially digested À DNA clones were pCOducedced Pooled partial digests were hybridized to 

5knd 3?-labeUed oligonucleotides complementary to the cohesive ends of the left a m  (ON- 

L) or the right a m  (ON-R) of the A vector. Labelied complexes were separated on 0.4% 

agarose gels, dried onto DE8 1 paper? and autoradiographed, and sizes comparecl to similady 

labelled markers (Collaborative Raearch hc., Lexington, MA). The order of partially 

labelled fkgments was then used to connmi maps generated by combination digest data 

(other details as in legend to Fig. 2-1). 



Preparution of RNA- mrmerow d l - s r i e d  samples 

For mRNA assays total RNA b m  small numbers of ceh was pepiued by a 

modification of the procedure of Chomcyoski and Sacchi (1987, ref. 59), using Trizol 

ragent &Xe Technologies). At various times ceiis were peUeted by centrifugation (600 x g, 

4 min) h m  2.5 ml cultures, and pellets were &ken vigmusly for 5 min in 1 ml of Trïzol. 

Mer addition of 0.2 mi of CHCL,, samples were shaken again (30 sec), and then centrifbged 

to separate the upper aqueous layer containhg RNA. The latter was precipitated with 

isopropanol aod digested with RNAase-fke DNAse 1, which was then removeci by 

phenoUCHC1, extraction. After two M e r  ethaaol precipitations, RNA pellets were 

dissolved in 0.4 ml of water. 

Polymerase chain reaction profile with a faed concentration of cornpetitor 

The concentrations of mRNAs were determined using the reverse transcriptase- 

polymerase chah reaction (RT-PCR). A putîcular advantage of the RT-PCR assay is that 

only small quantities of RNA are needed, so that levels ofmany different mRNAs can be 

detemiined in one sample. Moloney murine leukaemia Wus reverse transcriptase was 

obtained fiom Life Technologies. T h e m  aquaticus thermostable DNA polymerase (Taq) 

was obtained fiom Sangon Ltd-, Scarborough, Ontario. Cornpetitive RT-PCR assays of 

mRNAs were carried out as descnbed (4), except that annealing temperatures of S6'C and 

53 OC were used for RGSi/BL34/iR20 and GOS24 CD% respectively. Total RNA (125-500 

ng) Eom each sample of cultured cells was reverse transcribed using a sequence-specific 

primer (RGSI/BL34/IR20, 5'-TCTGAATGCACAAATGC-3'; RGS2/GOS8. 5'- 
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GTACI'GATGATCTGTGG-3'; GW24, 5'-AAGGAGCTGGAGGACAG-37. mual dipots  

fiom each reverse transcriptase reacüon mhtme (contaïnîng cDNA conesponding to 5.2- 

10.4 ng of total RNA) were combined with a fixed number of molecules ofcDNA controls 

(see below), with which they were then coamplifd; the poducts were identifieci by agarose 

gel electiophoresis with etbidium bromide stainiag. This generated a 'WC profile' for the 

experiment, which is displayed in most figures. 

Pdynierare chmn reaction with v-g comptitor concentration 

Based on the intensity of ethidium staïning in the above profile assay, a range of two- 

fold concentrations of control cDNA plasmid was selected for each cDNA sample, and the 

PCR was repeated to quantitate more precisely the level of cDNA (60,6 1). In calcuiatïng 

mRNA concentrations, it must be noted that cDNA molecules begin as single strands, 

whereas the controls begin as duplexes (see caiculations in Appendix Al). Since we were 

concerneci with relative changes in mRNA levels, rattier than with absolute quantities, there 

were no controls for the efficiency of  reverse transcription (62). For each set of conditions 

d y s e d ,  results are representative of three independent experiments. It was assumed that 

this efficiency would Vary randomly and to approxbatey the same extent with different 

RNA samples. The reverse haoscnptase primer was quite close to (within 5 to 15 1 nt of) the 

dowmîream PCR primer, which was either 337 nt (FOSB/GOS3), 212 nt (FOSIGOS7), 392 

nt (GOS24). 240 nt (RGSI/BL34), or 373 nt (RGS2/GOS8) £iom the upstream primer. Thus 

only short complementary transcripts were required of reverse transcriptase. 



Prepmutioon of cDNR conîroi templates 

The cornpetitor controis were cDNAs in piasmid vectors, with each cDNA containhg 

a small exogenous DNA insert h the region to be amplifieci; this slightly increased the 

mobility of the PCR product. Controis for FOWWS7 and FOSB/WS3 mRNAs were as 

d e s c n i  in Heximer et al., 1996. RGSI/BL34/ZR20 cDNA in the Bluescript II plasmid 

vector @mvided by J. Kea) ,  and RGS2/GOS8 cDNA in plasmid pBR322, were each 

digested at a unique Bgl II sites in the 3' untrauslated region. For the RGSI cDNA control, 

an a p p m ~ t e l y  150 bp fiagment was ioserted between appropriate primer sites (upstrearn, 

5'- AACCCAAAGGAATTGAAAGGAACC-3'; downstream, 5'- 

GAAACTTCCAAAGACAT'MTGACC-3'). For the RGS2 cDNA control a 74 bp S a  3A 

fiagrnent was ïnserted between primers flanking this site (upstream, 5'- 

CTGTGACCTGCCATAAAGACTGAC-3';  downstream,  5 ' - 

GATGTACAACCAGCTACCTAAGGC-3'). For the GOS24 cDNA control, the complete 

coding sequence in plasmîd pT7-7 (63) was digested at a unique Sma 1 site in the second 

exon. A 21 1 bp -ent fiom A h  1-digested pBR322 was inserted between appropriate 

primers (upstream, 5'-CGCGCTACAAGACTGAGCTATGTC-3'; downstream, 5'- 

GAGAAGCTGATGCTCTGûCGAAûC-3 3. 

Expression of (HI@ ,=tagged recombinant RGSZIGOS 8 

GOS8-specinc PCR primen (upstRam; 5'-CTGTGACCTGCCATAAAGACTGACTGAC-3'- 

d o m ;  S1-GGGAAGCTG'ITCTGATA-3') were used to generate a product coneining 

the full-length predicted codig region for the GOS8 gene product. A 5' extension of the 
- 
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upstream primer Ulcluded an Nde 1 d c t i o n  site such that this product muid be cloned 

diriectionally into the N i  1 site of the pET19b E. coli -on vector. AU PCR-generated 

products were sequenced completely on both strruids. The d t i n g  clone expressed a 

RGS llGOS8 protein with an amino terminai tag of 10 residues (H~S),~-RGSI/GOS~ 

whÏch couid be expresd in E. coli and punfied under nondenahiring conditions by Ni"- 

chelate cbromatography essentially as descri'bed by the PET system m u a i  (Novagen). 

Briefly, clones were introduced into coli B U 1  (DE3 lysogen) strain containing the pLys- 

S plasmid. Singie colonies were p w n  in LB media containing ampicillin and 

chlorarnphenicol until an OD, of 0.6 was reached Ceüs were stored at 4'C ovemight and 

were then harvested by centrifugation (600 x g, 4 min), diluted (11100) in fksh medium, and 

grown at 30°C u t i l  O.D.,= 0.4. Protein expression was induced using 1 rnM (IPTG) at 

30°C for 3 hr. Ceils fkom induced cultures were harvested by centrfigation (5000 x g, 

10 min), and resuspended in colllmn-binding b s e r  (5 m M  imidazole, 0.5 M NaCl, 20 rnM 

Tris-HCI, p H  7.9) containing 0.1% Triton X-100 or NP-40, 1 mM phenymethylsulfonyl 

fluonde (PMSF), 2 pglml Leupeptin and 20 pghl  Apt0thï.n. After storage at -70°C, thawed 

samples were sonicated on ice with six 40 s pulses h m  a Branson soniner (modei 450), and 

inclusion bodies were pelleted by centrifugation (16000 x g, 10 min). Filtered supernatants 

were loaded ont0 2 ml Ni*-charged His-Bind (Novagen) columns, washed successively with 

binding buffer and wash b e e r  (60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 7.9), 

and proteins were then eluted in biading buffa containing 500 mM imidazole. Monomeric 

protein was m e r  purified by column chromatography through G75 Sephadex in binding 



buffet containing 10 mM p-mercaptoethanol. Purifieci amino-termuial-tagged (IIISk 

RGSl/BL34/IR20 was pmvided by K. Blumer. 

Analysù ofproteiks by S W A G E ,  western blottbg d nurrs spectrophotometry 

Samples in SDS gel Iosding buffer (50 m M  Tris-HCI, pH 6.8, 100 mM 2- 

mercaptoethanol, 1 % (wlv) SDS, 0.1 % Bromophenol Blue, 10 % g l y c d )  were loaded 

ont0 0.75 mm, 12 % dicontinuous polyacrylamide gels containhg 0.1 % SDS and nin in 

buffër, pH 8.6, containhg 50 m M  Tris base, 380 mM glycine, 0.1 % SDS at 25 mA for 1-1.5 

h. Protein bands were stained in Cwmassie Btilliant Blue R or transferred to PVDF 

membranes and anaiysed using itlltisera #1766 and ECL-immu11odetection as previously 

described (39). Proper expression of recombinant proteins was verifid using a Kratos 

Kompact MALDI lII mass spectrophotometer. Briefly, purifted proteins were precipitated 

in low ionic strength buffêrs, washed several times with 80 % ethanol to remove excess salt, 

resuspended (2 mglml) in 0.1 % trifluoroacetic acid and loaded in 2 pl aliquots into a 

precalibraîed with a trypsin standard (23 290 Da). 

PKC phosphorylation 

Proteins (2.5 pg) were incubated at 30°C for 30 min in 100 pl kinase buf5er (20 m M  

Tris-Cl, pH 7.5,s mM Mg&, 200 FM CaCI, 1 mM rATP with and without 10 Ki [Y- 

32P]rATP ) contalliing 40 pglml La-phosphatidyl-L- serine (Sigma Chem. Co.), 20 &ml 

diacylglycerol (Serdary Research Labs, London, Ont) and 1 ag (1.4 x l(r3 units) of purified 

Protein Kinase C (mixture of isozymes, Caibiochem). Phosphorylated '*P-labelled proteins 
- 
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were loaded onto SDSPAGE for quantitation of moles phosphatdmole protein. Udabelied 

PKC-treaîed proteins were used for in vitro binding assap. 

In vitro binding assays wMi Ga suaunits 

These were as d d b e d  by Watson et al., (1996, r d  36). Recombinant rat 

myristoyiated Gkr and G, ptoteins were provided by U Liada (64,65). These (3 pg) were 

combineci with His-tagged RGS proteins (2 pg) in binding birffkr containhg 50 mM Tris-Cl, 

pH 7.9,lOO mMNaC1,L mM MgSO,, 20 m M  imichmïe, 10 mM2-mercaptoethanoi, 1 mM 

PMSF, 0.025 % Lubrol-PX, 10 % glycerol, 10 pM GDP, 30 ph4 AiCl, and 10 mM NaF, and 

mixeci by gentle agitation for 30 min at 4'C. Samples were bound to 100 of charged Ni*- 

chelate resin and incubated an additional 30 min. with agitation at 4°C. Bocmd min was 

washed three times with 500 pL, bindiag buffer before RGS samples were eluted in 0.5 M 

imidazole, and assayed for bound Ga subunits by electrophoresis (12% SDSRAGE) and 

Western blotting using a Ga-cornmon antibody (antiserum P960; ref. 66) and the ECL 

detection system (Amersham Corp., UK). 

RESULTS 

cDNA and derived protein 

Our original GOS8 cDNA clone (0.8 kb) hybridized to an approximately 1 -7-kb RNA 

species, indicating that the cDNA was not full length (1,34). Subsequently, this clone was 

used to screen genomic and size-fiactionated cDNA Libraries. Two overlapping genomic 

clones were identified fiom a human genomic Library in bacteriophage A. Fig. 2-1 shows how 
- 
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Fig. 2-1. Mapping of the genomie region contrining the GW8 gene. a) Restriction 
endonuclease digests of iecombmaiit DNA clone GOSS-2. Recombinant phage DNA (05 
pg) was digested to completion with 5-10 U of one ofthe following enzymes: Eco RI 0, 
Sul 1 (S), Xào 1 0, HindiII (H), or M (B; data not shown) or with a wrnbination of 
the two enymes as indicaîed. W o n  pioducts were analyseci foiiowing sepmation on 
0.8% agarose gels a d  EtBr stammg- 1 HiiidIlIIdigested markers the sizes for which arr 
shown at right in kb. b) Restriction hgments h m  gel in A were t r a n s f d  to nylon 
membranes under alkaltie conditions (57). BIots were p b e d  with q-labelled GOSB cDNA 
probe (10s cpmlml). c) C o h e s i v d  mapping d y s i s  of the A GOS8-2 clone. For the sune 
set of enzymes shown in a and b, DNA was partidy digested using range of enzyme 
concentrations (0.015- O S  unitsl 166 ng of DNA). Pooled partial digests (hi& enzyme 
concentrations 1, iow eayme concentrations 2) were hybridized to S'-end 'Slabelled 
oligonucleotides complemen&uy to the cohesive ends ofthe left arm (ON-L) or the nght aan 
(ON-R) of the .A vector. Labellecl complexes were separated on 0.4% agarose gels, dried 
onto DE81 paper and autoradiographed. M: "quick kit" A markers the sizes for which are 
shown at left in kb. d) Schematic representation of Cohesiveend labelleci firagments h m  gel 
in c). Derived single digest maps correspondhg to hgments in a) are shown for each 
enzyme below the corresponding schematic. Shaded bands (in kb) represent those which 
hybndize with GûS8 cDNA sequence in b). 
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restriction analysis (Fig. Zia), traosfa ofrestricted DNA to nylon blots and hybridization 

to a RGS2/GOS8 cDNA probe @ig. 2-lb), and cohesive-end labelling of partially digested 

r clones (Fig. 2-lc,d), were used to chamckke the genomic region corresponding to the 

RGStfGOS8 gene in one of these clones (kGûS8-02). The order. number (Fig. 2-ld). and 

size of cohesive-end labelleci hgments for each restriction enzyme (hm Fig. Zlc), agteed 

weil with the cornpl* digest pidtem obsaved in Fig. 2-la These data alloweû constNction 

of a map for each enzyme (Fig. 2-Id). When maps for the single enymes were 

superimposed, they produced a map of this region which was confhed by cornparison to 

combination digest patterns for each pair of enzymes (Fig. 2-la). The final maps generated 

from two independently picked human genomic clones (Fig. 2-2) overlap, confimung the 

order of restriction sites, and that they were derived nom the same genomic region. ui the 

overlap region, the maps are identicai except for one Sul 1 site. Bands which hybridized to 

the RGS2/GOS8 cDNA probe (Fig. 24b) were contiguous within a DNA stretch located 

completely within the â, clone suggesting that diese clones contained the entire sequence of 

this gene. ûverlapping restriction f-eats within this region includiig the 4.4 (AûûS8-01) 

and 1.4 kb B a  I fkgments, and the 0.85 and 1.3 kb HindmEcoRI hgments, were 

sequenced on both strands (7,345 bp, GenBank accession L 1339 1 ), except for the terminal 

844 3' nucleotides (iower, noncoding, strand only). The intron-exon organization ofthis gene 

as derived by cornparison of genomic to cDNA sequences is show beneath the map in Fig. 

2-2. The cDNA sequence is distributecf amss five exons (Fig. 2-3b, upper panel). 

Conventional splice site sequences are found at exon-intron junctions, and the same 

organization c m  be derived independently by applying the neural network programs 
& 
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Figure 2-2. &jor futiues of the W8 gcoe. Resiriction maps of two overlapping 
phage A hwnan genomic clones. The 5' 7,345 bases (&O RI site to end) of the lower clone 
 AGO OS^-01) were quenced, Exons are represented as large n~mbered boxes with stripes 
indirating protein coduig regions. Small dadc boxes and lines refer to Sequence simïiarities 
to parts of veous primate tepaitive elements. 
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NetGene a d  Genem to the genomic sequmce (67,68). From sk-selected cDNA Libraries, 

a ionger cDNA was obtained (1,345 bp excluding the poly(A) tail). The cDNA sequence is 

identicai to the exon sequences except for the first nucleotide, *ch is a C in the genomic 

sequence and an A in the cDNA se~ueace. Se~uence of an RGStIGOS8 S'-end RACE 

product (Fig. 2-33 obtained h m  another human donor matched identically those h m  the 

f'ull-length clone with the exception that the 5'-most &due is preceded by a G in the RACE 

product (data not shown; cJ GOS24, reref. 2, Chapter 3). Although a G is fond in the same 

position in the genomic sequence, we pRsume thaî the reverse transcription had included the 

5' cap site G, which had been added pst-transctiptionaüy to the mRNk There is only one 

potential mRNA instability elernent (ATITA) in the 3' noncoding region (in contrast to some 

other GOS genes; Siderovski et al., 1990). A polyadenylation signal (AATAAA) begins 28 

nucleotides upstream fiom the site of poly(A) addition. 

As shown in Fig. 2-3b (upper panel), the largest open reading fiame encodes a 

hydrophilic, basic protein @I 9.6) of 21 1 amino acids (moiecular weight 24.4 kD). There are 

four in-fiame start codoos in the fïrst exon; the third most amino terminal of which agrees 

best with the Kozak consensus (S.H. unpubtished result). The protein is particulariy rich in 

lysine, glutamate, and phenylalanine and low in glycine and valine. Secondary structure 

analysis by the Chou-Fasman method (69) demonstrates a propensity to form several a- 

helices with many htewening tums (Fig. 2-3b, lower panel). 



Figure 2-3. 5' end RACE p d u c t  (a) and fatPm of RGSWGOLT8 gene ocganîzatioa, 
mRNA and pndicccd protein @). (a) A 5'-end RACE product was ampiifïed between the 
3' (artificiaily polyadenylaied) end of the nrst strand product (for details see ref. 2, Ch* 
3) between an oIigo(dT), adapQr primer and an antisense primer 54 nt downsûeam of the 
5' end of the GOS8 cDNk The RACE product @) was electrophoresed in pandie1 with a 
LOO bp ladder d e r  (M) on an 0.8% agarose gel. (b) Ujper- ReIative positions of Xbo 1 
restriction sites, exons (sbciped boxes), dthe~codingreg ion .  The positions of certain 
amino acids (single Ietter code with Th" ifpotentially phosphorylatable) are shown on the 
line representing the 21 1-amino-acid p t e h  Middle- The hydropatJ~y plot was calculateci 
using an intemal of 6 amino acids by the method of Kyte and Doolitte (see 69). Lower. 
Structural predictions were caicdated by the method of Chou and Fasman (see 69). 





Protein databae searches 

As mentioned in the Chapta 1, the onginai paper desaihg the characterization of the 

GOS8 gene identifid an intriguing Simüanty (BLASTP saeai of SwissRot databas) at both 

the primary and secondary protein stnictiiip kvels between O S 8  and a M y  of heh-1oop 

heliv proteins (for dctaüs see rd 3). Siwe this similarity occurs in the region now lmown 

as the RGS "tore-dod' it is Iüiely to reflect a conservation of stniaine (between two 

adjacent helices) rather than a fùnctiod conservation between these two protein families. 

For this reason, and for reasons of brevity in t h  thesis? a detailed discussion of the potential 

role of GOS8 as a transcriptional regulator has been omitted fiom this chapter. 

Fig. 2-4 shows the cDNA sequence and pdcted protein product of the RGSZGOS8 

gene. The original BLASTP database search (January 1993) also revealed a hit in the 

carboxyl-terminai end of this protein with a Drosophilu G-protein-coupled receptor kinase 

(70). This region was later shown to correspond to the C-terminal most segment (GH3 

domain) of a tripartite 120 amino acid motif found to be characteristic of the RGS family 

G protein regdators (39). The three domains, designated GH1, GEU, and OH3 for GOS8 

homology domains, are found in a nearly contiguous stretch of amino acids in several 

mammalian RGS f d y  members but are spread across a broader domain in the yeast RGS 

homologue, Sst2p (48). A search of the protein sequence agaiast the ProSite database 

revealed two potential N-glycosylation motifs SiT, r d  71), and several potential 

phosphorylation motifs. These include consensus target sites for protein kinase C (S/T, X, 

R/K; ref. 72), and casein kinase 11 ( S R ,  MC, DIE, IUUXUC, Y; r d  73). One of each of these 

sites is found within the 120 arnino acid RGS-Like region of similarity (Fig. 2-4). Also 
- 
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Figure 2-4. Sequences of GB8 cDNA and the deeed protein @enBank accession 
number L13463), showhg potmthl pmfein fPn&llPi moab rnd iegi-on of shi iüuf tg  
with the RGS hmily of pmtehs. Numbers on the left refa to positions in the cDNA 
sequence. Numbers on the ri@ refir to positions in the protein ~equetlce. The cDNA 
sequence is d e r h e d  at possiible altemative start codons, at the postuiated stop codon, et 
a possible ATITA mRNA instability elmm and at the podukd polysdenyletion signai. 
The positions of intmn sequenas in unspliced pmRNA are madced with triangies. Shaded 
parts of the protein indicaite pobntial fiiactlonal mot* (deriveci by screening version 9.1 of 
the ProSite database; see 69). Showun above the sequence are three components GH1, GH2, 
and GH3 of the tripartite 120 amino acid region ofRGS smilarity. 





interesthg is a series of tyrosine residues in the carboxyl terminus, which by inspection, 

appear similar to the ITAM tyrosine-based activation motif(19) fouad in subunits of the 

TCR complex (GûS8, YXLXSYXXXLX,YXM,; ITAM, YXM;X56YXXL)). 

GeneraIfiatures ofrhe gene 

Anaiysis of dinucleotide kqyencies demonstrates a CpG island (74) extending fiom 

approximately 500 bp upBtream ficorn the transcription start site, aaoss the first exon and into 

the first intron (Fig. 2-5). The island region is also rich in GpC dinucleotides, but is depleted 

in ApT and Tpk The 3' nonaihg region of the fifth exon shows some emichment for GpT 

and TpG. The GOS8 sequence showed no overail sllnilanty to any sequence in the GenBank 

database at the time of out initiai search (AprilL993). Sections of the GUS8 sequence were 

examined for similarities with sections of other sequences in the database (Fig. 2-5). The 

BLAST search program was used to screen a series of windows of approximately 220 

nucleotides (both orientations). Scores exceeding a cutoff vaiue of 100 (implying relatively 

high similarity) were regarded as 6riits'7; these are very abundant h three regions and 

moderately abundant in eight regîons. Two of the very abundant regions correspond to the 

partial Alu elements; the thirci, within intron 4, corresponds to a T-rich region similar to 

sequences found in many invertebraie species (e-g, yeast, nematode). Invertebrate 

similarities are also primady tespoasible for some of the moderately abundant hits. 

Moderately abundant hits cotfesponding mainly to mammalian genes occur in the first part 

of the CpG island and also in the extreme 3' flank. 



Figure 2-5. Characteristics of the RGSUG068 gene. Upper. Frequency of various 
dinucleotides in different mgions displayhg using the programs Windows and StatPlot 
(Genetics Cornputer Group; see 69). Readings were taken in successive 20-nucleotide 
windows with 1 nucieotide overiap. Lower. Frequency of "hits" (regions of sequence 
similarity to other genes above a cut4BLAST score of 100) obtained h m  a screen of 
overlapping windows of GOSs against the GenBanL dataûme. Because window s b  varied 
( u s d y  220 nucleotides, with an overlap of 20 nucleotides), bits are per 1100 
nucleotides. The value for the second window, corresponding to the A h  element, was off the 
scale (1,703 hiWlOO bases). Hatched bars correspond to aco~. Closed chles tefa to the 
percentage of bits conesponding to mammalian sequences. Confidence limits (95%) were 
caiculated as descri'bed by Blyth and Still(l983). 
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Analyss ofgenoniic sequence for potenfiai regdatory elements 

An aiypical TATA box site (CATAA) begins 28 nucleotides upstream h m  the 

ûmscription start site. (ref. 3, Appendix A). This and a CCAAT box beginning 90 

nucleotides upstream nOm the aranscription start site provide supporthg evidence that our 

cDNA is Mi-lengk Amosig the eiements found in the 5' CpG island region are potential 

sites for transcription Spl(75),Zif268/NGFI-A (EGRl/ûûS30), and NGFI-B (76). 

Potentiai NGFI-B sites also occur in the Eust intron and in the 3' flank. 

Pveincubation elewtes RGSI mRNA and lowers RGS2 mRNA 

The RGS2/GOS8 gene was initially identifieci by diflierential mRNA expression in 

k h l y  prepared blood mononuclear cell cultures treated with Con-A and cycloheximide for 

2 hr. However, it was not possible to demonstrate a consistent tesponse to Con-A alone by 

conventional RNA blotting (1). Subsequentiy, we found that basaf levels of expression of 

GOS genes, and responses to inducing agents, varied dependhg on whether blood 

mononuclear feüs were fiesMy prepared h m  a human donor, or had been preincubated for 

a day (4). Table 2-1 shows that preincubation increases the mRNA levels of 

RGS 1 /BL34/IR20 and the HIV-1 -inhibitory chemokine MIP 1 a/GOS 19, and decreases the 

mRNA levels of RGSZGOS8, the transcription factors FOSB/GûS3, FOS/GOS7, and the 

putative zinc-finger nuclear protein GOS24mS 1 1. The "spontaneously" elevated levels of 

the former mRNA group in b h l y  prepared cells was attributed to some stimulatory effect 

of the isolation procedure since basal levels increase transiently during the £irst hr of culture, 

a response which is less apparent in the case of preincubated cells (4). 
- 
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TABLE 2-1. COMPARlSON OF mRNA LEVELS. IN FRESHLY lSOLATED AND INCUBATED CELLS 

RGSI/BW4/IR20 5.6 f 1.8 (6) 8.3 f 1.8 (15) i-149k33-7(6) <O-OL 

RGSUCOS8 25.0 * 10.0 (6) 2.6 f 0.5 (14) -85.0 * 2.3 (6) <O-001 

bIIPuGOS19 17.63~ 5.8 CI) 64.63~ 15.4 (25) +36ûflU (7) <O.OS 

FOS/GûS7 37.4f 8-4 (6) 4.3f f -0 (21) -88 -7 -+3 -0 (6) <O-O01 

FOSB/WS3 41.2221.7 O 1 -1 +,O-5 (16) <-98.0 CI) <0.001 

C;OS24/rISI I 515 f 166 (6) 107 *- 42 (14) -73.7 k 7 5  (6) CO.001 

10" x [MolecuIes Ipg total RNA] wich standard errors of the means. The nwnber of experiments are in 

parentheses- An "experiment" involves celb h m  a distinct donor, cuItured on a distinct occasion, for O hr 

andor 74 tir. At these cimes RNA is prepared and mRNA-specific primers are added, After reverse 

cnnscription, separate aliquots are subjected to PCR amplification wich &NA-specific primer pairs. 

C3Icuhfed from pnirrd values obtained from individuai experimencs. [n the case of the FOSB/GOS3 pairs, 

sincc values for the 24 hr preincubation were often undetettable. percenrage changes approach 

-100%. 



Responses to Con-A &pend on preinmbation time 

"Spontaneous" transient inmeases in ROSI and RGS2 mRNA levels occur in the 

absence of added stimuiants. This is evident in M y  isolated cells (Figs-2-6a,b). 

Responses to Con-A are best demonsttated with celis which have been preincubated for 

a &y (Figs. 2-6c,d). RGS2 mRNA pedcs soowr, and declines more rapidfy, than RGS 1 

mRNA. For RGS2 mRN. levels have daxesPed to b a s e h  a f k  6 hr in culture. For RGS 1 

mRN& levels are maintaineci above basal controls beyond 6 hr (Fig. 2-7). Thus, in spite of 

the différentiai expression of RGS 1 mRNA in B Lymphocytes (42), levels aiso increased in 

response i3 the T lymphocyte mitogen ConA However, the kinëtics and magnitude of the 

response appear different than those for RGS2 mRNA. 

Con-A does not Mect RGSZ mRNA stability 

Increased expression of the RGS protein Sst2p in ~sponse to pheromone in yeast is 

Iikely to reflect increased transcription rather than s t a b h t i o n  of rapidiy turning-over 

mRNA (47, W. E. Courchesne and J. Thonier, unpublished data). Using a run-on 

transcription assay, Murphy and Norton (1990; reE 41) dkctly demonstrated increased 

transcription as a factor in the increase in RGS l mRNA in response to phorbol ester. That 

the RGSZ response to Con-A might also reaect increased transcription rather than mRNA 

stabilization was suggested by studies with the transcription inhibitor Actinomycin D, in 

which the decay of RGS2 mRNA was compared with the decay of FOS &As. 

Preincubated cells were treated with Con-A and 30 minutes iater, at a tirne when mRNA 

levels are still increasing in response to Con-A (Fig. 2-7), Actinomycin D (4 PM) was added. 
- 
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Figure 2-6. RT-PCR msay of t&e respoase to Con-A of RGSl and RGS2 mRNAs leveïs 
in fiesbïy boiatcd d i s  (a, bh or ceüs prcincubated for 24 Br (q à). S d  füled symbols 
refer to cuItms containhg Con-A Large open symbois &to cultures without ConA At 
O min, cultures (25 ml with approrrimateIy 2 x 106ceW ml) were ûmted wîth 200 pi of 
either Con-A solution (niial concentraiton 200 pgd)  or wata (controis)- At the indicated 
times total RNA was prepad, and aIiquots taken fm RT-PCRas~ey. The photugraphs in the 
upper part of the figure show ethidirnn bromide-stained PCR pducts sep- by agarose 
gel electmphofesis. Upper bauds are derMd kmfied concentrations ofcontrol plaslnids 
containing RGSl or RGS2 cDNh with small inserts to decrwise electrophoretk mobility. 
These were wamplified with the wmsponding reverse transcriptase-generated cDNAs 
whose concentrations Vary depending on the RNA sample of origin (lower bands). A given 
RNA sample was used for measurernent of both m..&. The gtaphs show the d t s  of 
coamplification of fïxed quantities of reverse ûanscriptase generated cDNAs with vm-ying 
quantities of control plamnids whose concentration range was selected to include a 
concentration where moIecuies of plasmid cDNA would compete on a one-to-one basis with 
molecules of reverse ttanscriptase products. For each data point, intensities of pairs of 
ethidium bromide-stained bands were cornpanxi to quantitate the reverse transcriptase- 
generated cDNA (60). Data for RGS 1 are in (a) and (c). Data for RGS2 are in @) and (d). 
The ordinate sale gives molecular concentrations of mRNA assuming 100Y0 efficiency of 
reverse transcription. 





Figure 2-7. Rcspew to Con-A of (a) RGSl inRNA, and (b) RGS2 mRNA levels iu 
preincubated c e k  Detaüs are as in Fig. 26. 





Messenger RNA levels were detennined during the following 50 minutes (Figs. 2-8hb.c). 

When expressed on a log d e ,  dccay c w e s  appeared to foiIow a linear nlationship (Figs.2- 

8d,e,.9. RGS2 mRNA lwek decIined with a wIife of2W min in Con-A-treated cultures 

and 0f35t9 min in contiol Cuitiltes (2 experùnents). Conespooduig values for the FOWGOS7 

and FOSBIGOS3 mRNAs in Con-A-treated cultures were 14*2 min and 1-1 min, 

respectively (3 expcximents). Pabwise statisticai aaalysis (t-test) of regression coefficients 

showed the rate of RGSYGOSJ decay did not m e r  sipaincantly between Con-A-treated and 

control cultures. The demy of the FOS and FOSB mRNh appeared to be accelerated in 

Con-A-treated cul-, but in some experiments levels in wntrol cultures were so low that 

accurate quantiution was not possible (4). 

Respomes to cyclohexrexrmide depend on preincubation time 

Both RGS 1 and RGS2 mRNA levels increase in response to the protein synîhesis 

inhibitor cycloheximide (l,34,41). In both k h l y  isolated ceiis, and cells in preincubated 

cultures, the levels of RGSl and GûS24mS 11 rnRNAs increase in an approximately 

rectilinear fashion over the 45 min period studied, whereas the level of RGS2 mRNA tends 

to increase less after the 15 min t h e  point (Figs. 2-9a,b,c). Compared with the responses 

of fieshly isolated ceils, in preincubated ceiis relative responses of RGSI mRNA to 

cycloheximide (relative to levels at zero time) are decreased (Fig. 2-9d), of RGS2 mRNA are 

unchanged (Fig. 2-9e), and of G û S X  mRNA are increased (Fig. 2-9e). 



Figure 2-8. Messenger RNA degradrition kiaetïcs in pteincubated cultures for (a, d) 
RGS2/GOS8, (b, e) FOWW7, and ce, f )  FOS-3. Con-A stimulated cultures (filleci 
symbols) and wntrol culnites (open symboIs) were incubated at 37% for 0.5 h priot to 
addition of 4 pM Actinomycin D (the defined as zero). RNA levels deriveci b m  
competitive RT-PCR assays are shown either as absolute quantities (molecddpg total 
RNA) on a linear scde (a, b, c), or relative to the maximum lwel in Con-A-treated cultures 
(defhed as 100%) on a Ioga0thmic scde (d, e, f). Detaüs are as in Fig. 26. 





Figure 2-9. E n i  of cydoherimide (fWd symbob) on levels of (a) RGSl mRNA, (b) 
RGSZ mRNA, and (cl GdSU mRNA in c a b a  h a i y  isokted ab (dasheù ha), or 
preincubated ceb (continuous lina). CeUs were treateâ with 125 pi of either 
cyclohexhide dution (W concentmtion 0.1 mM) or water (control), and incubated for 
a Mer O? 15,or 45 min. The qper photogtaphs show mRNA profles in an individuai 
experiment. The correspondhg graphs (iower) show (a, b, c) abdute mRNA kvels in the 
same experiment, and (ci, es f) changes in mRNA lmls reIative to the levels in contml 
culhues at O hr, smmmhd for three experimats. In the latter case, data are presented 
together with the standard emrs ofthe mean. In the case ofpoints show without ermr-bars, 
the error iïmits feil within the a r a  covered by the point Other details are as in Fig. 2-6. 





UnZike RGSI, RGS2 is ionomycin- but not PA-respoltSNe 

TPA-treatment (100 nM) hmases mRNA expression ofa number of immediate-early 

genes (77). Studies with preincubated celis c o ~  this for GOS24/TISIZ (Fig. 240c) and 

RGSI pig. 2-lOa; r d  41). However, mRNA leveis of RGS2 are not increased (Fig. 2-lob). 

On the other hanci, in three expetiments ionomycin treatment for 30 and 60 min redted in 

transient U*l.6 and 2.7I0.7-fold inc~eases, i.eSpeaively, in RGSl mRNA levels relative to 

O min baseline levels (Fig. 2-1 1b). RGSI mRNA Levels were stimulateci much less (Fig. 2- 

1 la), consistent with the observations of Murphy a d  Norton (1993, ref. 42), whereas FOSB 

mRNA levels increased briskly (Fig. 2-1 1c). 

Expression of recombinani RGSUGOS8 

(HIS),o-RGS2/GûS8 protein w& expressed in E. coli (Fig. 2-12a,b), purified by 

nondenaniring Niu-chelate affhity and gel nlûation chromatography, and assayed as >85 % 

pure on Coomassie-stained gels (Fig. 2-13a). Yields of 3.5 mg/litre of E. coli culture were 

obtained. Purifïed protein often ran as a triplet with one major species and two more rapidly 

migraiing minor species. Storage for short periods at 4°C mder reducing conditions (10 mM 

2-ME) at neutml pH resulted in increased amounts (up to 50%) of the shorter species as well 

as the appearance of 60 and 90 kDa bands. These could be resolved on denaturing gels as a 

single band only in a large excess (2 M) of reducing agent suggesting a tendency to f om 

strong intra- and inter-moleculas cysteine-cysteine bonds (data not show). As the migration 

of monomeric (HIS),-RGSZIGOSS was slower on SDSPAGE than its molecular weight 

would predict (30.5 kD versus 27.5 kD), proper expression of RGSUGûS8 protein was 
.- 
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Figure 2-10. Effeet of TPA on leveis of (a) BGSl mRNA, (b) RGS.2 mRNA, and (c) 
GOS24 H A  in ceUs pteuicubatcd for 24 hr. Photo&raphs (uppet) show n<pression 
profles for cultures with added 100 nM TPA indimethylsulfoxide @MO; lanes 3,6,9, aad 
12), or with DMSO alone (ianes 2,5,8, end 1 l), and for m&ea@d cultures @ines I, 4,7, a d  
10). Coaesponding gcaphs (iower) show the mRNA Imis detemkd usiag the wnipetitive 
RT-PCR assay. for TPA-treated cultures (filleci symbols), DMSO-tieated cultures (shaded 
symbols), and untreated cultures (open symboIs). ûther details are as in Fig. 2-6. 



Time (min) 



Figure 2-1 1. ~~ of the dcium ionophore, ioaomycin, on lnreia of (a) RGS. mRNA, 
(b) RGS2 mRNA, and (c) FOLSB mRlVA hi ab pwincubital for a dry. The upper 
photographs show &A pfS1es for ceUs cuitured with 2 pM iommycin (iaaes 2,4,6, and 
8), or DMSO @es 1,3,5, and 7). Coaesponding graphs (iower) show the correspondhg 
mRN. lwels detennined ushg the cornpetitive PCR assay, for ion~my~üeated cultures 
(nlled symbois), and for control DMSO-treated cuitures (open symbols). mer detaiis are 
as in Fig. 26.  





verified by Westeni blottùig (Fig. 2-12b, ref 39), and m a s  spectmphotometry (Fig. 2-1 3b). 

The purifid protein was most soluble in s01utio11~ containing s0.35 M NaCI. Ionic strength 

appeared to be the important parameter since soluble protein pattially precipitated when 

dialysed against 0.35 M urea but remained soluble in 0.35 M GuHCl (SH. ~.pubiïshed). 

(MS),&GS2/WS8 does not bind G,, or G, in vitro 

Watson et al., (1996, ref. 36) have shown that RGS proteins interact strongiy in vitro 

with GDPfAlF4'-bound Ga subunits, which are locked in the activated state conformation. 

Using similar binding condition we compareci the binding activities of recombinant RGS 1 

and RGS2. In bufEier containing GDP and ALFL the C r  protein subunits Go= and 

myristoylated G,, bind very strongly to recombinant (IIIS)cRGS1y and after consecutive 

washes in the continued presence of AE4- may still be coeluted with this protein upon 

addition of imidazole to the bound Ni"-charged resin (Fig. 2-14). In con- uing identical 

conditions we were unable to detect association between either G a  subunit and (HE),,- 

RGS2 protein. This connmis a similar study carried out by N. Watson and K. Blumer 

(personal communication). 

Researchers at the University of Tokyo have found thai celis expressing relatively high 

levels of RGSYGOS8 mRNA show Protein Kinase Cdependent modulation of a,-adrenergic 

receptor-mediated inhibition of adenylate cyclase (H. Kurose, personal communication). 

Interestingly, no other RGS mRNAs were detected when a search using RT-PCR with 

degenerate oligonucleotide primers was performed. Despite being a good substrate in vitro 

for phosphorylation by purifleci protein kinase C (0.8 moles phosphatelmole protein), which 



Figure 2-12 Expression of @ i ~ ) ~ ~ l  in tataL E c d i  eeU lpates. Aliquots (100 
of controI (-) and IPTG-induced (+) cuitmes started tiom three independent clones were 
peiieted , mmqxded in SDS/PAGE loading bu&r and separated on 12 % denanaing 
PAGE gels. Protein bands were d y d  by C o d e  stainhg (a) or Western blotting @) 
using antisera #1766 (39). 





Figure 2-13. P P n n d n  of 501ubIe (H.~S),~RGS~ by nondenaturing N~P-chelate 
aniiiity cbromatography. Fiitered supematants h m  soaicated IPTG-induced cultures (+) 
were loaded ont0 Ni*-chatged immobilized m d  afnmty cbiomatqmphy (TMAC) columns 
and putfieci as desctl'bed previously mercimer aud Fodyke, 1993, Chapter 3). (a) Protein 
bands at stages of the purification (preaIhnmi +/- IPTG; c o h  flow tbrough, FT; 60 mM 
irnidamle wasb, WASH; 500 m M  imidamle elute, ELUTE) were d y s e d  on Coomassie- 
stained SDSIPAGE gels. (b) Pinned (Hïs),,,-RGSI(2 mghi) was d y s e d  by mass 
spectrophotometry. 





Figure 2-14. Binding of RCS proteins to G a subanib in vibo. Protein sampies 
containhg Go, (Go) or myrktoyIatPA GUI (myr-ûi) were wmbined with histidinetagged 
recombinant RGS 1 or RGS2 , inaibeted wah chargedNi*-chelate resin, washeci and eluted 
in imidazole. Aiiquots comspondisg to: binding memÿes before @RE) and after (U) 
chelate incubation, the final wash (W), auci el& samples (E), wae assayed for G a by 
separation on 12% SDSRAGE d Westem blotthg. 





appeared to dramatidy increase the solubility of the recombinant protein in the assay butlier 

(Fig. 2-15. lower panel) , phosphoryhtion did not increase the affinity of recombinant RGS2 

for either member of the 0, subfamiy (Fig. 2-15, upper panel). 

DISCUSSION 

We des* here the characterization of the RGS2IGOS8 gene and pcedicted pmtein 

product (Figs. 2-1 through 2-5). W e  point to the relationship of this pmtein to RGS pmteias, 

a growhg family of modulators of G protein-coupled signai transduction and study the 

expression of its mRNA in human mononuclear cells compared to that for RGSlBL34, 

another lymphoid-speciftc famüy member. 

Mammalian RGS proteins 1-4 can complement Sst2p deficiency in yeast, indicating 

high hctional conservation throughout evolution (39, 51). Pheromone increases 

transcription of the yeast SST2 gene, resuiting in an hcrease in Sst2p. Mutational analysis 

indicates an important d e  of the protein in modulating the cornmitment of celis to arrest in 

the G, phase of the cell cycle, foilowing exposure to pheromone (47,48; W. E. Courchesne 

and J. Thorner, personal communication). Exposure to Con-A cornmits marnmalian 

lymphocytes to switch from the Go to the G, phases of the ceU cycle (78), and this may be 

associateci with transient incteases in RGS 1 and RGS2 mRNAs (Figs.2-6 and 2-7), consistent 

with a role of the corresponding proteins in modulating Con-A-responsive pathways. 

The requirement for Con-A for lymphocyte activation can be by-passed by the 

synergistic actions of TPA and calcium ionophore (53, 79). TPA alone increases 

transcription of RGSI (41), and our studies with actinomycin indirectiy indicate that the 
- 
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Figure 2-15. I n  v b  binding assay aring PKC-phosphorylated RGS2 and G protek. 
NonphospboryIated or phosphorykd RGS2 and G pmtein (Gi were combined in binding 
buffer in various combinations U'. Aüqpots wctesponding to b i ï g  mixnms @) a d  
eluted fiactions (E) were d y s e d  for in vüro binding as descrï'bed in Fig. 2-14. Lowet. 
Western blot anaiysis of RGS2 in dupliate sample series. Detaüs as in 12b. 



PKC- 
treated - Gi RGSP RGSP 

- Gi RGSZ RGSZ 
P E P E  P E P E  



response to Con-A may involve increased transcription of RGS2 (Fig. 2-8). Our failure to 

detect an increase in RGS2 mRNA in d e r  RNA blotting snidies (l), pmbably teflects the 

srnail magnitude ofthe increase cornpanxi with tbat of othn hunediate early genes (4), and 

the need to phcubate cells to decmse the high baseüne level of mRNA in k h l y  isolated 

celis. 

Approximately 85% of cek in our cuitures are d Lymphocytes. We do not routinely 

attempt M e r  purification because various accessory cells play a role in Lymphocyte 

activation (80), and because srnall lymphocytes in peripheral blood are already enriched in 

T lymphocytes for which Con-A is specifïcaüy mitogenic. RGS 1 mRNA is wnsidered to be 

B lymphocyte specinc, and there are nomially some B lymphocytes in blood (42,43). nius, 

it was of interest to note, paradoxidy, an increase in RGS 1 mRNA in response to Con-A 

(Fig. 2-6). However, this is delayed relative to RGS2 mRNA, which increases sooner, and 

declines more rapidly (Fig. 2-7). It is possible that an initial reaction of Con-A with T- 

lymphocytes (resulting ia an increase in RGS2 mRNA), causes these cells to release 

chemokines which might then activate neighboining B-lymphocytes by way of G-protein- 

coupled receptoa (8 l), resulting in a subsequent increase in RGS 1 mRNA. 

Possible reasons for differences in mRNA levels between freshly isolated and 

preincubated celis have been considered previously (4). Large absolute increases in certain 

mRNAs in fie~hly isolated cells in respnse to cycloheximide, which stabilizes mRNA- 

polysome complexes, would appear to reflect the high levels of these mRNAs in fieshiy 

isolated celis (Table 2-1; Fig. 2-9). Thus, the turnover of mRNAs for RGS2 and GOS24 (Fig. 

2-9), and for the two FOS oncoproteins (4) would be inhibited by cyclohexùnide, while 
- 
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transcription wodd continue, or even increase if there were feedback inhibition of 

transcription by the corzespondiag gaie produds (82). The observation of a re1atively srnail 

elevation of RGSZ mRNA levels in the -ce of cycloheximide (Fig. 2-9e), suggests a 

low intrinsic transcription rate consistent with a qykement for tninscnptioaal activation to 

generate the Con-A-induced mRNA incRase (Figs. 2-6 and 2-7). 

The tcndency ofRGS2 mRNA latels not to f ider  hcrease baween 15 and 45 min af&r 

addition ofcycloheximide suggests mRNA stabwtion, but no fûrther transcription. Our 

studies with acthomycin D suggest that stabüization wodd be a fmor in the observed 

elevation of the FOS oncoprotein mRNAs by cycloheximide (41, since these mRNAs have 

shorter halflives than RGSZ (Fig. 2-8). Consistent with this, the FOS oncoprotein mRNAs 

have more AüUUA-rich destabilizatione1ements (83) in the 3' wn-coding region than RGS2 

mEWA 

Levels of rnRNAs for RGS 1 and GûS l9/MIPl a increase during preincubation (Table 

24, and in the case of ûûS19/MIPla, cycloheximide tends to cause pa te r  absolute 

increases in mRNA levels in the preincubated cells, than in fieshly isolated cells (4). 

However, this was not found with RGSl mRNA (Fig. 2-9a), Unplyiog a relatively stable 

mRNA (not continually king replenished by transcription), despite the presence of two 3' 

non-coding A W A  elements (44). RGS 1 and GOS lg/MIP 1 a cDNA sequences both have 

the 3' aon-coding element 'ITITGTA followed by an AT-rich sequence. This conserved 

regdatory element, which is involved in transcriptional activation rather than in mRNA 

stabihition, is found in the 3' non-wding regions of several cDNAs corresponding to 

"irnmediate eadr*" genes (84,85), but is not present in RGS2 mRNA. 
- 
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In view of the importance of calcium and protein kinase C in T ceii activation (52,53), 

it was of interest to note that ionomycin, but not TPA, inrrras#i RGSZ mRNA levels (Figs. 

2-10 and 2-1 1). This suggests that Con-A inaeases RGS2 mRNA expression based on its 

ability to innease calcium levels during Lpph~cyte activation, and not through activation 

of protein kinase Cdependent signal transduction pathways. %y the same token, ComA 

would appear to increase RGS 1 mRNA tbrough a protein kinase Cdependent mechanism 

(Fig. 2-10). 

The distinction between RGSl and RGS2 was firth- emphasized by the binding of 

RGSl, but not RGS2, to two members of the Gi subnmiily of G protein a subunits (Fig. 2- 

14). This observation is supported by Watson and Blumer (personal communication), who 

showed that RGS 1, but not RGS2, increased the GTPase activity of members of the same Gi 

subfamily. It remains to be established whether these apparent fünctional ciifferences merely 

reflect a requirement for special in vitro conditions for RGSZ binding, or some difference in 

the recombinant forms (e.g. the numbers of added histidine residues). Although the 

recombinant protein is not optimally soluble in buBiers required for G protein activation, the 

fact that PKC increases the solubility in these conditions without affécting its activity (Fig.2- 

15) suggests another explanation may be required. Since RGSZ mRNA induction appears to 

increase in response to calcium, it is possible that a biological role of the RGS2 pmtein in 

T cells is modulation of G-protein-Linked mechanisrns controllhg calcium flux, perhaps 

involving Gq (28). In this respect, it is also of interest to note that a gene responsible for 

hyperparathyroidism jaw tumor syndrome, a disease associateci with hypercalcaemia, maps 



to the q25-3 1 interval of chromosome 1 (86,87; M R Hobbs, personal communication). 

This region contains RGSI a d  RGS2 (44,45). 

Mitogenic lectins, such as Con-& bind to T lymphocyte antigen reOeptOrs (88), and thus 

may simulate some aspects of antigen-Iymphctcyte interactions. These resuit in either 

negative selection (89) or positive seledion (90) of lymphocyte sub-populations. The signal 

transduction pathways involved in these outcornes are iikely to dini with PMA and calcium 

ionophore appearing to simulate signaiiing requïred for positive, but not negative, selection 

(79). It is possible that distinctive RGS proteins are hvolved, not only in modulating B or 

T cell specifïc responses, but also in modulating the positive or negatïve aspects of 

lymphocyte activation (42). Defining the basic rquirements for RGSl and RGS2 induction 

by Con-A and other agents will be a necessary fht step toward an understanding of their 

roles in these and other processes. Currently, the polyclod antibodies raised agaiost RGS 1 

and RGS2 identiq a number of noaspeîific species (or perhaps related RGS isoforms) in 

whole ceii lysates making them poor probes for specific analyses of changes in Levels or 

localization of these proteinS. The development of specinc monoclonai antibody probes for 

RGS l and RGS2 proteins is cmntiy undenvay (Blumer Iab, Washington University) and 

should alIow us to follow changes in protein levels, phosphorylation states, and cellular 

localization during lymphocyte activation events. 
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CHAPTER 3 

TlTLE: A Human Putative Lymphocyte GJG, Swïtch Gene HomoIogous to a Rodent 

Gene Encodmg a Zinc-Binding Nuelear Factor 

PREFACE 

This chapter focusses on the cka&&ation of a second gene putadively involveci in the 

GdG, switch, W24. This wodc was submitted for publication to in Fe- 1992, and after 

revision, it was published in January 1993. Obtaining sequence data for this cDNA and gene 

by manual methods was exttemely difncult. probably as a result of the GC-rich nature of the 

region of the genome containing tbis gene (see Figure 3-4). To date, this paper contains the 

ody reported human genomic sequence for this gene (GenBank accession number M92844), 

including data for the intron and 3'-fianking regiom. The potential signincance of these 

regions in the regdation of GUS24 expression is discussed more M y  in Chapter 4 (6). 

Durhg the course of our work, severai gmups working independently identifieci the murine 

homologue TIS 1 1/Nup475/ TTP and its fimily members TIS 1 1B and TIS 1 1D (for sumrnazy 

see Table 3-l), as immediate-early response genes Erom a wide variety of systems. These 

data suggested the universal importance of this gene in G, entry. Although it was known that 

there were at 1-ast three GûS24-related proteins, our paper is the first to characterize domains 

of amino acid similarity between the different family members. For presentation as part of 

this thesis chapter, unpublished data on the characterhtion of an u n d  chimeric GUS24- 

related cDNA and also on the expression and prelirninary hctional chamcterization of the 

recombinant GOS24 protein have been included. 
- 
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GBSTRACT 

GûS24 is a member of a set of genes (pubthe GdG, swïtch regulatory genes) d o s e  mRNA 

leveis are rapidy increased following the addition of lectin or cycloheximïde to human blood 

mononuclear cells. Comwson of a fiill-1- cDNA secpence with the wrresponding 

genomic sequence reveais an open Rading frame which is distri'buted across two exons and 

encodes a putative 326 amino acid polypeptide of Y 34 kDa and pI 8.4. Cornparison of the 

derived protein sequence with those of rodent homologs mts identification ofsequence 

featues dowing classification of mammslian GOS24-Uce genes into three groups. Group 

1 contains COS24 and the rat and mouse TLSI1 gens (also known as TP, Nup475, and 

ZB36). Members of this group aie distinguïshed by three tetraproline repeats. Groups 1 and 

2 have a serine-rich region and an "mgbine element" (RRLPIF) at the Cat.boxy1 terminus. In 

addition to a serine-phenylalanine "SFS" domain similar to part of the large subunit of 

eukaryotic RNA poiymerase n, d p u p s  contain two CXBcX5c&H (CCCH) putative zinc 

finger DNA-binding domains. Protein sequences show simiIarities with those of a variety of 

proteins involved in transcription, suggesting that the GOS24 product has a similar role. 

However, preluninary DNA mobiiity-shift assays using fiill-length recombinant ûûS24 or 

zinc-finger proteins do not indicate a DNA- binding activity within these domains and are 

consistent with a different mie for the CCCH repeats. The GOS24 gene has potentiai binding 

sites for transcription factors in the 5' flank and intron; these include a senun response 

element A CpG island in the 5' flank and first exon regions suggests expression in the germ 

line. 



INTRODUCTION 

The switch of human Lymphocytes h m  the Go to the 0, phase of the celi cycle is 

associateci with ûanscrïptionai changes (32, 91) and a transient increase in mRNAs 

corresponding to various oncogenes, transcription regulators and cytokines (1, 1 1, 3 1). 

Simüar immediate eady gene prcxiucîs ais0 are iaduced when @escent rodent fibroblasts 

are activated by growth factors and other agents (12, 77). The association of the differential 

expression of these genes with a change in growth stak suggests an active role in the pcocess. 

Among the irnmediate-early genes identifid by diffezentially screening rodent fibroblast 

cDNA libraries is a gene encodulg a basic, probe-rich nuclear protein with cysteine- and 

histidine-contahing potentiai zinc-finger motifi (gene named TISI 1, mP, and Nup475; refs. 

7, 14,92). In 1990 DuBois et al., reported a partial genomic sequence (Y flank and exon) 

for this murine gene which appears to belong to a gene family with at lest  three members 

in m a m a n  genomes (93,94). Its expression has been rigorously studied in fibroblasts, 

epitheliai cells, astmcytes, periphery and sensory neurons, and Lymphocytes in response to 

treatment with a wide variety of mitogenic stimuli including TPA (92), epidermal growth 

factor (EGF; ref. 92), fibroblast growth factor (FGF; ref. 92), senun (7), granulocyte 

macrophage- colony stimulating factor (GM-CSF; ref. 94), insulin (l4), interleukin-6 (IL-6; 

ref. 9 9 ,  and lymphocyte inhibitory factor (LW; ref. 96). W e  have snidied a related gene, 

GOS24, the cDNA of which was identified by differential screening humaa lymphocyte 

cDNA librarïes (1, 3 1, 34). We present here an analysis of the original cDNA isolates 

(includhg an anomalous GûS24-associatecl sequence), full-length cDNA sequence, and the 
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complete sequence of the human gene and 5' fia& W e  have deduced the exon-introa 

structure and have compareci human and rodent protein and DNA sequmce~ with sequences 

in GenF3an.k (69) and in the Trauscription Factor Diitabase (97). A human @al cDNA 

sequeme agteeing closely with orag has Rcently been ~ported (98).Toward chatacterization 

of GOSN protein hct ion,  we have assesseâ the putative DNA-binding acfivities of full- 

length p r o t .  and zinc finger-Like (CCCIL) domab. 

MATERIALS AND METaODS 

Methods for celi pUnncation and culture conditions were as descnaed previously (1,3; 

see Chapter 2). When appropriate, large-scale cultures (2.5 x IO7 cens) were treated with 

Concanavalin A (200 &ml; Phamiacia) and cycloheximide (100 CiM) for 2 hr while 

cultured in a humidifieci atmusphexe of air-C02 (955). 

Prepmation of total RNA using CsCl grodientf?acîiooMon 

Total RNA was p r e p d  by a modification ofthe guanidine thiocyanate/cesiium chloride 

(GuSCNfCsCI) procedure as described previously @otSdyke, 1984). B r a y ,  cultured human 

peripheral blood mononuclear cells PBMCs in culture (5 x 10") were pelleted (600 x g, 4 

min), and dissolved by a 5 min vortex in lysis b a e r  contaking 50 mM NaAc, pH 4.5,4 M 

GuSCN, 7 % (vfv) 2-mercaptoethanol, and 1 mM EDTA. Following addition of 50 pL n- 

butanol as an anti-foarning agent, 2.5 g of CsCl were added and the solution vortexed 5 min. 

nie resulting solution was underlayed with 1 -55 ml CsCl (p 1.8) in a polyallomer tube and 

spun at 36 x K r.p.m. for 40 hr at 22'C, in a Beckman SWSO. 1 rotor. Tubes were pierced at 
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the bottom and the region containhg RNA was collecteci (routinely drops 16 1-460). This 

was dilutecl with 3 volumes of dpwafer, and preciphted with EtOH. To remove excess 

CSCL samples were repeatadly (at Ieast 3 times) resuspended in dpc-treated H20 containing 

0.5 M M&Ac and reprecipitated with E1OH. The nnal RNA pellets were washd in 80% 

EtOH, briejly air-dried, remspended in dpeH20 quanti- by specnophotometry, and 

stored at -70°C- 

BIotting of total RNA jî-actionated by agmose gel elecnophoresis 

Sarnples (20 pg) oftutal RNA were denatined in a glyoxylation cocktail (1 M glyoxal, 

50 % DMSO, 0.01 M NaPO,, pH 7), electrophoresed through 1 % agarose gels containing 

0.0 1 M NaPQ and 10 m M  iodoacetamide, and capillary-transfened to Zetapzobe-GT nyIon 

membrane using 10 x SSC. Following a brief degiyoxylation in 0.05 M NaOH, moist 

membraues were imdïated 3 min, h m  a distance of 15 cm with a UVG-54 short-wave lamp 

to cross-link RNA. Unifonnity of m e r  of rRNA species was vefieci by inspection of 

nylon-fiuorescence shadowing. Membranes were heated 80°C for 20 min and stored in 

seaïeci bags mtil use. 

BZotting of genomic DNA fiactionated by agarose gel elechophoresis 

Lymphocyte DNA fiactions h m  CsCl gradients (99) were used for DNA preparation. 

DNA (5 pg) was digesteci with 70 U of Xbo 1 or Sst 1 in the appropriate digestion buffer 

(Gibco/BRL, Life Technologies, Gaithersbug, hiID) at 37°C for 2 hr. Samples were 



electrophoresed through 0.6% agarose in 1 x TAE at 35 V for 17 hr. Aikaiîne transfer and 

hytidization conditions were as descn'bed previously (Chapter 2). 

Genornic fibrary screening 

A genomic library h m  Strategene (La Joua, CA) wntained human placental DNA 

inseaed into the B u  I site of the A FIX II vector. Two positive clones with inseris of 15.1 

and 172 kb were identifïed among 500,000 plaques screened for hybrididon to a 32P- 

labeiled GOS24 3'-end cDNA m e n t .  Other methods were as descnikd in Siderovski et 

aï., (1994, ref. 3) and in Chapter 2. 

Mqping the genomic region contahing the GOS24 gene 

Restriction maps of the genomic region containhg the GOS24 gene were constructed 

using restriction digest analysis of two overlapping 1 clones wntaining sequences which 

hybridize to GOS24 cDNA (for description of specüïc rnethods see Chapter 2). Maps were 

confirmai using the A quick map kit for cohesive-end labelhg and analysis of paaially 

digested A clones as d e s c r i ï  for the RGS2IGOS8 gene in Chapter 2. 

Sequencing of genomic and cDNA fiugmenfs 

Genomic DNA W e n t s  containhg GOSZI sequence were excised fiorn A clones, 

ïnserted into phage Ml3 (both orientations) and sequenced by the dideoxynucleotide chain 

temination method using [ ~ Y - ~ ~ S ]  dATP (DuPontNew England Nuclear, Pointe Claire, PQ) 
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and Sequenase (United States Biochemical Corp., Cleveland, OH). Ambiguities w i t h  GC- 

rich regions of tiiis sequence were checkcd using dITP in place ofdGTP (63). PCR-generated 

cDNA and S'end RACE clones in pBR322 were sequenced b t l y  on both strands using 

simiIar methods. 

RACE protoool for 5' -end cDNA sequence 

The protocol of Frohman et ai. (1988, ref. 100) was modifieci to cornpiete our 

sequencing of GOS.4 cDNA. First strand cDNA was generated h m  1 pg of total RNA 

using a GOS24-specific anhase  primer (SI-CAGTCACTITGTCACTC-3' ) located near the 

predicted 5' end of the cDNA. Rimer (20 pmol) and RNA were heated together at 65°C for 

10 min, and cooled on ice. RNA was reverse tramai- at 42°C for 90 min using 100 U 

MMLV reverse transcriptase (Life Technologies Inc.) in fkst strand synthesis buf5er 

containiilg 50 mM Tris-CI, pH 8.3,75 m M  KCI, 3 mM MgCl, 1 mM of each dNTP and 15 

U RNAsin ninuclease inhibitor (Promega, Madison, WI). NaOH was added to 0.3 N and 

RNA hydiolysed for 1 Or at 37'C. FollowiDg neutrajization, excess nucleotides and primer 

were removed by spin dialysis in a Centricon-100 microconcentrator (Amicon Inc., Beverly, 

MA). 3'-end polyadenylate tailing ofthe fint süand was cacfied out at 37'C for 15 min using 

15 U of terminal deoxyn'bonucleotidyl transferase in A-tailing bufTer (O. 1 M K cacodylate, 

pH 7.2,2 mM COCI, 0.2 mM Dm, 1 mM dATP). Reactions were stopped (65OC, 10 min), 

and tailiog b u f k  was exchanged for 10 mM Tris-Cl. pH 8 , l  m M  EDTA using spin diaiysis. 

PCR was perfomed essentiaüy as describeci previously using 25 pmol "anchor primer" (5'- 

GACTCGAGTCGACATCGT,,-37, and 50 pmol each of an anchor-specific primer (5'- 
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GACTCGAGTCGACATCG-3') and a second intetnal GOS24-specific primer (5'- 

TGAT'CTGGCGAAGC-3'). G-taiIed PCR pducts  were cloned into C-taiied pBR322 

(Forsdyke, 1985) and both strands were sequenced. 

Primer exîension ana&ssis 

A 17 bp GOS24specific antisense primer (5'-AGATGGCAGTCAGATCC-3') located 

near the 5' end of the mRNA was used for primer extension adysis. Primer (30 pmol) was 

suspendeci in kinase bufkr (70 m M  Tris-Cl, pH 7.4.10 mM MgCI, 5 mM DTT) containing 

20 pCi [y3?]-rATP (ICN Biochemicais hc.) and %end radiol&belled at 37°C for 60 min 

using 10 U T4 Polynucleotide kinase. Primer (33 finol, 7 x l(r cpm) was added to 20 pg 

total RNA in hybridïzation b&ei (80 % forniamide, 40 rnM PIPES, pH 6.4,0.4 M NaCl, 

1 mM EDTA) and incubated at 22OC for 17 hr. The mixture was bmught to 0.3 M NaAc by 

addition of 3 M NaAc, pH 7, and precipitated with EtûH. Washed pellets were resuspended 

by vortexing in first strand synthesis b s e r ,  and reverse transcription was carrïed out as 

described above. 32P-labelled first strand products were Ioaded on a denanning 8% 

polyacrylamide sequencing gel. For cornparison, a lower strand genomic sequence product 

fiom the same primer was nin on the same gel. 

&pression of recombinant fiII-length GOSZ4 protein and zinc-finger domain peptide 

A cDNA clone containing the cornplete GOS24 coding sepuences was constructed by 

inserting a 0.18 kb Bst EWXm III fiagrnent fiom the 5' RACE cDNA clone into similarly 

digested double- stranded (RF) Ml3 phage DNA containing the complete GOS24 genomic 
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sequence. A PCR fiagrnent wntaining the wmplete codhg sequences, with an Me 1 site 

incorporated at the predicted site of translation initiation was . cioned into Nde W B m  HI 

digesteci PET-19b vector (obtained h m  Novagen, Mad<ham, ON). A clone for expression 

of a recombinant (CCCH domaui-contsining) polypeptide (amho acids 103-186) was 

constructeci by PCR-mediaîed incorporation of an NdeI site (in the mntext of an Ïn-hune 

methionine) and a stop codon (T'AG) at the carboxyl-terminal boundaryy and subsequent 

cloning into pET19b. For a brief summary of the wnstNction of these clones, including 

diagrams, see Appendix A2 (Fi- A2-2). AU PCR-generated expression clones were 

completely sequenced on both strands (Core FaCilit~, Department of Biochemistry, Queen's 

University). Expression in bacteria of (Hi~),~-tagged GûS24 protein was pedionned using the 

PET expression system (Novagen) and in Chapter 2. 

Serectnte 35S-Iabeling of recombinmil W S 2 l  protein 

To foiiow the levels of soluble expression (ratio of soluble vs. inclusion body-bound) 

of recombinant @S),,-GOS24 protein, E coli were metabolically labelled with 3sS-cysteine 

and 35S-methi~ni~ee After growth to an OD, o f  0.4, aliquots (1-10 ml) of cells were gently 

pelleted by centrifugation (4 min, 6 0  x g). Pellets were washed in 1 volume of M9 minimai 

medium (0.4% glucose, 50 mM Na@Po4y 22 m M  E;H,PO,, 9 mM NaCl, 18 mM WCl,  and 

2 mM MgSO,), gently peiieted again, resuspended in 1 volume of M9 minimai medium 

containing 0.1% of each o f  18 amino acids, excludhg cysteine and methionine, and grown 

at 37°C for 3 hr before IPTG was added. Incubation was continueci for a M e r  20 min when 

rifampicin (0.2 mg/d), an inhibitor of E. coli RNA polymerase, was introduced into the 
- 

64 



bacteria by a 10 min heat shodr at 42'C. Cells were ailowed to recover by incubation at 

37 OC for 30 min before 100 pCilmi of pSS]-Cys/Met mixture (T'ransLabel, hiPont-NEN) 

was added for a incubation perid of 15 mis CeUs were then peiieted and the 

solubilized labeîied proteins andysed by SDSRAGE foiiowed by Coomassie staining and 

autofluomgraphy. 

Punjcation ofproteins imng Ni+*-cheiate &ni@ chromutogtaphy 

Soluble proteins were purifieci as previously descn'bed (see Methods Chapter 2). For 

purification of GOS24 protein h m  inclusion bodyantainhg pellets, these were solubiiized 

by sonication at 4'C in binding buffer wntnining 6M urea or guanidine hydmchloride 

(GuHC1) and then purifieci essentiaily as describeci for soluble proteins, except that al1 

buffets contained the appropriate denaturant, and wash buffers contained lower 

concentrations of imidazole (20 mM). Denatured proteins were refolded quickly at 4OC, at 

low protein concentration, by dropwise addition of the protein solution into 20 volumes of 

binding b&er containhg 10 mM 2-mercaptoethanol and 10 mM ZnCL,. Soluble (refolded) 

protein was concentrated ushg nondenaturing Ni*-chelate chromatography. Proteins were 

analysed using SDSIPAGE with Coomassie staining, or Western Blotting and ECL 

detection. Antisera raised against the Ml-length murine GûS24 homolog Nup475 was 

kindly provided by Dr. D. Nathans. As the zinc-hger domah could not be detected by 

GOS24specific sera, its proper expression was confirmeci by mass spectrophotometry as 

described in Chapter 2. 



DNA-binding msays 

Buiding of proteins to a random library of double-stranded DNA W e n t s  was 

performed essentially as describeci previously C[heisen and Bach, 1990). The sequence of 

the mndom ~Iigonucleotide useâ to screen for DNA binding was 5'- 

CTAGGATCC~t~GATCTGGG-3'. A compLimentary oligonucleotide 5'- 

GGCCCAATTCCCAGATCT-3' was annealeci and [a12P]dCTP was incorporated into the 

double-sûand probe by Klenow extension. The reaction mixtures (25 pl) watained 1 ng (IOS 

cpm) of q-labelled DNA probe in binding baer  (20 rnM HEPES, pH 7.5,70 m M  KCl, 

5 mM MgCl, LOO pM &Cl, 0.5 mM DTT, 12 % glycerol; Ragotta et al., 199 1) with 0.1 

mg/ml BSA and 2 pg poly(dI-dC). M e r  incubation for 15 min at 30°C, protein-DNA 

complexes were qarated on nondenatunng 8 % polyacrylamide gels, which were dried and 

analysed by autodography after 48 hr at -70°C with intensifying screens. 

Sequence analysis 

AU DNAs were M y  sequenced in both strands. Sequences were d p d  with software 

of the Genetics Cornputer Group (69) or Intelligenetics Corp (Mountainview, CA). Protein 

and nucleic acid sequences were aligned with the program GENALIGN using a deletion 

weight of 0.5 and a matcbing weight of 1 .O. Minor modifications of the alignment were then 

carried out manually. Percentage identities between two aiîgned DNA sequences were 

calculateci h m  the ratio of identical bases to the totai length (bases and gaps) in the region 

of overlap. 



Database searches 

The ProSite database of ftmctional protein motifa was searcheci with the QUEST 

program. Potentiai transcription facf~r bindïng sites were determineci by scrrening the 

transcription factor database (97) and a petsonal data base using the progtam~ FLND and 

FASTDB. Segments of sequences were screened using the pgrams FASTA and BLAST 

(101). 

RESULTS 

Idenhpcation of afirll-iength GOS24 CDNA 

Previous studies in our laboratory showed that GûS24 RNA is i n d  within 1-2 hr 

in human blood mononuclear ceils cultured with either lectin or cycloheximide; there is then 

a decrease to mdetectable levels by 8 hr (34). It was reported that when blots of RNA fiom 

cultures treated with 1ecti.n and cycloheximide were probed with the original smd GO224 

cDNA m e n t  (wrresponding to 0.35 kb noncoding sequence at the 3' end of the m m ) ,  

two bands of appmximateiy 2.1 and 2.4 kb were noted, the upper band king cyclohewnide 

dependent (1). Because the 3' noncoding region of the mRNA containecl ATITA repeats 

(associated with mRNA instabitity), it was suggested that cycloheximide stabilizes the 

mRNA and prevents shortening of the poly(A) tail. Thus, the 2.1 and 2.4 kb bands were 

considered likely to be the products of one gene. 

By rescreeaing sÎze-selected cDNA libraries with our original 3' GOS24 cDNA probe, 

a number of longer cDNA clones were isolated. However, use of gene-specific RT-PCR 

primer extension and S'-RACE (Fig. 3-1) were necessary to obtain the full-length sequence 
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Figure 3-1. Determination of G4HM tramscription SM site by primer estemion (Lefi) 
and 5' RACE mt): Cornparbon with genomic and CINA seqaenm. Le& A 3?- 
labelled 17-nucleotiàe mer comspoQding to a se- ending 62 bp Qwnstream h m  
the presumed mRNA start site was hybndized to total RNA p r q a d  nOm ceiis cultureci for 
2 hrwithlectinandcycIoheximide. TheprimerwasadeDdcdbymrersetrausaiptaseinthe 
presence of four deoxyn'bonucleotide tïiph0sphstP-c. Afier treatment with nbnuclease, the 
reaction mix was nm on a sCaaderd sequencing gel (iaue 1). The seme primer was used for 
sequencing the wrresponding genomic DNA mes 2-5) using 3sS-labelled dATP. (The 
autoradiograph is shown back-to-hnt to faciltate reading of the sequence-) Right. The 5'- 
end RACE p d u c t  was ampüned between the 3' @olyadenylated) end of the fht strand 
product and a primer 450 nt do- Upper PaneL RACE pmduct (R) electrophoresed 
and analysed compared to kilobgse &ers (M) on an EtBr-staiued 0.8% agarose gel. 
Lower Panel. Secpence of the corresponding RACE product show in aiïgnment with 
genomic sequence used in primer extension aualysis Geft). The cDNA begins after the 
poly(dT) tract, which was added by terminal deoxynucIeotidyl m e r a s e  to the reverse 
transcriptase product. 



TATA 

G A T C  

G A T C  



(deposited in GenBank; accession number M92843). The RACE product obtained in Fig. 

3-1 (nght, upper panel) was charanaistic of this procedure, showing a distinct band beneath 

a long smear, consistent with repeateà shortening of polyadenylated products during PCR 

amplincation cycles. Cornparison of sequence obtained h m  this band to the position of a 

characteristic doublet in the primer extension data indicated that the RACEdenved cDNA 

was fiill-length (1, 746 nucleotides). The cDNA SeQuence differed h m  that of  a 

corresponding genomic clone at the 5' terminus (Fig. 3-1, Ieft). A G residue was not present 

in this position in the gewmic -ce, indicating t h  the cDNA sequencing had extended 

to the cap site (added pst-transcriptionally). Further compatison with the genomic sequence 

(see later), indicated that the mRNA was deriveci by the joining of two exons. The sequence 

was confirmeci by sequencing the exons of a genomic clone containing DNA nom another 

individual (see later), but d i f f d  by two bases in the 3' UTR fiom a reported partial cDNA 

sequence (HUMTTP; Taylor et al., 199 1). 

Three groirps of GOS24-related genes 

Studies in d e n t  systems have shown that genes reiated to GOS24 faIl into at least three 

groups (Table 3- 1). Genes in the first group, to which GW24 belongs, typically express an 

approximately 2.0 kb mRNA encoding a ptedicted protein of 3 19- to 326- amino acids. The 

second group corresponds to a 3 -0 kb mRNA encoding a 33 8amino acid protein. The third 

group has only a single member comsponding to a 367-amino acid protein (as of Sept 1 992). 

To seek evidence for expression of other human farnily members during PBMC activation, 

a coding region-specific cDNA probe was hybridized to blots of total RNA. In addition to 
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Table 3-1. SUMMARY OF ALTERNATIVE NOMENCLATURES OF WS2P-RELATED GENES 

RNA Protein 
Group Species Original GenBank s k b  (amino Ce11 Type Induchg Agent Refercncc 

Namc name (kb) acids) 

Rat TISI 1 

-4 Humnn WS24 
O 

7TP 

2 Mouse TISI Ib 

MUSTS1 lC 

MUSTTP4S 

MUSNPGFI 

RATTIS 1 l 

HUMGOS24 

HUMTTP 

MUSTISI 1B 

RATCMG 1 

MSTIS 1 lD 

Fibroblast 

Pibroblast 

Fibroblast 

Pheochromocytoma 

Lymphocyte 

HeLa ce11 

Fibroblast 

EpitheIial 

Fibroblast 

TPA/cycloheximide 

Insulin/cycloheximidc 

Senimlcyclohelrimide 

TPAIgrowth factors 

b c t  in/cyclohesimide 

.II 

'Assurning a probable zinc-flnger structure, the Cornittee on Standardized Genetic Nomenclature for Mice has offered the systemtic namc 2/p-36 for 
the mouse group 1 gene, 

bE~timated by cornparison of electrophoretic mobilities with standards. 
The original cDNA clone from which this scquence was dcrived was considered a cloning artifact (GenBank name MUSITISIJ; (77). 
dKanedri et al. (1992). Geaank accession number X63369, 
'EGF, Epidermal Growth Factor. 



Figure 3-2. RNA species and DNA restiiction trrqiients thit hybridice to i -24 
cDNA probe. a Human b 1 d  mononucIear tek (2 x 106fml) were cultmed for 2 hr in 
medium containhg f k h  autoIogous senmi (16.7%) in the absence (-) or presence (+) of 
conca~lsivalin-A (2ûûpghi) and cycloheximide (LOOIiM). Total RNA was pnpared with 
&dine thiocyanate!. Sarnples (10 pg) were glyoxaidenatu&, eIecttopho& through 
a 1% agarose gel, and bloüed to a nylon membrane. b. Hinnan genomic DNA was digested 
with restriction enzymes Xba 1 QC) or Sst 1 (S), eiecttophoresed through a 1% agarose gel, 
and blotted to a nylon membrane. The c D N A  probe was pnpared by PCR ampiifscation of 
the sequence ôetween nucleotide 60 and nucieotide 1,051 of the cDNk The probe was 
labeiied with nP to IO6 c p d d .  



(a) RNA (b) DNA 
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the main band noted above, an extra, but fainter band was noted comsponding to an RNA 

of approximate1y 3.0 kb (Fig. 3-2a). As with the main bands, the signai fiom this band was 

stronger with RNA k m  lectin- and cyclohercimide-nreated cultures. A similar-sized was 

found, afkr prolongeci autoradiogtaphic exposure, to hybridize with the onguial smaü 3' 

cDNA W e n t  as well as to an probe (datanot showun), indicating that it may 

be an incompietely spIiced precursor of the major hybridizing (2.2 to 2.4 kb) species. 

Subsequent RT-PCR studies within the intron or across the introdexon 2 boundary, 

however, have yet to idente a band which would support these d t s  (see Chapter 4). 

A codùig region-specific probe was also hybridized to blots of restriction enzyme 

digests of genornic DNA h m  four subjects. In each case digestion with St 1 produced a 

strongiy hybridizing band (6.7 kb) and a weakly hybridizing band (9.2 kb; Fig. 3-2b). 

Assuming complete digestion with SFf 1, and because the 6.7-kb fragment would include both 

exons (see restriction map below), it is possible that the 9.2-kb band corresponds to another 

member o f  the ûûS24 gene family. By contrast, the %a 1 digest produced only one band 

(18 kb) and this should also contain both exons. The previously reported single bands with 

Pst 1 (6 kb) and Hhd III (20 kb; Sidmvski et al., 1990) were c o b e d .  In addition fainter 

bands were noted (22 kb, Pst 1; 6.6 kb, Hind m). These data raised the question of whether 

another GOS24-related cDNA clone identified in our size-selected library might correspond 

to an M A  fiom another family member. 



Characteriiation of a GOS24-associutedfiagment (WS24W?l 

Among the longer cDNA isolates which hybridkd to the GOS24 probe was an 

anodous 1.1 kb clone containing 0.4 kb of sequeace corzesponding to the 3UTR of GûSB 

and 0.7 kb ofsequence which did not match that of (XE24 cDNA or genomic clones. 'Vpper 

strand" SeQuence (relative to OS24 mRNA) of the 0.7 kb region containeci a 384 nt ORF 

corresponding to a pdcted protein of 128 aa conteining two in-fiame methionines with 

poor translation initiation consensus (Figm 303% ref. 102). Thus, we wondered whetha this 

clone represented the 3' üTR of a WS24 f d y  member or alternatively a GOS24 

pseudogene. 

Strikingly, the "lower strand"sequence h m  the 0.7 kb region of GOSî4A.F contained 

an &shed (no translation tennination signal) 624 nt ORF which corresponded to a 

predicted polypeptide of at least 208 amino acids (Fig. 3-3a). Shce the original Library was 

made by annealing oligo dG-tailed cDNAs into oligo dC-tailed vector (33), the absence of 

a homopolymerïc G/C stretch suggested the possibility that this sequence could not be 

explained simply as a cDNA cloning artifact, Fig. 3Ja shows the location of various primers 

used in the RT-PCR analysis of this novel clone. First strand products were made tiom a 

GOS24 specinc antisense primer @rimer 1, Fig. 3-3a) within the 3' UTR at a sequence 

common to WS24 and GOS24M. To search for cellular mRNAs corresponding to the GOS24 

cDNA, genomic @rimers 1 and 2) and GOS24M @rimers 1 and 3) clones, specifk PCR 

primea were used to assay the first strand products d e  h m  primer 1. A PCR band 

correspoading to pritners based on the genomic sequence muid be consistently identin~ed in 

RNA fmm human blwd mononuclear ceils. The corresponding region of GOS24AF, 
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however, could not be amplifieci h m  these samples (&ta not shown). When a probe made 

fiom the 0.7 kb upstnam region ofGOS24AF cDNA was hybridized to blots of digested 

genomic DNA, it identifseci at appmxiniately 17 kb BcmrHI fkagment and 6.6 ,0.6, and 0.5 

kb XbaI firagments (Fig. 3-3b). As ~equences hybridipng to GOS24 cDNA are contained 

w i t h  a single appmximately 18 kb Xbd fragment Fig. 3-2b), the 0.7 kb sequence in the 

GOS24AF clone appesred to daive h m  a genomictegion diffgeat h m  that of the GOS24 

cDNA. 

GOS2*eclssociated "lower shond" sequence cotresponciS to m W A  species qressed infeld 

brain tissue. 

This sequence contained several in fnune methionines, one of which showed a strong 

match to the Kozak consensus (Fig. 3-3c). When fust stmnd RT synthesis was made fiom 

an upper strand sequence-specifïc primer at the S'-end of GOS24A.F (Fig. 3-3% primer 3), a 

PCR pfoduct (made between primers 1 and 2) which hybridued to GOS24AF sequence was 

identifid (data not shown). These data suggested that this anomalous clone represented a 

fusion of a partial W 2 4  cDNA with another opposingly onenteci cDNA. This notion was 

confïrzned by a recent screen of the GenBank EST database which identified five sequences 

(GenBank accession numbers R17796, R36555, Rl7U1, R43002, R5 1399) fiom human 

fetal brain tissue libraries with close sequence identity to the 0.7 kb region (103). Alignment 

of these contiguou sequences (Fig. 3-3c) with the GOS24AF inverse complement 

(GOS24AF ') allows the construction of a theoretical 1.3 kb cDNA which encodes a novel 

polypeptide of 168 or 189 aa (potential polymorphism near the translation stop site) with no 
4 
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Figure 3-3. Characterizrition and sequence anaiyais of a GOS24-assaciated RNA 
fragment (GOS24AF). (a) Schernatic representaîion of the original short GOS24 cDNA 
clone, GOS24 genomic DNA, and the WS24AF cDNA clone. Regions showing sequence 
identity to the WS24 cDNA are shown in stippled Iight grey. FUed bladc regions indicate 
intronic and genomic flanùing seqriences. The sîippIed dedr grey section ~prrsents the 0.7 
kb anomalous region of GOS24m The hatched box denotes seqmces used as probe for 
GOS24A.F. Long amws deilote the start of the 128 and 208 amho acid ORFs idenmeci on 
the upper and lower sttands rrspectively. Short auows show positions of mers used to 
charactetize the GOS24A.F sqmce- (b) DNA blots of B m  HI @)- and& 1 QQdigested 
humangenomic DNAhmtwo independent donors weqmbedeîtherwith thecombination 
(lefi) or sepsrated (rigbt) ofGOS24AFand FOSB/ûûS3 probes. The blot fbm a single donor 
(#110) was stripped and successively hybridized with each probe sepiaately. Details are as 
in legend of Fig. 3-2. (c) Multiple sequence alignment of lower strand sequence GOS24AF 
and five overlapping human EST clones (103). Alignments were done m a n d y  to bias 
consensus to the GûS24AF sequence which was rigolously sequend on both strands. The 
predicted protein, in single leüer amiw acid code, coirespondhg to the longest open reading 
&me is shown above the sequence with the two potential translation (ATG) start site 
consensus (102) shown as shaded sequence. Also shaded are the alignment between the 
iower strand sequence (GOS24AF') and the fetal brah cDNA S'end clone (R17796) in the 
region of the joint between these two RNA @es. Sequences cot~esponding to the 0.4 kb 
region (GOS244dentity) of the GOS24RF' sequence are not shown. 
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signiscant similarity to previously identifid proteins (BLAST search, August 1996). The 

12 nt (5'-CTI'AAATATGcTGCT33') which d e  up the joint region of GUS24A.F (at the Y-most 

end of the 0.4 kb GOS24--like se<luence) show idenMy in 11 out of 12 nt to the corresponding 

region of clone Rl7796. There is also au extra G present in the EST within the region of 

overlap, however we attriibute this to a sMtering effect found at numemus locations dong 

the length of this sequene. As we muid identify no precedent for mation of such a species 

in vivo, these data suggest that the two independent cDNA Sequences were associated on the 

basis of the complemenenty ofthe correspondiog mgions of the first strand products and 

thus were generated by recombination between two piasmids in E. coli or at the second 

strand synthesis step during preparation of the cDNA Library. 

High conservation of mammalian GOS24related group 1 &A sequences 

Of two suitably located potential protein start codons, the fïrst was absent from the 

group 1 mouse sequence and the latter corresponded more closely to the consensus start site 

(102). Thus, the major open reading fiame is considered to encode a protein of 326 amino 

acids. The 3' terminus of the mRNA sequence (nucleotides 1 3 3  1 - 1,746) was UA rich and 

contained three AUUUA mRNA potentid instability elements (1). Group 1 sequences 

(human, mouse, and rat) showed high conservation in both coding and noncoding regions 

(alignment not shown). The conservation between the two rodent sequences was highest. 

Sirnilarities between the human and mouse sequences were 67% in the 5' noncoding region, 

85% in the coding region, 53% in the main pm of the 3' noncoding region, and 8 1 % in the 

UA-rich ternuial part of the 3' noncoding region. 
- 
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CpG isiand-conttmng gene 

Fig. 3-4 shows some general feaîures of the gene. Restriction maps were made of two 

overlapping genomic clones thet hybridized with GOS24 cDNA (see Chapter 2 for specific 

mapping methods). A 3.1-kb XBa 1 frasment genetated by cleavages in the vector cloning 

site and an intenial Xba 1 site was found to contain the entire gene and flanking regions. In 

the extreme 5' flank was a region emiched in the dinucleotides CpT and GpT- The rest of the 

5' Bank was cP~-rich; this CpG island extendeci across the nrst exon, the intron, and the 

coding region of the second exoa Conelating with this diere was a high GpC fkquency ( r d  

74 ; a CpG island is also present in the mouse group 1 homolog). The entire sequence was 

depleted in T and A and the conesponding dinucleotides, except for the TA& region at 

the 3' end of the second exon. 

Generai elements sfiared with other genes 

Sections of the WS24 sequence were examined for sidarities with other sequences in 

the GenBank data base. The BLAST search prognim (101) -was used to screen a series of 

windows of approximately 200 nucleotides. Scores exceeding a cut-off value of LOO 

(implying relatively hi& similarities) were abundant in five regions (Fig. 3-4; lower). The 

fint of these correlateci with the 5' region rich in CpT and GpT dinucleotides; this reflected 

the dispersion of regions containing these dinucleotides in mammalian sequences. Thus, 9 1% 

of the "hits" were in mammalian sequences (24% of these were human). A second peak 

occurred in the 5' flank irnmediate!ly before the exon and again refiected predorninately 

mammalian sequences, 5 1% of which were human. In this case a major element 
- 
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Figure 3-4. M&jor feritures of the GBSU gene Upper. Restriction maps of two owriapping 
phageÀhimrange~,micclones(B,&on~S,SolI;S, S&I;X&I). TheS13.135bsses 
(Ba 1 site to the md) were sequenced. The 5' open ôox tefis to a mon containmg repeats 
of the diaucleotides CpT d GpT. Other boxes rehr b exons. Striped boxes d e r  to oodiag 
regiws. The open box at the 3' end refers to the region rich in the bases T d A. Middle. 
Frequency of various dinucleotide Sequences in diffete~lt regions dispiayed ushg the 
programs Wmdow and StatPIot (Genetic Cornputer Gmup; ief. 69). Readings were taken 
in succesive windows of 20 nwIeotides with a one micleotide ovetlap- Lower. Frquency 
of c'bitss' (regions of sequence similarity above a cut4score of 100) in a screen of GOSH 
against the GenBank database (consecutive whdows overiapping by 20 nucleotides; (101). 
Since window sizes varied between 83 and 255 nucIeotides. hits are expresseâ per 100 
nucleo tide bases. 
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was the extensive CG-box region found in the immediate 5' Banks, 5' noncoding regions, and 

sometimes introns, of numerous genes, including various onwgenes and transctiption fiscton 

(104). There were two peaks within the d g  region. The fïrst reflected predominantiy 

mammaiian sequences, 90% of which were human; this peak was caused by a 90% match 

with a 20-nucleotide section of the primate A h  repetaîive sequence. The second peak was 

localized in a region correspondhg to the second two tetraproliae repeats and reflected 

predominantiy marnmalian sequences, 33% ofwhich were hiunan. Some of these encoded 

proline-nch protek. ûther encoded various ûauscriptionally active proteinS. The final peak 

corresponded to the TA-rich terminus of exon 2 and reflected rnainiy yeast mitochondrid 

TA-rich sequences. 

Anabsis of genomic sequence 

The only genomic SeQuence currently avaüable h m  the f d y  of WS24-related genes 

(Table 3-1) is the 5' flank and nrst exon of the gmup 1 murine homolog, Nup47.5 (accession 

number L423 17). However, much of this sequence is occupied by a composite SINE element 

generated fkom B 1 and U7 repetitive elements (105). Fig. 3-5 shows an aiignment of the 

murine genomic sequence with the GOS24 genomic sequence. Homology was quite hi& 

(60%) for at least 430 bases upstream h m  the mRNA start site and extended into the CTIGT 

repeat region. Although the human sequence had a TATA box sequence close to the 

consensus (79, this was not weii cooserved in the murine homolog. Just upstream fkom the 

TATA box was a region of dyad symmetry, containhg Cs and Gs in combinations indicating 

a potential to be bound by cranscription factors Sp 1, ETF (1 06). and Zif268 (the mouse 
- 
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Figure 3-5. Scquence of the hiimu W '  gene and aügnment with 5' flank and h t  
exon of the marine homolog N@7S fliok 3-1). The human sequence (GenBank 
accession aumber M92844) is aiigned above the mouse seqmce. Numbering is relative 
either to the fht base (ieft) or to the transaiption statt site (right). The shadeü region in the 
5' flank refers to a mouse B 1-U7 composite npeat el- (105). ûtha shaded regions reiet 
to parts of exons enCOdjIlg protein. Lowercase letterhg is used to indicate mismatches 
between the human and mouse sequaws, and to iradicate the seqymws of the intron and the 
3' flank CpG dinucleotides are underW AU 0th- symbols are above the sequences to 
which they refer. fiferences to regions of potentiai transcription fkctor sites (either 
orientation) are placed immediately above the secpence whenever possible. Regions of 
s d a r i t y  with other genes are named as such and are separated k m  the sequence by one 
or more spaces. Repeats and dyads are qresmted as dashed m w s ;  members of pairs are 
identifieci by capital letters; mismatches are indicated by omission of dashes. Mismatches 
are also shown by gaps in the undalinhg benPath the abkviated names of the potentiai 
transcription ffctor sites and of the gaie simildes referred to. These are: MHC enhancer 
eiements (MHC-II-Enh, 1 O7), hepatitis B promoter eiements (SP-C, SP-E, 1 O8), transcription 
factor Sp 1 (Sp l), B 1 and B2 eiements of the humau apolipoprotein E gene (ApoE-B 1, ApoE- 
B2,109), 5' flank of a humui d n i c  anhydrase gene (Hum-Carb-AnH, 1 IO), 3' non-coding 
region of human RNA polymerase Ii, large subunit mRNA (Hum-RNA Pol iI, 1 1 1) human 
T-ceil leukemia virus 1 long taminal repeat (HK V-l), 1 12), ttanscription fmtor AP2 (1 13), 
enhancer element E2 of a murine immunogiobulin r-chah gene (Ig-r-E2,114), element RS2 
of the epidermai growth factor receptor gene (ETF, loti), human metallothionein gene 
response element (MRE, 1 15), human kat-shock purine-rich promoter element (Pu-box, 
1 16), octomer repeat element of the C-fs oncogene (c-FosS~ 117), transcription factor 
encoded by the murine homolog of GOS3O (Zif268, L2), TATA box consensus sequence (79, 
retinoblastoma control element (1 18), transcription facor TEF 1 sites (SV40-TEF 1, 1 19; 
SV40-TEF I/AP3, 120), adenovùus EIIa promotet element (Adeno-EEla, 12 l), murine 
cytomegalovirus irnmediate-edy enbancet (122), 5' flank of adenovinis-7 E 1 a gene (1 23), 
octamer 82 traasctiption f&or (octamer-2, 124), insulin gene enhancer (insulin, 125). 
epidermd growth fztor receptor gene promoter (EGF-Rec-Prom, 126), adenovirus Eia 
enhancer element (Adeno-EF 1 A, 12'7). human a l antitrypsiu gene elements (AntiTryp-RBP, 
AntiTsrpC, 128), herpes simplex vhus long temùnal repeat @SV-LTR, 129), adenovirus 
EIIa enhancer element (Adeno-EDF, 130), 5' flank of human transition protein-1 gene (13 1), 
semm response element (SRE, 12), 5' fi& of human p-adrenergic receptor gene (132), 
interleukin-2 gene response elements (IL2-CD28RE, 133; IL2-TCE, 134), human 
transfomiing protein gene (5' flank and 3' aoncodîng region, 135), transcription factor Ae4 
( 1 3 6), Drosophih homeodomain transcription factor (Bicoid-Al , 1 3 7), hepatic nuclear 
transcription factor 1 (Hum-Hep-NF1, 138), 3' noncoding region of rat homologs of 
Drosophila developmental genes (Rat-MASHI , 139), retinoic acid response element (1 40) 
3' noncoding region of the human gene mutated in colorectal carcinoma (Hum-CRC-mut, 
14 11, 3' noncoding region of human gene related to the v-erb oncogene (Hum-Erb-Related, 
142), consensus sequence found in lymphokine gens  (lymphokine, 1431, 3' noncoding 
region of human homolog of yeast CDC4 gene (Hum-CDC4, 144), transcription factor for 
yeast ribosomal protein genes (Yeast-TW, 145). albumin promoter element (146), and 3' 
noncoding region of Xenopus homolog of notch (147)- 
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homoiogue of GOS30, ref 12). However, there was no obvious CCAAT box. Also upstream 

were a number of potential sites for transcription factor binding including an element 

putatively invoIved in the regdation of the metallothione in gene (MRE, ref. 1 15). 

The foiiowbg is a summary of some ofthe key f m  of the human sequence. Within 

the first exon, the 5' nonCodhg region contaiaed a potential binding site for the 

retinoblastoma gene product (1 18), suggesti~g possible regdation at the translational level 

(102). The mid-part part of the intron wntained a long dyad repeat sequence suggesting 

potential formation of strong secondary structure within the unspliced GOS24 message. Just 

dowastream of the dyad sequence and close to a region of extensive sequeace simïiarity to 

the 5' flank of the gene for human transition protein-l (expressed in haploid spermatozoa, 

ref. 13 1) was a perféct senun response element (SRE), known to be involved in the activation 

of immediate early genes (12). 

The 3' noncoding region dso showed various features of interest Downstream of the 

three ATTTA RNA destabïilization elements in the TA-rich region was located a regdatory 

element (TiTTïGTA) which has been identifid in the 3' UTR of a number of immediate- 

early genes (84,85). A conventional polyadenylation signal was identined 12 nt upstream 

of the site where the cleavage and polyadenylation would occur during 3' end processing of  

the RNA. 

Distinctions between three groups ut the protein level 

Alignment of the GOS24derived protein sequence with derived sequences of the other 

rodent protek (Table 3-1) is shown in Fig. 3-6. AU six proteins had cysteine- and histidine- 
- 
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Figure 3-6. GOSU Exon-intn,n orgniPtion; major mot&, hydropathy plot, and 
crlculated structure of deriired protein; comprima of a 2 4  protein sequence rrith 
those of reiateà dent  sequences .id with puail ~ e n c u  Bw other proteins. 
Upper- Relative positions of Xbo 1 restriction site, exons (striped boxes), and coding region. 
Motifs r e f d  to are tetraproline repeats (4P), a serine-phenylalanine domain (SFS), 
cysteine- and histidine~~~ntaining pce~umed zinc-b'mding regions (CCCH), a serine-nch 
region (S), and an arginheantaining element (R). Middle. The hydropathy plot was 
calcuiated usuig an interval of6 amino acids by the metbod of Kyte and Doolittie (see ref 
69). Structural ptedictions were calculateci by the methoâ of Chou and Fasman (1978, ref. 
148). Lower. A i i g ~ ~ e n t  ofderiveci protein sequences ofmembers of the GOS24related gcm 
famiiy (group members and GeoBariL deSignations show at le& Gaps (dashes) were 
introduced to maxhize the alignment The initial aiignment (GENAGGN pmgram) was 
adjusted m a n d y  to emphasize regions ofcorzesp~lldence bcpveen a i i  six proteins. Shaded 
regions indicate identity between 5 or more residues at a particuIar position. The intron 
position is marked with a triangie. The motifS described in the upper part of the figure are 
narned imrnediately above the GUS24 protein sequence- Dashes in the intemrpted anow 
indicates amho acid identities between the two cysteine and histidine-containing repeats. 
The results ofa database similady search with the W 2 4  ~eque~lce are presented above the 
sequence with amino acid identifies in uppercase Lettering. The sequences correspond to: 
mouse rel-B (149), yeast mei2 (150), Epstein-Barr virus N6 (EBV-Ng; 151). the product of 
herpes simplex virus 1 immediate-early gene 175 (HSV-IEI 75; 129), human p53 oncogene 
product (152), human papilioma Wus 5 protein (153) RNA polymerase II, large subunit, 
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rich (CXIcX,CX3H) repeats corresponding to putative zinc-binding domains (7); they also 

had a serine- and phenyIataninecontaining "SFS" domain. in the original paper (2), we 

reported that the sequence ofthe group 3 protein, TLTIId, diffiered considerably fiom those 

of  the 0th five proteinS. In fiact, the murine sequence of 27S21& as origindy reporte& has 

been recently suggested as bekg an aberrant protein with an amino-terminai tnincation, 

which dm contains a singie base pair addition at the Cazboxyl-terminus tesulting in a fiame 

shift in this region. (167; see Table 4-1 for details). Based on these data it is now believed 

that TIS 1 1 b and TIS l Id are very similar proteins. The analysis which follows was also based 

on the originally nported sequences. Group 1 proteins had three tetraprolioe sequences 

(PPPPG) in simüar positions; the third tetraproline sequence was matched partially in the 

group 2 and 3 proteins. Neat the carboxyl terminus, proteins of groups 1 and 2 had a 

conserved serine-rich region and an mghinecontainhg element. 

Potentiaf protein  structura^ features 

The putative zinc-hger repeats o f  ihe GOS24 protein were flanked by relatively 

hydrophobic regions and were separated by a hydrophyllic region containing basic amino 

acids (Fig. 3-6). The hydrophobic amino terminus (exon 1 and the first part of exon 2) 

showed a propensity to fomi an a-helical structure (148); helical wheel analysis of the first 

1 8 amino acids showed a tendency for hydropho bic amino acids to localize on one face of 

the helix. A similar arnphipathic tendency was noted in the case of the potential a-helical 

region between the two potential hger  domains. Codon preference analysis (69) showed 



a clustering of least preferred codons in a region h m  the fïrst tettaproline sequence to the 

middle of the first putative zinc-binding domaia 

Protein database searches 

By searchg the ProSite databe, it was found îhaî there were severel potential sites 

for phosphorylation by protein kinases A and C and by d e  kinase II (not show in Fig. 

3-6; 168). A search of the SwissProt and GenPept dabbases revealed regions of sequence 

similarity to a variety of protek, many of which are localized to the nucleus and involved 

in transcription and RNA pn>cessing. These included Vanous regions with similarity to parts 

of the large subunit of eukaryotic RNA polymerase II, which wntains, in its carboxyl- 

temiinal domah, repeats of a seven-amino-acid sequence that is a potentiai target of the 

mammalian equivalent of the yeast ceii cycle control kinase cdc2 (154) and of a DNA- 

dependent protein kinase (169). A sequence closely resembling the cdc2 target site 

(YSPTSPT) was found in a i l  t h e  group 1 family members (PSPTSPT). Near the amino 

terminus of the protein were two regions showing m n g  simüarity to a yeast nuclear RNA- 

binding protein that is involved in cornmitment to meiosis (mei2; r d  150). 

Expression in E. coli of recombinant histidinetagged proteins 

SpecifIc induction of an 35S-labelled recombinant histidine-tagged O S 2 4  protein, 

(His),,,-GOS24, in E. coiï ceus was indicated by the IPTG-dependent increase of a 42 kDa 

band when 

(Fig. 3-7a). 

inclusion body pellets were analysed on Coomassie-stained SDSRAGE gels 

Detectable levels of this species were not seen in soluble ce11 lysates. 
- 
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Figure 3-7. Expressiorn in E 4 and purification of recombinant (Eis),&ûS24 under 
denahuiag conditions. (a) Metaboiidy-labelled badaisl ceiis traasfonned with pET19b 
expression vector contaiiiiiig GûS24 fidl codiag secpence in either the p p e r  (ûûS2eHIS) 
or inverse (GûS24HISo)  orientation were tnaled with wam (0) or IPTG (+) for 3 hr at 
3 7 OC, lysed by sonication and the solable (S) d inciusion body pellet (P) fiactions were 
aoalysed by SDSRAGE d Coomassie stahbq. (b) Gd co~esp0ndbg to upper pane1 was 
fixed, dried and d y s e d  by 8~t0fluorography. (c) Inclusion body pellet &actions containuig 
(His),,,-ûûS24 were solubilizsd in 6M mes, purifieci using denahnng Ni*-chelate 
chromatography and hctions eluted h m  the min with 500 mM imidazole weïe assayed 
for purity on Coomassie brilliant blue-stained gels. 





identification of this species in the pellet, but not soluble Lysate nattions fiam metaboLidy- 

labelled ceils, suggested its expression as an imppetly folded @es in this system (Fig. 

3-7b). Decteasing the gn,wth temperature to as low as 22*C in the presence or absence of 

10 pM Zn", in the growth medium did not appreciably increase the proportion of soluble 

(His),,-GûS24 protein (data not shom). Tel& of 4Opg purifïed soluble proteinflitre 

culture were obtained h m  the soluble hction after Ni*chelate chromatography, as 

estimated by Westem blotting of SDSlPAGE gels (data not shown) using anti-Nup475 

antisera JH6O ('7). Recovery of inclusion body-1- protein using Ni*-bomd resin under 

denahiring buffer conditions, yielded 10-12 mg (Hi~),,-Gos2~ proteidlitre culture. This 

protein was judged as > 60 % pure by Coomassie brilliant blue staining of SDSIPAGE gels 

(Fig. 3-7c). Subsequent Western bloning studies suggested that the majority of lower 

molecuiar weight species were breakdown products rather than contaminating proteins. 

However, its utility in fitactional assays was severely compromised by the fact that it did not 

refold efficiently when subjected to either d d g  steps of denaturant during dialysis, or 

immobiihtion to Ni*-chelate resin and slow refoldiog in decreasing denahirant 

concentration gradient, or quick refolding in a diiute solution by dropwise addition into large 

volume of buffer. On the assumption that a d e r  polypeptide containiag the putative zinc- 

binding features (CCCH domain) would be expressed more efficiently, yet still maintain 

demonstrable aflïnity for a target nucleic acid sequence, we expressed this domain as well. 

As in the case of the full-length protein, this protein, desigaated (His),,-GOS24ZF, was 

found predominantly in the inclusion body fiaction (data not shown). Denahiring Ni"- 

chelate e t y  chromatography produced a protein which was >70 % pure as judged by 
a 
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Coomassie btilliant blue staining (Fig. 3-8a). Refolding of &lis),,-GûS24ZF by dropwise 

addition into 20 voIumes ofbimding bUner and subsequent concentration of soluble protein 

on Ni'c-chelate resh yieided 3.5 rnglütre cuitute of a protein with > 85% purity (Fig. 3-8b). 

Since the apparent s& of this protein on SDSFAGE (15 Da) was larger than its predicted 

mass (12.6 kDa), its pmper expression was v d e d  by mass spectrophotometry (Fig. 3-8c). 

Recombikmt (His),~S24ficlZ-Zength dzinc-finger &main lack in vitro double-stranded 

DNA-binding ucrntity 

As there has been no published report of a specifïc DNA-binding element for 00S24 or 

related M y  members, we attempted to demonstrate its DNA-binding activity through its 

ability to shift the gel mobilïty of members of a library of randomly generated double- 

stranded DNA species (1 70). P u . e d  soluble (His) ,,-as24 and (His) ,,-GOS24ZF were 

combined with a randomly-generated Li'brary of '?-labelled double-stranded DNA probes 

and protein-DNA complexes were separated on nondenaturing polyacrylamide gels. A 

representative experiment is shown in Fig. 3-9. Using binding conditions containing Zn", 

no detectable interaction between BSA wntn,ls or either ûûS24 protein were observed. By 

contrast in positive control samples containing Epstein Barr Virus Nuclear Antigen (EBNA; 

2 pg), we detected evidence of at least two protein-DNA complexes. 

DISCUSSION 

The switch fiom the quiescent Go phase to the G, phase of the ce11 cycle is an important 

ce11 cycle control point Disordered expression of the gens involved could result in - 
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Figure 3-8. Pprihatiott lad Mw Spcctrognphic -sis of monbinant (His),*- 
GOS24ZF. (a). Analysis of (His),,,-GûS24ZF pdcatioa h m  inciusion body Met. Details 
are as in lower panel of k (b) Fractions containhg eluted (His),,,-ûOS24ZF h m  daLaturiag 
coIumn in (a) wem pooled and refoldeâ by dropwise addition into nondenabming binding 
buffer. Soluble refoIded protein was concentrated ushg NiH-chelate chromstngmphy and 
protein M o n s  eluted in nomhmîmbg bindhg buffer containhg 500 mM imidazole, were 
collected and anaiysed by SDS/PAGE and mass spectrophotometry (c). 



GOS24ZF-HIS WRlFlED USING IMAC UNDER (b) PURIFICATION OF REFOLOEO GOS24ZFwHIS 
(a) DENATURING CONDITIONS USING NON-DENATURING IMAC 



Figure 3-9. Mobllity SM uriys  to msem in viao DNA-bindhg activity of 
recombinant ~),,,-GOS24 and @ % S ) ~ , ~ S ~ ~ Z ; F  pmttiiw. Extracts containing no 
protein (-), EBNA (1 pg), or purifid recombinant proteins (His),,,-GûS24 (- 25 ng; as 
estimated by Westem blotti@ a d  (His),,,-GûS242F (1.5 pg) were combined with 3SP- 
labelled oligonuc1eotides (1 ng; IV cpm) h m  a DNA binâing-site selection h i .  Protein- 
DNA complexes separaîed on an 8 % polyacrylimide gels and anaiysed by autoradiography 
(72 hr exposure at - 70°C with inte&@hg screens). Protein-bound and fiee complexes are 
indicated by mws at the appropnate band. 
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unregdateci proliferation; thus, they may prove to be oncogenes. The switch has been 

studied both in lymphocytes, which are naturally anested in Go, and in various rodent ce11 

lines that have been artiflcially arrested by semm deqxivaîio~ In these systems screeaiag 

of cDNA h i e s  by diffbmüai cDNA hybridinition has brought to light an intriguing cast 

of molecuiar players with a variety of roles, many of them transcnptiod (1, 1 1, 12,77). 

Thus, in our analysis of W S B  we were particuiarly interested in relationships to known 

traoscnptiotl factors, oncogenes, and latent viruses. 

Studies of the d e n t  group 1 homologs ofGOS24 suggest a t d p t i o n a l  d e .  The 

mtuine protein is basic, has cysteine and histidine-rich regionsLISwith the potential to form 

zinc-finger structures, and appears transientiy in nuclei foilowing semm stimulation (7). 

W e  in this work we also observe a number of similarities, at both the protein and gene 

levels, between WS24 and d e n t  genes involved in transcription regdation (Figs. 3-5 and 

3 9 ,  the apparent lack of DNA-binding activity within the recombinant zinc-fhger domains 

(Fig. 3-9) may suggest an alternative growth-related role for this protein. In the absence of 

a biological fiinction for GOS24 and the related f d y  of proteins, it remains to be 

determineci whether the absence of DNA-binding of the recombinant proteins reflects a 

technical aspect of the in vitro assay (Le. presence of N-terminal His-tag, improper folding 

of the proteins, or lack of accessory bhding factors required for DNA-binding) or 

alternatively predicts a different (non DNA-binding) mle for this protein. 

In this regard, it is interesthg that GOS24 also shows similarity, within its CCCH and 

proline-nch domalliç, to a number of RNA pmcessing proteins (see Chapter 4 Table 4-1 and 

4-2) including human U2AF35 and snRNP proteins (161, 171) and the Drosophila 

94 



suppressor of sable protein (172). In addition, we have observed recunent similarities with 

the large subunit of RNA p l  II, especiaiiy within pline-rich domaios, which are ofkn 

involved in protein-protein interactions. Such regions of sequence similarity suggest a 

common evolutionary or@n and fimction. W e  therefore, that the tererrent finding 

of sequences associated with perticuiar genes (e-g., the gme encoding RNA polymerase II) 

are imlikely to be incidental. 

GOS24-telated gens fd into three groups in mammalian systems flable 3-1). Criteria 

for distinction between the rmmmaiian groups at the protein level readily became apparent 

fiom the alignrnent show in Fig. 3 6 .  Thus, possession of thiee tetraproline repeats is a 

distinguishing characteristic of group 1. In addition to the human group 1 mRNA product 

(2.2-2.4 kb major species on Northem blots), a 3.0-kb RNA was noted (Figure 3-la). 

Although, hybridization with an intron-specinc probe suggested that this might be an 

unspliced precursor, our inability to connmi this using RT-PCR suggested that this species 

rnay correspond to a 3.0 kb group 2 mRNk Faht bands on DNA blots (Fig. 3-lb) are 

consistent with at least two gene groups king represented in humans. From polymerase 

chain reaction (PCR) amplification studies, Varnum and CO-workers (1 99 1, cet 94) have 

concludeci that al1 three groups are represented in human DNA. Recently, this result was 

confimeci by the discovery of ERF-1 and ERF-2 cDNAs, whose predicted proteins encode 

the human group 2 and 3 f d y  memben (1 73,174). 

ûriginally, it was predicted that GOS24AFmight represent another yet uncharacterized 

member of the GOS24related family of genes. The genomic Southem blotting and EST 

search data, however, are consistent with it king a chimeric sequence, composed of two 
- 
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geneticaiiy independent RNA species. Although we cannot d e  out the possibility that this 

unusual clone was generated in vivo by an musual RT primïng event, a more Iürely 

explanation wouid be that it f o d  duhg second shand synthesis based on the 

compiementarity of the two fkst strand pmducts within the joint region. 

The c-on of the m24AF0.7kb seqmce has also dowed the construction 

of what appear to be the complete COdiLlg sequences for a new RNA The EST sequences 

were found to contain numemus ambiguities whkh made accurate cDNA alignment and 

open reading frame analysis impossible without use of the GOS24AF sequence which had 

k e n  rigorously sequenced on both strands. nie àgnifIcance ofthe expression of this mRNA 

in human PBMC cultures wiil await the fuRne hctional characterization of the predicted 

gene pduct,  a protein which bears limiteci similarity to any previously identified proteins 

(GenBank search, Fdl1996). 

For sorne proteins, especiaiiy those with proline-rich domains, the large-scaie production 

of soluble recombinant material ûui be a ciifficuit task (175). Clearly, (His),,-GOS24 falls 

into this category as its fiiu-length forrn is found almost exclusively in the hclusion body- 

containing ceii pellet hction. Often, however, p W e d  proteins solubilized in urea or 

GuSCN may be refolded by removal or dilution of the denaturant. Al1 attempts to refold the 

(His),,GOS24 protein resulted in its precipitation, suggesting that aggregation of 

hydrophobic patches h m  partially folded species was inhiiiting folding dong the proper 

pathway(s). Evidence that regdation of folding pathways might be required in vivo during 

biosynthesis of this protein came fiom our identification of several least preferred human 

codons in the middle of the second exon This might W c e  some pausing during synthesis, 
- 
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perhaps to kilitate folding of the Grst part of the protein, a mechanism which would not be 

present in badezk or refolding conditions. ûûS24 contains regions nch in prohe residues 

(up to 70% in some regions; Figure 36). Thus, the rate limiting step(s) of the folding 

pathway most Wrely involve the isomerization ofpdine residues, a pmcess which is aided 

in vivo by a specifïc enzyme (cis-trans prolyl-isomeiaîe; 176). The propet coordination of 

Zn* within the putative CCCH finger domain may also be an important structural 

requirement for this protein since the alkylation of cysteme residues within this motifwiil 

result in the improper foldhg of the (His),,,-GOS24ZF protein (S. Heximer, mpubiished 

data). 

Many proteins involved in mitogen-dependent signai transduction are Sected by 

kinases and phosphatases (12). Our anaiysis showed that the serine-rich domains in the 

human and murine group 1 proteins contain possible target for various kinases (168). 

Thmefore, it was not surprishg that subsequent studies of the murine protein identifiecl Sepo 

as a preferred site for MAP kinase phosphorylation in vitro (177). Conservation of this site 

between the mouse and human (S@*-Pro-Ser- la) proteins is consistent with our finding 

that (His),,-GOS24 is phosphorylated in vitro by pwified sea star Mm* (S. HeWmer, 

unpublished result). The preferred site is conserveci among the group 1 proteins in 

mammalian species but is not found in those h m  group 2 or 3, suggesting a possible role 

for phosphorylation in the differential regdation of GOS24-related proteins; however, the 

biologicai signiscmce of this modification is still unknown (177). Of fürther interest was 

the potential of this protein product to be regulated by the marnrnalian homolog of a kinase, 



which piays an important role in the contml of the cell cycle of ~cchmomycespombe (cdc2, 

ref, 154). 

A screen of databases for known sites recognized by ttanscription factors revealed a 

varkty of potential ieguiatory sequences, pmviding a guide for futuie investigations. These 

sites were fomcl, not only in the 5' flank, but ais0 in the htron and 3' flank. The extension 

of the CpG island aczoss the Won Vig. 3-4) wouid indicate a strong ev01utionary pressure 

to conserve the intrm sequence and suggests expression in the gem-line as weii as in 

Lymphoid tissue (74). Thk hding may be signincant in light of the developmental-stage 

specinc expression of PIE-I, a CCCH domainantainhg f ~ o r  in C. elegïms (1 78), whose 

expression in germline celis represses expression of genes required for somatic celi 

Merentiation (179). It is dso interesting that a preiimiiian, RT-PCR characterization of 

exon 1 and the 5' end of the intron shows hi& basal expression of these sequences which 

cannot be detected in the middle or 3' end of the intron (see Chapter 4). 

The presence of two potentiai metdiothionein response elements in the 5' fi ank (1 16) 

correlates with the obsenation that mRNA of the group 1 homolog (TISI 1) accumulates in 

mouse fibroblasts treated with heavy metals (1 80, L8 1). However, the elements are not weii 

conserveci in the murine sequence (Fig. 3-5) suggesting that these results might represent a 

stabiiization of the TISI L mRNA at the level of polysome "kezing" (177). Within the 

intron there was a potential senun response factor-binding site that is found in a variety of 

other immediate-early genes, including GM9-1 and GOSI9-2 (L2,84). Sequences in the 

5' UTR and first &on have, in the case of some eariy response genes, been shown to 

contain pausing signals for RNA polymerase II  (c-fos and c-myc; ref. L 82). There is a strong 
a 
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dyad repeat sequence in the fkt intron (Fig. 3-5) which may be involved in a similar 

terminasion mechaniSm for the 00624 gene. In preiimniary RT-PCR snidies. high levels of 

a nuclear RNA species containhg the exonlfmûon junction appear to accumuiate despite the 

absence of RT-PCR signais h m  the middIe or 3' end of the intmn (discussed in detaii in 

Chapter 4). Two other feahaes (clusters of potential regdatory motifs) in the in- were of 

particuiar note. One of these, in a region showhg similazity to an adenovinis-7 promoter 

sequence (123 ), containeci potential sites for AP1, AP3 (120), and the lymphoid tissue 

specisc fâctor hvolved in expression of the oncagene c-fos (1 17). In view of the ability of 

insulin to induce rapidly the expression ofthe murine group 1 homolog of GOS24 (14), it was 

notable that an insulin gew enhancer motifwas also present in the cluster (125). Another 

cluster was in a region showing similady to part of the 5' flank of the human gene encoding 

interleukin-7 (183). This cluster consisteci of sequences which might respond to signals 

generated by way of the T-ceU CM8 and other receptors (133,134). The presence of similar 

sequences in Goa4 wouid imply an ability to respond to the same signais. Understanding 

the d e  of these and as of yet unidentified elernents in the wntrol GOS24 mRNA expression 

will await a footprint anaiysis of the promoter region and the development of a sensitive 

ceproducible assay (such as RT-PCR) which WU dow detection of subtie changes of RNA 

levels in primary cultures of human mononuclear cells. 
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PREFACE 

This finai chapter desxï'bes the use of RT-PCR to chamde&e expression and post- 

transcriptional pocessùig of GOS24 mRNA This manuscript is cumently in preparation for 

submissioa Using the genomic sequence for GûS24 reported in the previous chapter, we 

have designeci assays to study the expression and 3knd pmxssisg of GOSî4 mRNk This 

is the first report of a second CpG island unusually situated downstream of this gene. The 

implications of this region as far as transcription terminaîion is concemed are discussed. 

Furthemore, this study is unusual as it includes kinetic data for a nuclear unprocessed 

GOS24 RNA. Such studies have also lead to the identification of a novel cycloheximide- 

dependent mechanism which resuits in an increase in the level of G û S N  nuclear RNA. 

ABSTRACT 

GOS24 is a member of a set of putative GdG, switch regdatory genes (GOS genes) 

selected by screening libraries prepared Eom human blood mononuclear cells cultured for 

2 hr with lectin and cycloheximide. The protein product of this gene is a member of a f d y  

of putative nuclear proteins containing hKO OC more CXtCX,CX3H zinc-binding repeats. 

Freshly isolated celis contain high levels of GûS24 mRNA which have declined significantly 

after 24 hr incubation in culture medium. Similar responses were observed for FOUGOSI 
- 
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and FOWGOS3 mRNAs, the kinetics of which suggest that the initial high levels Ui b h i y  

explanted ceils are a result of a transient spontcmeotls stimdation during the pudication 

procedure. (4,5, Chapta 2). In cells prrincubated for a day, however, GûS24 mRNA levels 

remain sigdïcantly higher than those for other immediate-early genes. Con-A stimulation 

d i s  in maximum 00S24 mRNA leveis between 1-2 br wnich degease to the same high 

baseiine withm 6 hr. GOS24 mRNA leveis, like those for FOS rnRNA, increase much more 

in response to a protein kinase C actnnitor WA), thaa to a calcium ionophore (ionomycin), 

whereas the opposite is true for FOSB. We suggest that Con-A elevates WS24 mRNA 

mainly on the basis of its ability to activate PKC-dependent signal transduction pathways. 

Several potentid regdatory signals for 3' end pr0assi.g and a CpG island in the immediate 

3' flank of this gene suggest the potential for a strong dovmtream traasciiption termination 

signal. RT-PCR characterization of GOS24 mRNA expression has led to the identification 

and kinetic anaiysis of a nuclear 3' extended processing intermediate d o s e  3' end maps to 

within 1 16 bp of the polyadenylaiion signai. Transiently hi& levels of this RNA species in 

TPA-treated and h h l y  explanted ceils suggest its levels may be dependent on GOS24 

transcription rate. Response of this 3' extended RNA to cyclohexirnide is consistent with 

transcription activation of the GOS24 gene either through the release of transcriptional 

repression nomaiiy mediated by a labile repressor (31) or through a cycloheximide- 

dependent signal transduction mectianism also shown to be similarly involved in FOS gene 

induction (9). The characterization a stable GOS24 RNA species in Actinornycin D-treated 

cells suggests unusual stability of a ûûS24-derived RNA in the absence of de novo 

transcription. - 
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INTRODUCTION 

Unless rdimuiated by specinc dgens, human T-lymphocytes may persist in peripheral 

blood for severai years in a naturaiiy arrested state. The switch of these cells h m  a quiescent 

(Go) state to the 4 phase of the celi cycle is accompanïed by the Merential expression of 

various "immediate early" or Go/Gl switch ("GOS") geaes, which are not dependent on prior 

protein synthesis for theu upreguiation (184). Among the products of such gens are 

cytokines, transcription &tors and other proteins which may be involved in the activation 

process (1 1,3 1). One such protein, GûS24, belongs to a f d y  of proteins containing one 

or more cx8c&cx3H (CCCH) zinc-binding motifs (Tables 4-1 and 4-2; refs. 7, 14, 185). 

Depletion of senmi or senmi  growth factors causes m a m r d h  c d  lines to enter a state 

anaiogous to that of resting lymphocytes, h m  which, on refeeding, they escape into the GI- 

phase of the celi cycle. In this system, the dBierentiai expression of "immediate-early" 

murine homologs of GOSN was obsewed in GO-amsted fibroblasts in respome to senun, 

polypeptide p w t h  factors, and phorbol 12-myristate 13-acefafe (Nirp47.5, reref. 7; TISI 2, ref. 

92; T P ,  ref. 14). 

Although the specinc biological role of GûS24 and the related family of CCCH- 

containing proteins remains unknown, abnomai expression of these factors in lymphoid 

tissues may lead to dysreguiated growth. A cbromosomal translocation (7q35-6p21.3), 

characteristic of an acute human T d  leukemia, hises the CCCH domain-containing amino 

terminus of ERF-2/HUMTlSI ld  to a fiagment of the T-cell receptor p-chain, suggesting a 
- 
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Table 4-1, ALTERNATIVE NOMENCLATURES OF GOS2442ELATED MAMMALIAN GENES 

RNA Protcin 
Group Spccies Originel GenBank si= (amino Ceil Inducing Rcforcnco 

Namo . namo (kb) acids) T Y P ~  Agent 

1 Mousu TISI1 MUSTSf l 2 2  3 19 FIbroblast TPA~cyclohcxhlda (92, 94) 

Tri' MUSTTP4S 2.0 319 Fibroblasi Insullnicyclohcxlmldc (14) 

Nup475 MUSNPGFl 1.8 3 19 Pibroblasi Scnin~/cyclohcxli~iidc (7) 

Rnt TISI/ RA'ITIS 1 1 .- 320 Plitocliroiiiocytorno TPAlgrowiIr faciors (220) 

Hucnan GOS24 HUMGOS24 2,1,2,4 326 Lyniphocyic Lcciiii/cyclohcximido (2) 

7TP HUMTTP 326 Hctn ccll 

Rnt cMGl RATCMGI 3-0 338 Epiihoiinl EGP/cyclolicxliiiida (22 1) 

Human E R W  HSERFl3 3.9 338 Epiiliclial EOFMaBlTPA (1 73,234) 

Berg36 HSBERG36 -- 339 Lung (226) 

3 Mouw TlSIId MSTlSI ID .. 367* Fibroblast .. (94) 

HUMTISl Id HSU07802 3,7 463 ,4925 Plicochromocytoma .. ( 167) 

'Error in original murino nuclcoiidc scqucnca (GcnBank accession nuinbcr MS8564) resultcd in frarnc sliifi and aberrant C-tonnini4 end. Ii har also bccn 
suggcstcd iliat original cDNA scquencc was incomplcic at 5' cnd and thni ille iiiiirlnc proicin contains anoihcr 29 N-icrniinol amino ncids similnr to tlie 
Iiuriinii proicin ( 1  67). 
"ûiffcrciiccs in proicln sizc and scquenccs arc tlrc result of ainbiguous cDNA scqucnces in ihese cloiics (GcnBairk Accession numbeo nre NUMT/S//dl 
U07802; ERF-2, X78992). 

'Predictcd protcin for fusion product crcaicd when frngnicnt fronr chroinosornc 7q35 (T-cell rcccpior p cliaiii) is inscricd into TISI Id gcne at Gp 2 1.3 in a 
paiicnt wiih RCU~C T-ccll Icukcmia, 



Table 4-2. SUMMARY OF OTHER OF CCCHa DOMAIN-CONTAINING GENES. 

- - 

Protein Nunber 
Organisai Original GenBadc (amino Znt2 Reference 

Name Accession acids) Pingers 

Drosophila Clippef' 
me! anogaster Dtis 1 1 ITiscc 1 

Unkempt 
Suppressor (Sa) 

Saccharomyces YTIS11 
cerevisiae 

Schizosaccharomyes zfs 1 + 

pombe 

Caenorhabditis PIE- 1 
elegans 

Respiratory 22K (M2) 
syncytiai virus protein 

'CCCH domains for this group of proteins may Vary in the size of the first knuckie (usually 7-9 amino acids) 
bhomologs for this related group of human proteins have also been identified in mouse, €mit fly and yeast species, 



d e  for this abemmt gene in Ieukemogenesis (167). Sewndly, homoygous deletion of the 

miirine WS24 homologue, î72?/Nup475/TLTllP d t s  in d e d  numbers of mature 

blood c d  types, including B and T lymphocytes, and a corzesponding increase in the 

myeloid cell population (177). These data have l d  to the suggestion that this gene is 

requirrd for the conbol of hem8fOpoeisis at the levei of myeloid ceii development. 

Based on ig nuc1ear iocalizsdion and zinc-binding propaties it was originally predicted 

that this f d y  of pmteias behaved as ûanscriptional activafors (7,14). Subse~uentiy, it was 

shown that mitogenic stimulation resulted in a nuclear to cytoplasmic translocation, 

suggesting a d e  for this protein as a repressor of immediate-eat1y gene expression (1 86). 

However, a sequence-specinc DNA- or RNA-binding activity for this class of mammalian 

CCCH-containing proteins has yet to be de~~n'bed. 

Similar CCCH domaias have also been identifieci in proteins h m  a wide range of lower 

e-otic species and RNA viruses suggestùig an ancient ongin for this motif (Table 4-2). 

Gews encoding CCCH-containing proteins in Sc~os~~~charomycespornbe (&id+, ref. 187) 

and Saccharomyces cerevisiae (YTIS 1 1, ref. 188) show increased mRNA expression upon 

nitrogen starvation and may be required for entry into stationary phase, a unique 

developmental branch of the proMeration cycle (189). Expression of a similar CCCH 

domain-containhg protein in C. elegans, PIE-1, is required by germlïne cells and 

blastomeres untii the four-ceU stage of embryogenesis for the specific repression of genes 

involved in somatic ce11 development (1 78). 

Recent data h m  these systems suggests CCCH-containhg proteins may act at the level 

of RNA processing. The Clipper (CLP) protein in Drosophlu meimogaster bas been shown 
- 
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to act as a double-strmded RNAse capable of the noiispecinc degradation of RNA hairpin 

structures (8) This activity wes shown to be dependent on a region of this protein containhg 

five C X f , w  motifs. The S. ponibe homolog of GOS24% (zfsl') was identifid on the 

bais  of its ability to suppress meiotic inhibition caused by the overexpression of pacl+, a 

ninuclease iII-iike doublestranded RNAase (187). 

We have developed a s d v e  cornpetitive RT-PCR assay to study the kinetics of 

expression and nuclear pocessing of GOSN mRNA in human blood mononuclear celis. In 

particdar, we were interested in the site of ûanscription texmination since genomic sequence 

in the Mmediate 3' flank of this gene contains a CpG-rïch island, which is highly musual. 

RT-PCR studies in the region do- of the GOS24 gene were used to map the 3' end 

of the transcription unit and to characterize the expression kinetics of a GOS24 3' extended 

RNA. The increase in levels of this unprocessed RNA species correlate strongly with the 

expected activity of the W S . 4  pmmoter and thus its hcrease in cyclohexhïde-treated cells 

suggest the possibility of a nuclear cycloheximidedependent mechanism for activation of 

GOS24 transcription. 

MATERIALS AND METHODS 

Cells and culrure conditions 

CeU purification and cultute conditions were essentially as described previously (2,4, 

5; Chapters 2 and 3). 



Purification of eyfplasmic rmd nuclear RNA fiacrions 

AU procedures during cytoplasmic RNA prepamtion (modifieci firom 55) were carrieci 

out at 4'C. Brieflyy celis in culture were washed tbtee times in phosphate buffèred saline 

(PBS) p h  to remspmion with gentle vortexing in lysis M e r  (10 mM Tris-Cl, pH 8.6, 

0.14 M NaCI, 15 mM MgCi, 1 m M  Dm, 0.5% NP40) containing 1 U/p1 RNAsin 

r i i c l e a s e  inhi'bitor (Promega, Madison, WZ). Samples wiue kept at 4 OC for 5 min before 

nuclei and cell debris were peileted by centrifugation at 12ûûû x g for 4 min The supernatant 

hction containing cytoplasmic RNA was prcipitated using 1 volume of isopropanol and 

the pilets were imrnediately solubili7pA by vortexing in 1 ml of Trizol Reagent (Gibcoy Life 

Technologies, Gaithersburgy MD). Nuclei pellets w m  washed twice in lysis b a e r  and 

solubiiîzed in Trizol ceagent RNA h m  the cytoplasmic and nuciear hctions was isolated 

h m  T h 1  lysates as described pteviously (4). Punned nuclear and cytoplasmic fractions 

were made up in equal volumes of dpc-treated water for ~ p h o t o m e t r i c  quanttalion. As 

velds of nuclear RNA were routinely < 10 % those for cytoplasmic RNA they were below 

the Limits of spectrophotometric detection. Thus, direct cornparison of RNA levels in the two 

comparhnents were carried out using equal proportions of the total nuclear and total 

cytoplasmic RNA. 

Polymerme chah reaction profiles and mRNA unalysis by cornpetitive RT-PCR 

Moloney murine Ieukaemia virus reverse transcriptase was obtained nom Life 

Technologies. Themus a q u a t i ~ ~ ~ ~  thermostable DNA polymerase (Taq) was obtained fiom 

Sangon Ltd, Scarborough, Ontario. Cornpetitive RT-PCR assays of mRNAs were canied 
- 
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out as descri'bed (4,5, Chapter 2). Total RNA (125-500 ng) fiom each sample of cultured 

celis was reverse tnmsaibed uPing a ~equeace-specinc primer (sequences listed in Table 4- 

3). EquaL aliquots h m  each reverse tnmsrriptase reaction mixture (containing cDNA 

comqmnding to 5.240.4 ng of total RNA) were combined with a fixed number of 

moledes of cDNA wnttols (see below), and were then coamplined and the products 

identifieci by agarose gel electrophoresis with etbidium bmmide. This generated a kinetic 

profile for the experiment, which is displayed in most figures. Based on the intensity of 

ethidium staining in the above profile assay, a range of two-fold concentrations of wntrol 

cDNA plasmid was seleded for each cDNA sample, aiid the PCR was repeated to quantitate 

more precisely the level of cDNA (4, 5, 60, Chapter 2). Since we were wncemed with 

relative changes in mRNA levels, rather than with absolute quantities, there were no controls 

for the efficiency of reverse tranmïption (62). For each set of conditions analysed, results 

are representative of three independent experiments. It was assumeci tbat this efficiency 

would vary randomly and to approximately the same extent with different RNA samples. In 

cases where it was important to compare absolute G W 4  and RGS-2/GOS8 mRNA levels, 

cornpetitive cRNA analysis was d Two-fold dilutions ofa cRNA template were added 

to equal aliquots of totai RNA @or to the teverse transCnptase siep, and the teSuLting cDNA 

products were then coamplified as described above. 

Semi-quantitative analysis of polyadenylated GOS24 mRNA were camed out as 

described above except that annealhg temperatures of 47'C were used (upstr~am primer, 5'- 

CAAACCCCACCCATAAATCAATCc-3'; downstream primer, 5'-(dT) ,,ACACTC-3'), 

RNA samples were reverse transcribed using oligo (dT),, primer, and equal aliquots of 
& 
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reverse transctiptase d o n  morhrre (contiiining cDNA corresponding to 25 ng of total 

RNA) were ampiïfied in the absence of competaorC Kinetic profiles were photographed and 

densitometric rneasorements of band intensities on the negatives were made using the 

Molecdar Dynamics Image Quant v3.3 scanning package. 

Preparatî'on of controIplamridr for competitnte PCR anahsis of WS24 Jr-exteded RNA 

and WS24 m W A  

Control constnicts used for cornpetitive RT-PCR analysis of GOS &As were made 

as d e s c r i i  previously (5, Chapter 2)). For the GOS24 3' extended RNA an 830 bp S m  1-Pvu 

II genomic fiagrnent containing the region danlcing the polyadenylation signal was inserted 

into the EcoRV site of pBR322. 'Lhis was digested withX13a 1 (a unique site in the genomic 

fkgment), blunt ends were genetated using Klenow large m e n t ,  and an approximately 

LOO bp exogenous Alu 1-cut DNA hgment was inserted PCR primers flanked this site. 

Insertion of the exogenous DNA fiagrnent slightly decreased the mobility of the PCR 

pduct.  

GOS24 und RGW/GOS8peczjic CRNA synîhesis 

To prepare GûS8 control RNA (CRNA), a 2 kb Nco 1 m e n t  fiom the RGS2/GûS8 

control cDNA sequence (5, Chapter 2) was inserted into Nco 1-digested PET-19b plasmid 

vector (Novagen, Mar-, Ont-), dow~lsffeam of the T7 promoter. GOS8 cRNA was 

generated in vitro fiom this BamHI-digested plasmid vector. GOS24 CRNA was made 

simiiarly h m  Hind III-digesteci pT7-7 cGûS24 (contd plasmid; ref 5, Chapter 2). Briefly, 
- 
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20 U T7 RNA polymerase was added to 2 pg of Illiearized plasmid in LOO pL transcription 

bunér (40 mM Tris-Cl, pH75 6 mM MgC12r 10 mMNaCl, 10 mM Dm, 2 m M  sperxnidine, 

0.5 mM each rNTP) containing 90 U RNAsin (Promega). After incubation (40°C, 90 min) 

samples were treated wit6 RNAse-fCee DNAse 1 and prrpared for analysis using methods 

described pteviously for toîai RNA samples (4, Cbapta 2). RNA fields were detemineci 

spectrophotometridy (0.D.d. Integrity of in vüro traMapts was checked by addition of 

3 volumes of sampfe bdEa (65% formamide, 8.4% fonnaldehyde, 30 m M  MOPS, pH 7,6S 

rnM NaAc, 0.6 m .  EDTA), heating to 6S°C for 10 minutes and separation by 

electrophoresis on 1 % agame gels. 

Sequencing andsequence anaiysis 

Upper strand secpence corzesponding to cDNA and genomic regions downstream of the 

GW24 gene were obtained by the dideoxy chah tennination method ushg Sequenase or 

autornated sequence (Core Facilityy QueenYs University). Database searches were carried out 

as describeci previously (2, Chapter 3), except that onüne BLAST searches were carrieci out 

through the services of the National Centre for Biotechnology Inforniaton at the National 

Institutes of Health, Washington (69). 

In vitro trunsIation of hïlF-I 

RNA was prepared by in vitro transcription h m  Nco 1-ünearized pRSETB plasrnid 

containing the carboxyl terminal 348 amino acids of human TïF-1, as described previously. 

In vitro translation fiom hTTF-i cRNA was carried out in 50 pl volume containing 4 pg 
- 
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uncapped RNA, 35 fl rabbit reticulocyte lysate (Promega), 30 U RNAsin, 20 p M  each 

amiw acid (minus methionine), and 40 pCi ~*S]methionhe. Reacfions were incubated at 

30 OC for 60 min, divided into 10 pi aliquots and storeci at -70°C. 

DNA mobüity shifi ussays 

Mobiiity shifts were performed esseniiaiîy as describeci previousiy (190). Briefly, the 

d o n  mixnnes (25 pi) contained 2 pi of reticulocyte lysate mixture containhg hTTF-1 or 

luciferase wntrol protein (Pmmega), 7.5 ho1 of double-stranded 32P- labelled 48 bp 

oligonucleotides (human Sa1 box, 

S'-CCCGGGATTCCGCAGGGTCGACCAWAGM~GCGACCCCGGGATC-3'; 

GOS24 Sa1 box-like, 

S'-GGGACCAGGTGAGGTCACCAGATGGGAACCGGCAGTTAACTCTTCCTC-3') 

binding bder (12 m M  Tris-HC1, pH 8.0,100 mM KCI, 5 m M  MgCI, 0.1 M EDTA, 0.5 

mM DTT, 8 % giycerol), and 2 pg poly (dIaC). After incubation for 15 min at 30°C, 

protein-DNA complexes were qxmkd on nondenatirring 8 % polyacrylamide gels, which 

were dried and d y s e d  by autoradiography a k r  48 hr, -70°C 6 t h  intensifying screens. 

High levels of GOSB mRNA in fieshly explanted andpreincuba~ed cells in culhue 

Mononuclear ceils were prepand h m  human blood and cultured in autologous serum 

and RPMI 1640 medium. RNA levels were detennined imrnediately, or after culture for 24 
- 
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hr. On the assumption that the efficiency of reverse transcription is similar for different 

mRNAs (see Methods), the level of WS24 mRNA in W y  explanted cells (515*166 

molecuies/pg RNA) was much higher than îhaî of all of the other GOS genes cable 2-1). As 

d a c n i  previously (4,5, Chaptei 2), these genes couid be grouped into two classes on the 

basis of the change in their mRNA levels during the preincubation p e r i d  WS24, 

GOS8lRG.2 and FOS-Rated genes (GOS3, GOSI) show bigh mRNA levels in fkshly 

isolated ceils, which decrease upon incubation. In contrast, levels for the chemokine 

MIPldGOS19 and RGSI/BL34/IR020 are relatively low in h h l y  explanted cells and 

increase during 24 hr culture. GOS24 mRNA levels after 24 hr incubation (107k42 

molecules(pg RNA) are signifïcantly higher bG.05 in pairWise cornparison) than the other 

mRNAs of the same class. 

To assess ifthe higher levels of GOS24 mRNA relative to other GUS gene mRNAs could 

be explained by greater RT-PCR efficiency we compared absolute wS24 and GOS8 mRNA 

levels using a cornpetitive CRNA technique (see Methods). Usbg cRNA data, relative 

ciifferences between the baseline levels of GOS8 and GOS24 mRNA in neshly explanted 

cultures (17.2-fold) and in preincubated cultures (67-fold), were simüar to those obtained by 

the standard technique (20.2- and 42.8-fold respectively). These data are consistent with a 

high absolute level of GOS24 mRNA in these cells, rather than difEierentia.1 reverse 

transcriptase efficiency for different mRNAs. 



GOS &A responses to Con-A depend on preincubation time 

High leveis of W S  mRNAs in UDStllnuiated h h l y  explmted cells (Table 2-1) are 

interpreted as resuiting hm spontaneous stimulation of these ceiis during the isolation 

procedure (4, Chapter 2). Fig. 4-1 shows the e f f i  of preincubation period on the response 

to ConA The high leveis of GOS24 and FOS mRNAs in b h i y  isolateci cells make it 

dficult to detamine a q n s e  to Con-A at this the (Figs. 4-la,e,ef; ref. 4, Chapter 2). In 

preincubated cells, however, levels in control cultures are constant and sigdïcaut transient 

responses to Con-A are observed (Figs.4-lc,g,h). Fig. 4 4 b  and d show the slower kinetics 

of the MIPl  dGOSI9 mRNA response. 

A detailed kinetic analysis of the responses to Con-A after 24 hr preincubation are 

shown in Fig. 4-2. At this time, initial GOS24 mRNA levels are stiU high (Table 2-l), and 

increase to a maximum between 1 and 2 bt following Con-A addition FOWGOS7 and 

FOSB/GOS3 mRNA levels start much lower (FOSB is often undetectable) and increase to 

maximum levels within 20 and 40 min (Fig. 4-2c,d, r d  4). Levels of al1 three of these 

mRNAs have retunied to their onginai levels by 6 hr. In plonged culture, GOS24 RNA 

levels in conttol and Con-A-stimulated cultures are maintained at higher levels than those 

for FOS and FOSB (up to 48 hr pst-stimulus, see p i c m  insert correspondhg to Figs. 4- 

2c,d). MIPIdGOSI9 mRNA levels in<xease with slightiy las  rapid kinetics but are 

maintaineci at hi& levels util at least 6 hr foliowing Con-A treatment Vig. 4-2b). 



Figure 4-1. RT-PCR asmy of the m p w e  to Con-A of mRNA l u e h  of OBSU, FOS- 
reiated genes and M P I m I 9  in kddy isohted cc% (% b& or edb prriiicubated 
for 24 Lr (c,d,g,h). Srnail Wed symbois rrfa to cultures contaiuing Con-A. Large open 
symbols refer to cultures without ConA At O min, cultures (2.5 ml with appximate!ly 2 
x IO6 celld ml) were treated with 200 pl of either Con-A soiution (finai concentration 200 
&ml) or water (controis). At the indicaîed times total RNA was ppd, and aliquots 
taken for RT-PCR assay. The photographs in the uppa part of the figure show ethidium 
bromide-stained PCR products separated by agarose gel eiecîmphoresis. Upper bands are 
derived fkomfàed concentrations of wntrol plasmids containkg the appropriate cDNAs 
with mail inserts to decrease electmphoretic mobiiity (4, 5, Chapter 2). These were 
coamplined with the correspondhg reverse transcriptasegenetafed cDNAs whose 
concentrations Vary dependhg on the RNA sample of origin (lower bands). A given RNA 
sample was used for measurement of all mRNAs. The graphs show the results of 
coamplincation of fixed quantities of reverse transcriptase-generated cDNAs with varying 
quantities of control plasrnids whose concentration range was seiected to include a 
concentration where molecules of plasmid cDNA wouid compte on a one-- basis with 
molecules of reverse transcriptase products. For each data point, intensities of pairs of 
ethidium bromide-stauied bands were cornpared to quantitate the reverse transcriptase- 
generated cDNA (60). Data for : WS24 are in (a) and @); lMIPIdGOSI9 are in (b) and (d); 
FûS/GOS7 are in (e) and (g); and FOSB/GOS3 are in (f) and @). Plots for mRNA levels in 
freshly explanteci and preincubated celis are shown as dotted and solid lines respectively. The 
ordinate scale gives concentrations of mRNA assurning 100% efficiency of reverse 
transcription. 
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Figure 4-2. Changes ia mRNA leveis in preincubated ceb  in msponse to Con-A for 
GUS24 (a) and M P I  &Bl9 @), F m  (c), and FOSB (d). Details are as in Fig. 4-1. 
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Changes in GOSgene RNA Ieveis in response to TPA and iononycin 

Fig. 4-3 shows the changes in WS'# and FOSWGOS3 mRNA levels in response to TPA 

and ionomycin, either added alone or in combination, to preincubated cultures. As expected 

nom the natne given to the rodent homolog ('7PA ntducible gene I I .  I ï S l I ;  r d  77)GOS24 

mRNA levels inctea~e strongly in response to TPA treatment (Fig. 4-3a; ref. 5). Weaker 

respom are observai for the calcium ionophore, ionomych In a series of 3 experiments, 

ceils treated 1 hr with both compounds, GOS24 mRNA levels (354 * 71 molecules/pg RNA) 

are increased to a similar degree as those in celis treated with TPA done (425 * O 

molecules/pg RNA). However, if an eadier time point is examined (30 min) a modest 

superinduction of WS24 mRNA levels is observed in ionomycin/TPA-treated cells (1 133 

k 283 moleculedpg RNA compared to cells treated with TPA alone (625 + 125 

molecules/pg EWA). Absolute increases in GOS24 mRNA levels in cells treated either with 

TPA alone or with TPA and ionomycin are comparable to those observed in Con-A-treated 

cultures. Similar TPAdependent responses were observed for FOSmRNA (data not shown). 

In con- FOSBGUS3 mRNA levels appear highly sensitive to changes in intracelldar 

calcium levels (Fig. 4-3 b, ref 5, Chapter 2) md respond weakly to TPA alone. 

Unt(suu1 CpG island in 3 ' j l r k  of the GOS24 gene 

Consistent with expression in the germline, the promoter and coding sequences of the 

human GOS24 gene contain islands rich in CpG dinucieotides (2). Fig. 4-4 shows the 

sequence at the 3' end of the GOS24 gene, including -800 bp of recently characterized 

sequence in the 3' flank The sequence in this region sequence was also found to contain a 
- 
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Figure 4-3. Response to TPA and the calcium ionophorr, ionomycin, of GarU (a) and 
FOSB (b) iiRNA IeveIs in preincubited edla Photograpbs (upper) show expression 
profiles for cultures with DMSO oontmb (Isnw 1,5,9, and 13), 1 0  n M  TPA alone in 
DMSO (ianes 2,6, 10, 14), 2 ionomycin aione in DMSO @mes 3,7,11, and 15), or a 
combination of TPA and ionomycin in dimethy1sulfoxide PMSO; Iams 4,8,12, and 16). 
Cot~esponding graphs (Iower) show the mRNA levels determmed irSmg the cornpetitive RT- 
PCR assay, for cultures trerited with DMSO wnûok (open symbols), TPA aione (da& 
shaded symboIs), ionomycin alone (light shaded symbols), or TPA and ionomycin (Wed 
symbols). Other details axe as in Fig. 4-1. 
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Figure 4-4. Seqaence of the GarU 3' fluiL region. Numbering is relative to either the 
end of exon two (reft c01umn), or the nrst base of the previousiy reported B a  3.1 kb 
Sagrnent containhg the GOS24 gene (GenBaak accession number M92W. right culumn). 
Upper case lettering indicates the exonic sequence. CpG dinuclmtides are shown in bold 
type and are undaüned Eiernents potentially involveci in 3' proccssing/termination are 
shaded auci named above the s#lueaces to &ch they tefér, These are: U4ch elernent (191), 
a Sai-box-like sequence (190), and 5' donor splice site. Regions of simïiarity with rRNA 
origin of -on (193) are named as such. Ln di cases, minmatches are shown as gaps 
in the underiining beneath the motif m e .  Both strands were ~equetlced to nt 32 (relative to 
cIeavage/po1yadenyIation site, r d  2). For the niial 787 nt ody the upper (mRNA 
synonymous) strand was sequenced. 
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CpG island (Fig. 44, upper paner). Since such feanires are d y  found at the St end of their 

associated genes, this suggested either the praence of another gene, or an i m p o ~ t  

regdatory domah in the immediate dowIistieam region- 

Aiso downstmam (60 nt) of the last exon was a U-rîch sequence (UUUUUG) which, 

in the case of maay epkaryotic genes, is involveci in efficient transcription termination and 

3' end processing (19 1; for mriew see 192). No additional polyadenylation signals were 

found in this region and BLAST searches of the GenBank dahbase (September 1996) found 

no simiiarities in this region to previously identified expressed sequence tags (ESTs). The 

3' flank of the WS24 gene, however, contains two regions which show sigaificant similarity 

to the site of transcription initiation of human ribosornal RNA genes (Fig. 44). The spacing 

between these regions is simila. to that observed in a nomial rRNA gene supporthg the 

notion that these regions are derived h m  an rRNA gene. Also within this region was located 

a sequence element (Y-AGGTCACCAGAT-3') which closely resembles the Sa1 box 

transcription terminaior for RNA polymerase 1, which transcribes rRNA (190). This element 

overlaps a consensus 5' splice signal sequence which has also been implicated in the 

efficient 3' end processing of some RNA species (194). 

Lymphocytes contain measuruble lewls of apparent prematureiy lerminaled and 3 '-extended 

nucleur GOS24-derived RNAs 

To M e r  characterïze GûS24 transcription and processing using RT-PCR, a number 

of primers targeted to various regions of the gene were chosen (Table 4-3, Fig. 4-5 middle 

and lower panels). Total RNA was reverse transcribed fiom primers 28 1 bp downstrearn of 
- 
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Table 4-3: Sequence ofprimers used in r m ~ e  transcriptase and polymerase chah 
reacfions to chactahe -24 tilaasctiption and pocessing. 

Primer Numbef seq~enœ Strandb 

" Primer Locations relative to GOS24 exons are shown in Figure 4-6. Locations were 
chosen to avoid hybridization with nucleic acid of other members of the human gene 
farnily (ERFI, (1 73); ERF2/TISI Id, (1 74; 167). 
+ hdicates the same sequence as the "upper" a 2 4  mRNA-synonymous strand 

(i.e., the primer binds to the "Iower" template strand). 



Figure 4-5. RT-PCR characteiizrition GW24 mRNA erpresgion. (Upper) Profile of 
some dinwleotide fiesuencies h m  the geaomjc iegioncontaining the GOSB gene. (Middle) 
Schematic diagram of the region containing the GOS24 gene and 3' f h k .  Shown above the 
sequence are the lOcafi011~ of the primers used to assay for intronic (1 1-14 9- 8,7- 6) and 3' 
extended (1-2, 1-12, 1-13, 1-14, 1-15') puiative pre-mRNA @es. A List of primer 
sequences is shown ia Table 4-3. (Lower) GOS.4-specific antisense oligonuc1eotides at 
v~ousLOcafi011~inthegmewere~toprimfirsts(rrmdsyntbesiSonRNAnMnco~oi 
(-) and cycloheximidetreated cuitures (+). Photograph shows ethidium-stained agarose gel 
of the RT-PCR products for each primer pair together with the corresponding positive (P; 
genomic DNA template) and negative (N; wetet) PCR contmls. AU RNA samples were 
DNAse tmted prior to analysis and gave no detecteble PCR signal m the absence of reverse 
transcriptase with any of the primer pairs shown. 
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the intmdexon 2 boundacy (primer 6) and 13 bp C i o ~ e c a n  of the end of exon 2 (Le. in the 

3' Ba& primer 2). Also, htronic primers 164 bp and 497 bp downsiream of exon L @rimers 

10 and 8 respectively) were used to search for stable intronic species and RNAs which had 

unprocessed exon Ifmtron splice juuctions . Fig. 4-5 (Iower panel) shows the products which 

redt when these RT pmducts were used as tempiates for PCR No sigaificant leveis of RT- 

PCR product could be generated conesponding to intron- or introdexon 2 boundary- 

containing RNA species. However, pducts  correspondhg to the region spanaing the 

exonl/iitron splice junction and to the 3' flank were obtained both with RNA eom conml 

cultures and h m  cultures trea?ed with cycloheximide (which gave stronger signais). These 

studies suggest that there exists a population of RNAs which teminate within the introa We 

predicted it might represent a shortened transcnpt formed by RNA polymerase II pausing, 

perhaps at a potentiai RNA hairpin structure formed at the dyad repeat sequence in rniddie 

of the intron (2, Chapter 3). We refer to the RNA population which extends into the 3' flank 

a the "3' extended GOS24 RNA" variant- 

Termination of unprocessed RNA species proximal to a snong irmcription teminator 

Northern blots, probed with a 0.5 kb B a  1 probe made fkom the immediate 3' flank of 

the gene (Fig. Ma),  identified a weady hybrïdizhg -1.9 kb RNA species suggesting that 

the 3' u n p d  GûS24 mRNA terminated within 100 bp of this gene. Using the primer 

combinations shown in Fig. 443, the 3' end terminus of this RNA was mapped to a region 

between nt 76 and 116 do- fiam the polyadenylation signal which was upstrearn of 

and proximal to the Sa1 box-like motif shown in Fig. 44 .  In band-shift studies designed to 
- 
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Figure 4-6. Mapping of the 3' end of the putative transcriptiom temination site. (a) 
Total RNA wa9 prrparrd in guantCdine thioqmaîe h m  fieshy explanted UIlStirn- dis. 
The RNA (20 pg) was giyoxyldensaured, electmphod h u g h  1 % agarose gel and 
blotted to a nylon membrane. A radioactive probe was a 3P-IabeIIed 0.5 kb Xba 1 fhgment 
(IO6 cpmlml) made h m  3' GOS24 fiankregioa nie anow poins0 to 1.9 kb band which gives 
the best hybridizaaon signai with this probe. Sizes of giyr)xyI-denatureâ DNA markers (kb) 
are shown on lefi. (b) Summary of RT-PCR characterization of the 3' end of the 3' extendeci 
GOS24 RNA RT mers (1,13,14, and 15) at incrrasing distances do- of the site 
of cleavage/polyadenylation (see Fig. 4-6 for locations) were used to generate first strand 
products nom total RNA. First strinsd pducts  of these d o n s  were analyseci by PCR 
primer-pairs flanking the polyadenylaton signal. Resuits in the case indicaîe the presence 
(+) or absence (0) of detectable levels of RT-PCR products in these samp1es. 





predict the involvement of SSabux binding protein, human tmraîption termination factor 

(HüM'CTF-I), we were wiabfe to detect binding of in vitro üansiaîed protein to a 48 bp 

oligonuclwtide wntaining the GOS24-derved Sa1 box-lüre sequence (Fig. 4-7). 

LocaIrZation of 3*-extended GUS24 RNA vananant to the rtucIet~~ 

The sequence ofthe RT-PCR product generated m s s  the cleavage/polyadenyIation s 

showed that this RNA wntained the same sequence as the gene. Furthermore, when equal 

proportions of RNA from nuclear and cytop1asmic M o n s  were used for RT-PCR anaiysis 

of the 3'-extended GUS24 RNA (Fig. 4-8), this species was found to be localized in the 

nuclear k t i o a  This was not seen when using exon-specinc primers for the GûS3/FOSB. 

GOS7/FOS, GOS8 or GOS24 mRNAs which all show equal, if not greater, amounts of 

message in the cytoplasmic fiaction. These data suggested that the 3' extended species 

represented an unprocessed RNA, rather than a differentially polyadenylated species, and 

were consistent with our previous fdure to detect additionai polyadenylation variants of the 

GOS24 using 3' end RACE (S. Heximer, unpublished result). 

Levels of the 3' extended GUS24 transcript appeared to increase in response to Con-A 

and cycloheximide either added alone or in combiitioa This pattern was also observed for 

the normal GOS24 mRNA product, which shows equd distribution between nuclear and 

cytoplasmic compartments. Such distribution is not observed for the RGSZ/GOS8, FOS or 

FOSB mRNAs which are distributed mainiy in the cytoplasmic fiaction in control and 

stimulated cells (Fig. 4-8). 



Figure 4-7. DNA bindhg~~hifir .na iysW of hTFP-1 bhdhg to -24 Sd ~ox-& 
seqaenee. In vitro translation extmcts amtaining luciarast wntd protein (Luc) or hTTF-1 
were combined with 32P-Iabe11ed hwnan Sd box (Y- 
CCCGGGATI'CCûCAGGGTCGACCAGCAGAATTCGCGACCCCGGGATC-3; or 
G O S 2 4  S a 1  b o x - l i k e  o l i g o n u c l e o t i d e s  ( S t -  
GGGACCAGGTGAGGTCACCAGATGGGAACCGGCAGTTAACTCTCCCTC-3') . 
Protein-DNA complexes qamted on an 8 % polyamylamide gei and d y d  by 
autofadiography. Rotein-bomd and k complexes are indicated by ~ ~ T O W S  at the 
appropriate bands. 
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Figure 4-8. Cytopkuic and iacku chhibution of 3'utendeà GN24 RNA and GOS 
gene mRNAs. RNA was prepared h m  nuclear and cytoplasmic wmpartments of 
preincubated cuitures *ch had been treated for O or 1 hr with Con-A and cycioheximide, 
either aione or in combination. Equal pportions of the total amount of RNA purifiecl h m  
each cornpartment wae assayed by RT-PCR to saidy the ceUuiar distri'bution of euch GUS 
RNA. Photograpbs show profles of the ceiiular âistriiution pattern of GûS24 3' extended 
RNA, and the WS2.4, GûS8'GS2, and FOS-related mRNAs. 





3' extended mclear RNA us a proeessing intemediate 

Using the same cornpetitive RT-PCR approacb as was used to study levels of GOS 

mRNAs in exonic regions, we developed a specifïc assy for the 3' extended region of W S 2 l  

RNA. Baseline levels of3' extended RNA in control celis fiom hshly explanted cultuces 

(4.8al.84 molecuies/pg RNA, n=3) and preincubated cultures (t.20I0.2 1 moleculedpg 

RNA, n4) were sipnincantly lower than those observed for the standard GOS24 mRNA in 

these cek (Table 24). Thus, levels of the 3' extended species were signincady higher in 

fkeshly exphted, and in spontaneously stimulateci cultures under conditions when we 

expected a high rate of transctiption fiom the GOS24 promoter. The GOS24 gene is very 

responsive to TPA-treatment as shown by the profiles in Fig. 4-3. In TPA-treated cultures 

there was a rapid m i e n t  increase in the levels of the 3' extended RNA species (Fig. 4-9b) 

whose levels are maximal at 15 min pst-stimulus. The kinetics of this RNA response were 

rapid compared to the GOS24 mRNA species, the levels for which peaked at - , inui and 

rernained high d e r  60 min (Fig. 4-9a), suggesting a precursor product relationship. 

Cycloheximide induction of the 3' extended mciear RNA species 

Fig. 4-10 shows RT-PCR assays, using total RNA fiom freshly explanted or 

preincubated cultures, of the cespouses to cycloheximide of the 3' extended RNA and other 

GOS mRNAs. In ksbly explanteci cells, levels of the 3' extended RNA were maintained by 

cycloheximide above the levels in untreated contmls, which decreased significantly within 

45 min in culture (Fig. 4-lob). When badine levels of this RNA had stabilized (in 

preincubated cells), absolute levels were iiacreased by cycloheximide to those which 
- 
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Figure 4-9. T i w  c o ~ e  for mponse to TPA of GMM mRNA (a) and as24 3'- 
extended RNA @). Pbtographs (upper) show expression profles for untreated contro1 
cuitmes (Ianes 1,4,7, and IO), controI cultures with DMSO alone @anes 2,5,8, and Il) ,  or 
cu in~es  treated with 100 nM TPA in dimethylsulfoxide OMSO; hues 3,6,9, and 12). 
Conesponding gtapbs (Iowa) show the m .  ieveis detemhed using the cornpetitive RT- 
PCR assay for untreated cultures (open symbois), DMSO-treated cuitures (shaded symbols), 
and TPA-treated dtures (fiïïed symbois). Other details are as in Fig. 4-1. 





Figure 4-10. Effceb of cyclobeaiaide (BUcd rpibob) and water controis (open 
symbois) on IeveL of W24 IuRNA (a), GOSM-3' exttnded RNA 0, F m  mRNA (c) 
and GOSmGS2 mRNA (d) in either fraùiy isohted ceib (dashed iines), or 
preincubateà ceb (continaow lines). Photographs (upper) show expression profiles in 
ceiis treated with 12.5 pl of either cydoheximide solution (final concentration 0.1 mM) or 
water (wntroI), and incubated for a fiatha û, l5,or 45 min. Other details are as in Fig. 44. 
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approached levels in similarly treated neshly expianteci cek The kinetics of the 3' extendeci 

RNA ciiffer @y k m  those of the -24 mRNA @ig. 440a). In M y  isolated cells, 

absolute Ievels of WS24 mRNA iweased in a rectihear Won. AAer 24 hr 

preincubation, when wntrol WS24 mRNA leveis had decrrased significantly flable 24, 

the response to cycloéercimide was still qmte large aud showed a simiIar mtihear pattern. 

The response profile for the WS24 mRNA was similar to that of FOS mRNA (Fig. 4-1Oc; 

ref. 4), whose transcription rate has been shown to be induced by a novel cyclohe>rimide- 

dependent mechanisn (9,195X but differed greatly h m  the nsponse of RGS2/GOS8 (Fig. 

4- 10d) whose levels appeared to increase to a lesser degree in resjmnse to cycloheximide in 

preincubated celis (5, Chapter 2). 

RNA haIf-Zi&e studies 

Figs. 4-1 la,b shows the h*We kinetics of GUS24 and FOS mRNAs following addition 

of the inhibitor of transcription, Actinomycin D. When plotted on an exponential scale, 

profiles for GOS24 mRNA (Fig. Cl ld) couid be fitted to two lines, whereas FOS (Fig. 4- 

1 le) and GOS8/RGS2 (5, Chapter 2) m'NA profiles and were best represented by a single 

Line. For WS24 mRNA, between O and 20 min followhg Acthomycin D treatment, a half- 

life value of 20.418.6 min (n=3) in control and 10.0I0.2 min (n=3) in stimulatecl culnues 

was observed. In the second phase, (20 to 50 min), slower rates of b d d o w n  » 3 0  

min) were observed in both stimuiated and uustimulated cells. 

To assess whether the stable species correspondeci to a polyadenylated GOS24 mRNA 

species the same RNA samples were reverse transcribed using oiigo-dT, and amplified 
.- 
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Figure 4-1 1. Messenger RNA degradation L i n e h  m preincabated cpltpccs for GlS" 
(a,d) and F W W 7  &,e) -As or the poly(A) M-contrining firction of GW24 
mRNA (eJ). Con-A stimulated cultures (fiiied symbols) and contrd cultures (open 
symbols) were incubated at 37OC for 0.5 br prior to addition of 4 p M  Actinomycin D (tirne 
defmed as zero). In a,byd,ey RNA levels are derived h m  cornpetitive RT-PCR assays as 
descri'bed in Fig. 4-1 and plotted either as absolute quantities (molecules/pg total RNA) on 
a hear scale (upper paneIs), or dative to the maximum level in Con-A-treated cuitutes 
(defined as 100%) on a logarithmic scale (iower panels). In cf GW24 polyadenylated 
rnRNA-specinc products (see Methods) were ampiifîed h m  oligo(dT)-pded fkt strand 
products and relative levels quanitated by densitomettic sauming of a negative of the pi- 
shown above. RNA levels are plotted as densitornetry uaits on a iinear scale or as dative 
to maximum on loganthmic d e s  as desm'bed above. GOS24 cDNA @olyadenylated) and 
genomic DNA r G W ;  including 3' flank region) clones were included as positive and 
negative controls-réspectively. 
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between primer 1 (see Fig. 4-5, middle pane9 and a primer specinc for the 6 nt at the 3' end 

ofthe polyadenylated cDNA (Fig. 4-1 lc). These primers did not efficidy m p ü f y  a band 

h m  genomic DNA templates (Fig. 4 4  1, picaire insea-lane GEN).Thus, the only product 

whkh could be amplified under tbe ooreditio~~~ useci obtained must have had both a poly(A) 

taii and the appropnate sequenœ at the 3' end (Fig. 4-1 1, picture insert- lane cDNA). When 

plotkd on an acponential scale, a linear profile was observecl for the polyadenylated WS24 

mRNA Vig. 4-1 le). By this criterion, it seems that the stable GOS24-derived RNA (detected 

using primers 5-4) did not conespond to poiyadenylated WS24 mRNA. Relatively high 

levels of the polyadenylated GOS24 mRNA were observeci in llIlSfimulated, compared to 

stimulated, cells consistent with the a high level of constitutive expression of a relatively 

unstable RNA species (Fig. 4-1 lc). 

DISCUSSION 

GOS genes were onginally cDNAcloned h m  k h t y  Wlated blood mononuclear cells 

cultrned for 2 hr with Con-A and cycloheximide in order to identify genes whose expression 

was specificaüy required for progression through the GdG, switch (3 1). Although work in 

murine fibroblast systems showed dramatic uicreases in GOS24 mRNA levels following 

restoration of serum to quiescent cultures, in our system, only modest induction was 

observed in response to Con-A alone (34). We have previously shown that the ce11 

purification procedure itself results in spontaneous transient increases of several GOS gene 

rnRNAs in b h l y  explanted cells (4, 5, Chapter 2). Thus, in fkshly explanted cells, the 

responses to Con-A are often masked by high levels of GOS aiRNAs which subsequently 
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decrease upon incubation in culture. RT-PCR d y s i s  of GûS24 mRNA leveis in fkeshly 

isolated and preincubeted ceifs connmis this hypothesis and suggests that this gene responds 

in a similar manner to the purification pmcedure (Table 4-2, Fig. 4-1). 

This work points to sigaifïcant diffkremces in the baseline levels of GUS24 and other 

immediate-eady genes in ûeshiy explanted, compareci to pteincubated, mononuclea. cells 

in culture. Although it is possiiile that the disperity between badine levels of these RNAs 

in k h i y  isoIated and pincubateci ceils indiates high in Mvo expression levels which 

gradually are lost during long periods of incubation, it appeam more likely that these levels 

represent qontaneMIs stimulation of these genes during one or more steps of the purification 

procedure (4). This eEect is transient and does not represent lymphocyte activation per se, 

since =Ils in neshly explanted cultures ceiis, imlike Con-A stimulated cells, do not progress 

into G, and proLiferate (no increased incorporation of luidine or thymidine). 

Cells prehcubated for 24 hr in the absence ofa stimuius show high levels of GOSZJ 

mRNA compared to the hunediate-early genes FOS and FOSB (Table 2-1, ref. 4). Such hi& 

levels are aiso obsetved in stimuiated cultures after extended periods of culture. High levels 

of GOS24 mRNA in mature murine blood cell types, including B- and T-lymphocytes have 

been previously aîûiiuted to wnstitutive expression ofthis gene (186), but the nature of this 

ceil-type specinc regdation has not been hvestigated. 

Two signals which are required for the activation of T lymphocytes through the 

TCWCD3 cornplex are PKC activation and an increase in the levels of intracellular calcium. 

These signals can be mimicked in vitro by the addition of TP A and the calcium ionophore, 

ionomycin. The weak responsiveness of GûSM and FOS to ionomycin, compared to their 
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strong respo~lses to TPA (Fig. 4-3a) suggest a similar PKC-dependeot activafion pathway for 

these two gems in Con-A-treated tek In FOSB mRNA leweIs are bigMy sensitive 

to ionomycin and expression of this gene in stimulaîed cultures may tequire calcium- 

dependent signaiiing pathways (Fig. 4-3b; reE 5, Chapta 2). 

Charactaization of GOS24 mRNAgpcesSioaushg psimers located tbroughout the gene 

(Fig. 4-5, upper and middle panels) has led to the identification of a 3' extendecl RNA and 

a @es which spans the exonl/îmmn juuctiou- Unsuwessfbl attempts to obtain RT-PCR 

ptodt~ctp conespondhg to the intron and the introdexon2 jimction suggested that either RT- 

PCR within this region was inefficient or that these ceils containeci very low levels of 

unspliced material. We favour the latter case since we were unable to generate comparable 

levels of RT-PCR products h m  two distiact downstream regions in the &on (Fig. 4-5, 

upper panel). W e  origiaally predicted that the 189 bp exonlhtron product conesponded to 

a paused transcript, similar to those observeci for c-far and c-myc (196). As previously 

descri'bed for prokaryotic and HIV genes7 such pausing might be expected to oocur prortimai 

to, and downstream of, a strong dyad repeat sequence located 400 bp do- of the 

exonl/mtron junction (197). Another potentid exp ldon  for the lack of RT-PCR product 

across this dyad region, however, cornes h m  the ment characterization of a double- 

stranded RNAse activity for a CCCH-containing protein in Drosophia melanogarer (8). 

CIeavage of the GOS24 preRNA haupin by such a protein wouid allow postmmcriptional 

control of its expression and raises the inûiguing possibility that the GOS24 CCCH- 

containhg protein may autonomously regdate its own expression. 



Methylated CpG dinucleotides are highiy mutable. Thus, the presence of a DNA region 

rich in these sequences (CpG idand) is thought to indiate locai protection fiom 

methyltransferase activity- Such isiands are often f o d  in promoters for genes actively 

expressed in the gennline where proteins wnstitutively bound to upstrem activation 

SequenCes mrimtsin a state of local hypomethylation. As pwiously reported (2, Chapter 3; 

Fig. 34), the WS24 pmoter and intron are found within a mgion rich in CpG 

dinucleotdes. A ~ t h e r  CpG-isiand has now ken identified immediately dow~l~fream of this 

gene (Fig. 4-5, lower panel). This higbiy unusual location suggests the presence of another 

nearby promotedgene (perhaps for rRNA), in which case efficient 3' end processing of the 

GOS24 tmmaîpt would be important Altematively, the 3' CpG island might be important 

for GOS24 regdation. 

Pre-mRNA processing at the 3' end has been shown to raquire a specific GAUAAA 

polyadenylation signal (for review see 192). Such processing may be enhanced by the 

presence of downstream sequences such as the U-rich element (UUUUU) located -65 bp 

downstream of the AAUAAA signal in the SV40 vins  late gene (191). The presence of a 

similar U-rich motif in the GUS24 3' fiank (+ 61 nt) suggested the potential for efficient 

temination of this gene (Fig. 44). 

It is of interest that the GOS24 3' Bank sequence contains a donor splice site at position 

+167 bp relative to the polyadenylation signai (Fig. 4-4). Work on alternative processing of 

the calcitonin/calcitonin gene-related peptide (CTKGRP) has identifid a donor splice signal 

as part of a polyadenylation enhancer element 168 nt downstream of the site of 

polyadenylation (198). Activation of polyadenylation was shown to requh expression of U 1 
- 

136 



snRNA implidng a d e  for U1 snRNPs in polyadenyiation. Although frnture studies will 

be reqwred to dehe tbe d e  of this -ce in efficient 3' end pn>cessuig, these data 

suggested the ptentiai involvement of severai do- elements in this pmcess. 

The low abULlClZLIICe 1.9 kb species onNorthem blots, probecl with 3' fiank sequence, and 

subseqyent RT-PCR -hg ofthe 3' end of an extendeci nuclear RNA species to a region 

76-1 16 nt downstmm of the polyadenylation signai (Figs. 4 4  and 4-7) supported this strong 

early tennination hypothesis. It was of p o t d  signinamce that this putative 3' termination 

site mapped to a region upstnam and prorcimal to sequences containhg an element similar 

to the human Sal-box motifand two regions with significant similady to the human rRNA 

origin of transcription (Fig. 4-4). The Sa1 box sequence, through its binding to the 

transcription termination factor, hTT-1, prevents read-through transctiption of RNA 

polymexase 1 into the next tandemly m g e d  rRNA tmscription mit (190). The analogous 

protein in yeast, Reblp, is predicted to terminate transcription by mediating a pausing of 

RNA polymerase in the context of a release element (199). As the pausing of this is not 

specinc to RNA polymerase 1, we wondered whether a potential pause site in the GUS24 3' 

flank might be important for 3' end p d g  of the GOS24 mRNA. 

Although the pmess by which 3' end cleavage and tennination are coupled during 

rnRNA processing rem& udcnown, a p w h g  body of evidence supports the notion that 

RNA polymerase II pausing plays an important d e  in this process ( 2 0 ) .  It has been shown 

that transcription termination depends on 3' end cleavage and that pausing of the RNA 

polymerase II cornplex at a site(s) downstrearn of the cleavage site increases the efficiency 

by which polyadenylation signais are used (201). That a GOS24 Sa1 box-like sequence did 
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not bind in vitro to translateci hTTF-1 (Fig, 4-9) suggests either that h m - 1  is not involved, 

or that -ces in the adjacent regions cootain the iucessay PaUsJreIease elemeats or that 

pausing is not reqiiirrd for efficient HE24 RNA cleavage and krmimti011 The existence of 

another h'iTF-1-WEe fk@r with siightiy d i n t  DNA-binding chatacteristics has not been 

reported, but the results in this study may warrant the search for such a factor. 

To stdy the expression kimtics of the 3' extendeci RNA species, we used cornpetitive 

RT-PCR with primers spanning the site of cie8vage/polyadenyiatio~ Assuming nonnai 

efficiency of the RT-PCR assay, levels of the 3' extendeci RNA species in b h l y  explanted 

and preincubated control cultures were much lower than thoie for the GOS24 mRNA 

baseline, consistent with the notion that this species mpresents an unprocesseci RNA. 

Secondly, if there were a relatively high level of acfivity of the GOS24 promoter. and a 

correspondingiy high density of RNA polymerase complexes in the 3' flank region then we 

might expect to detect relatively hi& levels of the 3' extended RNA. Consistent with this 

notion, levels of the 3' extended GOS24 RNA were higher in TPA-treated and k h l y  

explaated cells, when high levels of GûS24 tramcription were expected. Furthemore, peak 

levels of the 3' extended RNA expression were observeci foilowing 15 min TPA stimulation, 

the time point when maximum transctiption is expected with immediate-early genes such as 

c-fs and GOS24. This is M e r  supported by the fwt that in preincubated cultures. when 

cells have recovered h m  the purification procedure, levels of the 3' extended species have 

reached a stable baseline. Thus, the specific measurement of such species may, therefore, 

provide a semiquantitative measue of RNA polymerase II deosity in this region of the 

transcription unit 
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Since cleavage precedes tennination, and we are ampüfying across the cleavage site, we 

do not expect any contn'butïon to out assessed levek of the 3' extended RNA h m  a pool of 

released GOSN pre-mRNA species. Therefore, two possiile lines of reasoning could be used 

to explain incteases of the 3' extended RNA. In the nrSt case, the cleavage step is rate 

ümiting in ceUs actively transcribing the GOS24 gene. In the con- of the 

pausingttenniaation model, this wodd mean eitha that polymerase complexes are in queue 

upstream of the pausing element awaiting cleavage of the RNA at the pause site, or that there 

is an inhiibition of poLymerase II p a a g  (c1ea.e potentiation, for review see W d e ,  1995) 

and a correspondùig Ïncrease in the length of the transcription unit in stimulated ceils. To 

date, however, we have been unable to detect meanaable leveis of any p d u c t s  m e r  than 

1 16 bp fiom the poly(A) site by RT-PCR or Northem blotting with RNA b m  stimulated 

or controi cultures. 

In the second case, the cleavage rate is not a limiting factor- Increases of a 3' extended 

RNA under these conditions would simply indicate an increased number of unfinished RNA 

products which had been made from tmmcription complexes which had tnioscnaed through 

the region containing the reverse transcriptase primer but had not yet been processed. 

According to this model, on an actively traasctibed gene, we would expect to detect an 

increase in the population of nascent unfinished RNA species and a greater number of these 

aborted species should by chance be detatable by reverse transcriptase primers located 

closer to the polyadenylation site. Support for this notion came h m  a number of cornpetitive 

RT-PCR analyses of3' extendecl WS24 RNA levels in samples fiom stimulated and control 

cultures. First, when samples weie reverse transcribed h m  the standard primet (primer 14) 
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or h m  aposition 12 bp finther upstileam, grratei levels of this RNA were detected in cDNA 

tempiates made h m  the upstmm primer. 

Such interpretation rnay also provide an explanation of the u n d  cycloheximide- 

dependent increases of GûS.4 mRNA in mononuclear ceils. We have reportai recently (5, 

Chapter 2) on the mar-TeCfiliL1ear iaclwises of mRNA in fesponse to cycloheximide. 

While Fm mRNA shows a simüar response pattern Fig. 4-1 l), RGSZGûS8 mRNA levels 

in the same RNA sample begin to plateau suggesting cytoplasnic stabili7atjon of the mRNA 

in the absence of renewed transcription. These différences suggest a nuclear mechanism for 

the incnase in levels of GOSB and FOS mRNAs. In nm-on tmscription assays, it has k e n  

shown that cycloheximide inaeases the rate of transcription h m  the FOS gene promoter 

(9,195). It is posailated that this respunse represents a novel cyclohexhïdedependent signal 

transduction pathway dependent on the increased phosphorylation of hvo nuclear proteùis, 

histone H3 and an unidentified chmatin-associateci protein, pp33 (9). in our system, the 

cycloheximidedependent increase in levels of the nuclear 3' extended GOS24 RNA species 

in preincubated ceils is consistent with a simüar transcription activatim hypothesis for the 

GOS24 gene (Fig. 4-1 1). This is the first suggestion that such a mechanian may also exist 

for this gene. 

The degradation of immediate-early gene mRNAs, including those for FOS (w'ison 

and Treisman, 1988) and murine ïTP/GOS24 (181), are mediated by AU-rich elements 

(ARES) in their 3'UTR regions. The first step in degradation of such species is the rapid 

syncbnous shortening by deadenylation of the poly(A) tail to a size of 30-60 nucleotides 

&et which time, the body of the RNA is degraded by apparent first order kinetics (203). 
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When we used cornpetitive RT-PCR to study the stabilay of the GOS24 mRNA in 

Actiaomycin D-trieated cuitures the musuai apparent biphasic decay m e  for this mRNA, 

but not for FOS mRN& suggested either paiticular sensitivity of the GN24 gene to the 

transcription inhibitor. Although this inhicbitor is a powafiil intercalating agent, capable of 

stabikzkg certain cytopiasmic ARE-contabhg messages (204), the Lin= degradation of 

polyadenylated -24 mRNA suggested that stabiüzation of GOS'4 ARE sequeaces did not 

resuit in the observecl degradation pattern (Figs. 4-1 lc,e). Half-life values h m  the first and 

rapid phase agnxà closely with the dues obtaiaed by wodcas in the m h e  fieid (14) and 

suggested degradation during this @od by the normal AREdependent mechanism. The 

slow breakdown phase @aK-Life » 30 min), however, was not expected and suggested the 

presence of a second, more stabIe GûS24-dexïved RNA species in Actinomycin D-ûeated 

cells. Such hi& levels of the apparent stable G W  mRNA may represent incomplete 

nascent GOS24 pre-mRNA chah  h m  transcription complexes stalled at sites of 

Actinomycin D intercalation (205,206). 



CHAP'IER 5 

GENERAL DISCUSSION 

GOSgene &A levels increae W n g  Gd%, switch in T-lymphocytes 

An underlying assumption of this work is tbat the genes such as GOS24 and GOS8, 

which were identifieci on the basis of their differential expression during the GdG, switch, 

may play important regulatory d e s  during the activation process. This m e r  implies that 

the protein products of these genes may also be required during this critical regulatory 

period In the absence of specific a n t i i y  probes for the GOS24 and GOS8 proteins, we have 

been unable to show changes in the levels of these proteins during the GJG, switch Given 

the modest relative change in mRNA levels observeci for some of the GOS genes studied in 

this work, the development of such tools wiii be an important step toward defining a role for 

these products during the activation process. 

We must be carefûl, however, not to ignore the possibility that the fiuictional product 

of genes involved in such regulatory processes is the polyadenylated RNA species. This is 

ïndeed the case for a gene expressing meiosis-specific RNA product (meiRNA) in S. Pornbe 

(1 50). 

Cornpetetive-PCR analyss of GdG, mitch gene rnRNAs 

In relatively smaii sized primary cultures of human mononuclear cells, the detection 

of baseline, and even induced, leveis of rnRNAs br normally expressed genes using the 

standard Northem blotting technique is often di&cult (l ,34).  Since the analysis of a range 

of  culture conditions for each ce11 preparation requires the use of multiple small-sized -- 
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samples, a major objective of  this work was to develop a sensitive assay which wouid allow 

semiquantitative analysis of very low mRNA Ievek W e  feei that the cornpetitive RT-PCR 

assays are usefid for this purpose as we can routineiy detect mRNA baseline levels at or 

below 1 molde/ce11 for severai of the GûS ga~cs studied (4.5. Chapter 2)). The sensitivity 

of this assay is furthex demoastreted by the k t  that we can meastue changes in the levels 

of 3' unprocesseci nascent RNA pmduct and correlate these to the expected transcriptionai 

activity (Le. pdymerase density) on the GOS24 gene 3' flank Figs. 4-9 and 4-10). The 

optimization of each step of this assay included: î) RNA purification nom multiple smaii 

sized samples; ü) design and production of appropriate PCR and cRNA control constructs; 

and iii) matching Taq polymerase with optimal buffier conditions for detection of low-level 

mRNAs. This optimization was d e d  out largely by this author and was not a trivial 

exercise (see Appendix Al for detaüs). We are confident that these assays are accurate, 

reproducible, and representative of those which will be required in fiiture studies to analysed 

GUS- and related-gene mRNA levels in smdl tissue samples fiom diseased individuab or 

tnnsgenic animals (see RGS discussion), 



RGS PROTEINS 

Tuward defimg a speatc biologt'cd role for RGS2/GOS 

W e  have identifsed a gaie, RGSUGSJ, whose mRNA leveis increase in mononucLear 

cek treatcd for 2 h with Concanavalin-A and cycloheximide. (1,3). The cDNA encodes a 

protein which belongs to a novel, rapidly gcowuig famiy of nguiatots of G pmtein 

signaihg (RGS pteins). RGS proteins have ken recentiy shown to fiinction as GTPase- 

activating proteins (GAPS) for the G, subUILits ofheterotrïrneric G proteins (35.36) and 

thereby support the numemus physiological studies which have predicted a role for a c c e ~ ~ ~ r y  

proteins in Ga subunit regulation (207,208,209). Using the RGS2/WS8 CINA clone 

characterized in this work, our coLIaborators have dernonstrated the ability of this protein to 

moduiate yeast (pheromone nceptor) and ''an (IL-8) receptor signailing pathways 

(39,SL). 

To date, however, the G protein-coupled signaiiing pathways resulting fiom T-cell 

teceptor activation are poorly understood, although potential evidence ofa d e  for G, in this 

activation pathway has been discussed (28). Thus, it was our contention that muck could be 

learned about the specific biological fiinction of RGS2fûûS8 protein by studying the 

conditions under which its mRNA was expressed Indeed, the levels of the mRNA coding 

for the yeast RGS family prototype, S d p ,  are induced in response to pheromone treatment 

and suggest a potential feedback mecbanism for regulation of this G protein-coupled signal 

transduction pathway in yeast. On the assumption that mammalian G protein signalling 

pathways might contain similar feedback mechanisms, and that the induction by specific 

lymphocyte pathways wodd provide information the potential G, subunits RGS proteins 
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might specificaily modulate, we compand the response to various mitogenic stimuli of the 

mRNA IeveIs of RGSIBL34fIRtO (*ch is now known to specifically regdate Gi and G ,  

subtypes; 35,210) and RGSYGOS8, for which the specinc biologid target was previously 

unlmown. Our d e s  suggested that these two RGS mRNAs are dineff~ltially expresseci in 

mononuclear ceils in response to PKC acthticm and changes in intracelluiar calcium levels, 

two typicai lymphocyte activation signais. In particuiar, RGS2/GOS8 mRNA levels were 

sensitive to changes intraceiiular calcium but miatively insensitive to PKCdependent 

signaihg pathways whwha the opposite was tme for RGS 1 (5, Chapter 2). These data led 

to our suggestion that RGS2/ûûS8 protein might be specifically involveci in the regdation 

of calcium signalling through modulation of G . ,  a known regdator of Phospholipase C. In 

collaboration with M. Linder at Washington University at S t  Louis, we have now shown 

speczTc interaction of RGS2 with the G, subunit. 

Since unlike the other RGS family members tested so far. RGS2 does not appear to 

reguiate Gî subtypes, these data m e  the exciting possibility that RGS2 is specinc for the 

G, subfamily. Future stuclies wiU require confimation of these data using purifïed 

recombinaut RGS2 and G, in biochemicai GTPase assays to demonstrate GAP activity for 

this protein. The development of such assays is not an easy exercise since this particular G, 

subunit has u n d  GTP binding and hydrolysis characteristics which require ttiat GAP 

assays be done with receptors and G proteins reconstituted in Lipid vesicles. 



FWTURE DIRECITONS 

Puie~àlfimctions of RGSZ a d  otkr RGSpoteuLF in mnnal hematopoiec cells 

At present, very Iittie is known about *ch of the 17 kmwn RGS proteins are 

exl>ressed in lymphoid or myeloid thsws, whether their lmls are constitutive or inducible, 

and whether the fiinction of these proteins may be n$ulated pst-translationaüy. It WU be 

importaut to develop wmpetitive RT-PCR -es to a~say for e x p d o n  of each of the 

h o w n  RGS mRNAs. Such took wiii d o w  us to gain a Mter understauding of which of 

these genes are involveci in the ~gulati*on of normal lymphoid fiinction and proMeration. 

Furthemore, as there are currently w good antibodies for a* of the RGS proteins (see 

Discussion ref. 5, Chapter î), development of such tools will be essential for the definition 

of pattern of RGS protein expression and localizatoa The production of mowclonal 

antibodies r a i d  against various RGS proteins will likely be required, since polyclonal 

antibodies (even after aff?nity purification) are o h  not specific for the RGS proteins against 

which îhey were r a i d .  

RGS regulatio~ of chemokine signaling 

To date, fhere has not been developed a good physiological mode1 in which to snidy 

RGS protein fimction. The regdation of chemokine signailing may provide an ideal system 

to investigate these issues as a role of RGS 1 4  proteins in the contml of IL-8-dependent 

signalling has been recently demonstrated (51). in fact, many of the chemokine receptors 

belong to the superfamiily of seven transmembrane spanning receptors which exert their 

effects through G protein-coupled mechanisms (for review see Ben et ai.. 1995). Stimulation 
- 

145 



of these receptors by chemoattractant ligands srsch as IL,-8, resuits in a number of measunibIe 

physiologicai changes including ceU motiiity and actui assembiy, changes in intracellular 

Ca'+ leveis, and producton of cytokines. Eady attempts to stuc@ RGS w o n  wül be aimed 

at the oversrpnssion of RGS proteins and detamioui . * 
g their effeds on these pmesses. The 

successfll development of such a mode1 system will aliow the fimtre study of the ability of 

RGS proteins to control: semitiviity b a g d  stimuiation; specific npuiranents for reaptor 

desensitidon; ligand cimmmab . *  
on (many ofthese receptors bind more than one ligand); 

and efficiency of chemotactic migration. 

RGS regulrtiott of cell dzflerentiricon andprolferation 

Another a b  of studyhg genes which are mduced durhg the GdG, switch is to identify 

genes, which when abnormally expressed (either by deletion or hyperactivation), may lead 

to enors in proliferation or development of hematopoietic ceiis. It may be that the RGS 1 and 

RGS2 proteins are required for the modulation of specific G protein activity during criticai 

decision-making periods of these celis. Indeed, out data suggest a d e  for these proteins in 

crosshg the GdG, threshold during normal lymphoid proliferation (5, Chapter 2). 

Frnthennore, pertussis toxin (an inhibitor of Gi subtypes) rnay stimulate the proliferation of 

monocytes and T-cells (212,213). Other ment data suggests a role for specinc G proteins 

during myeloid development as Gid-deficient mice display defects in thymocyte 

development and hct ion (214). Thus, it is possible that RGS protek could promote or 

inhibit proliferation of hematopoietic ceiis, depending on the fiinction of the specific G 

proteins in the ceUs type being examined. - 
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These fïndings may aiso be important to the intetpretation of data which suggests that 

abnormally high levels RGSl or RGSZ m o n  may promote leukemia in humans (43, 

45). Abnormally bigh IeveIs of RGSZ mRNAs bave been identified in various hemafopoietic 

malignancies including acuk myelogenous leukemia (AML), acute lymphoblastic leukemia 

(ALL), chronic lymphocytic Ieukemia (CU), and chronic myelogenous leukemia (CML). 

The human RGSI and RGS2 genes may aiso be irnpiicated in hematopoietic rnalignancies 

on the basis of theù chromosod localization to loci at chromosome 1q3 l(44, 45). 

Isochromosomes of the Long arm of chromosome 1 and duplications of the lq3 1 region 

firesuently ocan as secondary genetic aberrations in ALL, Hodgkin's disease, non-Hodgkin's 

lymphoma (N'HL), and chronic myeloproIiferative disorciers (MPD). It remailis to be 

estabüshed whether such abnormalities directly e t  the expression or structure of RGS 

proteins. A study in which trançgenic RGS overexpressor mice were generated (placing RGS 

genes under contml of differentiation-specific promoters) would allow rapid identification 

of any Leukemogenic properties of these proteins. 

It should be noted that RGSl and RGS2 ovetexpression is not restricted to 

hematopoietic mrlignancies. RGSZ mRNA is also found to be highly expressed in ceMcal 

arcinorna- (HeLa), ovarian cancer-(OVICAR-3), and brain glioblastoma-derived (A4 72) 

ce11 lines (45). Thus, these gens may contribute to onwgenic transformation in various 

human cell types. For this w o n ,  it is also of interest that the RGSZ gene maps directly to 

genetic markers for hyperthyroidism jaw tumour syndrome (86,87; M.R. Hobbs, personal 

communication) and region implicated in development of prostate cancer (215). 

Characterization of RGS gene mRNAs in tissues fiom patients of these disorders wiU be a - 
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necessay first step toward i d e n m g  a potential d e  for these genes in carcinogenesis in 

non-lymphoid tissues. Such studies will require a rapid sensitive method to analyse these 

leveis such as the RT-PCR assay developed in this wodc. 

CCCH CONTAINING PROTEINS 

T o w d  de#ning a role for GOS24 

Based on the nuclear localizaton and novel CCCH zinc-mer structures of the murine 

GOS24 protein, most ofthe early studies on this gene, including out own characterization of 

human GOS24 gene (2, Chapter 3), suggested a role for this gew as a transcriptiouai 

repuiator. Despite repeated attempts by our lab (Figure 3-9) and 0th- groups working on 

CCCH-containing proteias, there bas been no definitive description of double-stranded DNA 

binding activity which would support this original hypothesis. 

Although we m o t  d e  out a mie for these proteins în transcriptional modulation, the 

surge of recent data suggests that these proteins may be involved in binding to and 

processing of single-sirandecl nucleic acids. in an expression cloning screen, designed to 

identify genes which encode ssDNA binding proteins from an Drosophita metanoguster 

ovarian cDNA Li-, the Clipper (CLP) gene was fïrst identified (216). Subsequent cloning 

of the full length cDNA revealed the presence of 5 CCCH domains whose presence was 

required for binding to and cleavage of double stranded RNA hairpina. Secondiy, a nuclear 

CCCH-containing protein in elegans, P E I ,  is rnpousible for the gerrnline-specific 

repression of genes whose expression is required for somatogenesis (178, 179). These 

authors suggest specifïc degradation (RNAse) of newly trariscribed RNAs fiom these genes 
- 
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as a potentid mechanism for PIE4 protein activity (179). If such a mechanism exists for 

repression of specinc gene expression, it is likely thaî it has been conserveci throughout 

evolution as simiiar moa are being identified in genes in a wide range of orgaaisms 

including mrrmmals, nemtodes, plants and &RNA vinws cables 4-1 and 4-2). It is of 

interest that in the case of two ofthese other CCCH proteins, they been implicated in RNA 

processhg at the IeveI of 5' (suppssar of sable; re£ 172) or 3' (U2AF25; ref. 194) splice site 

selection. 

It shodd be pointed out that the CCCH domains in these latter proteins often contain 

either a shorter (4-7 amino acids), or longer (9 amino acids) nrst knuckel compareci to the 

immediate OS24 nimily of mammalian and yeast proteins (8 amino acids). Although recent 

NMR structure of thÎs region predicts a lwp for this sequence, which is not lürely to interact 

with the rest of the finger structure (185). it remains to be established how changes in the 

length of this lmuckle would afEéct binding site specincity or clsRNAse activity. Thus it is 

possible that all  of these proteins, despite the presence of very simila. structurai domains, 

cary out a wide variety biologica mles. Work being carried out presently in the C. elegans 

CCCH project may offi the gRatesr potential for rapid advancement of this field. Since the 

target genes (mRNAs negatively regdateci in PIE4 overexpressors embryos) of the PIE4  

proteui have already been identified using genetic studies (179). they will be able look at 

these specifk pre-RNAs for effects of PIE4 binding and processing. 

in preliminary ssDNA buiding studies we appear to have demonstrated the ability of 

recombinant (CCCH domain) to shift a population of species within a 

Library of randomly generated DNA oligonucleotides (A. Cristillo and S. Heximer, 
- 
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unpubLished data). This binàing appears to be specific (sh& only a small proportion of a 

mdorn h i )  wmpareü to that for gene 32 protein *ch binds ssDNA nonspecifIcally. 

If binduig is repmducÏible and can be "sp&üklnwith OOS2~speccific antibodies, M e r  

rounds of  site-se1ection wili be used to identify the specific binding sequence. 

Higli lewl of constitutnte eqwession of Gari24 nrRNA fn rnonoltucIear cells 

(ha studies suggest that GûSB mRNA levels may be highly e q m s d  in restiag human 

mownuclear cek. Under such conditions, it is aiso likely that the protein levels would be 

maintained at relatively hi& leveis, although this proof of this will await production of goud 

antibodies against the human proteiri, Ifwe use the PIE-1 protein-mediateci repression of 

somatogenesis in elegmts as a potential mode1 system, we can imagine a similar d e  for 

GOS24 in repression of immediate-early gene RNAs driring the quiescent (Go) phase of the 

celi cycle. The reported nuclear to cytoplasmic translocation of the murine GûS24 protein 

foiiowing mitogenic stimulation (186) might relate to rapid derepression of genes involved 

in G, entry and ceL-cycle progression. If GûS24 mediates its effects through an RNA- 

binâîng Avity, then two different mechanisms for such repression can be imaginecl based 

on its similarity to other CCCH domain-containing proteins: i) it acts as a double m d e d  

RNAse resdting in degradation of target rnRNAs; or ii) it acts as a regulator of spiice site 

selection resulting in the production of nonfiuictional RNAs. 

Such a mechanism might aiso d o w  for autologous regdation of the GûS24 gene, as is 

the case Ul A snRNP and other splicing ptoteins. Indeed, our identification of an RT-PCR 

product across the exon lhtron despite our inability to identify downstream intronic 
- 
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products is consistent with either muSual splice selection h m  a cryptic intronic site or 

dsRNAse digestion within the intronic region contajning the dyad repeat Although much 

work is needed to charactaize this musuai expsion penem, peliminary RNA locaüzation 

data suggests a role fmaiternative spiicing since the exonlfintn>n species (which iftranslated 

would p d w e  a tMlcated protan d o u t  CCCH domab) is found in both the nuclear and 

cytoplasmic RNA iktions. 

CONCLUSIONS 

This work bas descri'bed the characterhtion of two genes whose mRNA levels are 

increased when resting lymphocytes are treated for 2 br with Con-A and cyclohexhnide. 

AIthough a specinc role for these genes in the activation process remains to be estabfished, 

recent work by our lab and others suggest an important role for them in growth-related 

events. 

GOS8/RGS2 is a regdator of G protein signalhg and wiii be a valuable tool for the 

fiiture study of G protein involvement ia TCWCD3-mediated activation of tyrosine kinase- 

and calcium-dependent signahg events. We were among the first of several gmups to 

iden* a member of the RGS family and note its similarity to S d p ,  a negative regdator 

of G protein signaihg in the yeast pheromone response pathway. Our report of the human 

genomic sequence mains the only such sequence in the dakhse and wül be an invaluable 

tool for future promoter analyses and studies of the role of this gene leukemogenesis. It was 

previously reported that monoauclear cells contained no detectable expression of 

RGWGOS8 mRNA (45). Owing to the sensitivity of the RT-PCR assay deve!oped in this 
- 
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work, we were able to demonstrate basai w o n  ofRGS2 mRNA in bload mononuclear 

celis (5, Chapter 2). The potential for the constitutive expression of the RGWGOS8 and 

other RGS proteins may have a signïfïcant impact on our Mdastandmg ofthe generai "state- 

of-sensiti;ran'on" of particuiar celi types as this reiates to their profle of RGS isoform 

expression. Frrrthermore, in this work is presented tbe first suggestion of activation of the 

RGSUGûS8 gene through an intraceiiuiar CaCC-dependent pathway, an observation which 

may lead to our understanding of the specific G pmtein targets of the RGS2 proteia 

Although the specific biological target for tbis protein remains unkwwn, our suggestion of 

its role in Gq modulation has led to fnitful coilaborations with leading G protein 

biochemistry laboratories including L Hepler (Emory University) and M. Linder 

(Washington University). 

ûûS24 appears to belong to a very large fâmiiy of RNA binding/processing proteins, the 

timely reguiation of which may play a signiscant d e  in reguiation of mRNA expression at 

the posmaoscriptional level. Our genomic sequence data point to the presence of an unusual 

CpG island in the 3' flank of the WS24 gene, and suggest the need for fiirther studies to 

uncover the role of these sequences in regulation of its expression, particularly at the level 

of transcription termination. Using Nortfiem blotting and RT-PCR., we have mapped the 

upstream (5' RACE) and dowmtream boundaries of the transcription unit nie mRNA 

expression data suggest an tmusually hi& basai level of activity nom the GOS24 promoter, 

and that this activity may be greatiy increased through PKC- and a Iess well detined 

cycloheximidedependent signal transduction cascade. These studies also suggest the 

presence of an unusual GOS24-derived RNA species containing exonl and 5' intronic, but 
- 
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lacking 3' intronic sequence. The need for fbrther studies to uncover potential splice variants 

or traascntptioaal pause sites in the ûûS24 mRNA is discussed. 
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APPElYDIX Al 

This section discusses many of the stages involved in the development of the RT-PCR 

assay. This technique was originally developed for the measurement of the GOS24 and 

RGS2IGOS8 -As. Subsequently, we have used it to muisure kinetics of 

RGSI/BL34/IR209 FWGOS7, FOSWGOS3, M1PldGûSIP/ZD78, EG&I/WS3û, and WS2 

mRNAs. It offers the unique advantage that mRNA levels for ai i  of these genes c m  be 

studied using total RNA p d e d  h m  +: 1 x 106 ceils. Techniques were developed accordhg 

to the guidelines estabiished by two leading laboratories in the field of RT-PCR arialysis (60, 

61). Other detds are as desctibed previoudy (4,5,54). 

Prepmclton of total RNA 

S e v d  methods of RNA purification h m  small numbers of cells in culture, includhg 

preparation of cytoplasmic RNA (217) and pelleting of small sarnpies of RNA by 

uitracentnfiigation through cesium gradients (218), were attempted. in out hands, the most 

reproducible rnethod was found to be Trizol reagent (GibcolBRL, Life Technologies), a 

commercial preparation based on the Acid PhenoUGuanidinium thiocyanate method first 

described by Chomoczynski and Sacchi (1987, ref. 59). As many of the GOS gene RT-PCR 

products did not span btronic sequencesJ RNA samples were routinely treated with RNAse- 

fiee DNAse @QI; Promega) to elimiriate the possibility of genomic DNA contamination. 



~ t i i u t i o n  and sforage of RNA 

M e d  RNA ssmples were remspended in 400 fl dpc-tffated water and quantitated 

ushg spectmphotornetry. Aliquots of the qynthtd material giviDg the appropriate amount 

of RNA ( d y  250 ng) were addcd directiy to RT RNA was stored at -70°C until 

needed. 

Reverse transcription 

Samples were reverse transcri'bed h m  the 17 bp gene-specific primers rather than 

random oligonucleotides to increase the sensitivity and specificity of the RT reaction. 

Specificity of this reaction was also increased by using a 42'C temperature during the RT 

reaction. We found that in the case of some RT primers, multiple band patterns were 

obtained ifthe RT reaction was Cameci out at lower temperatutes. RT primers were chosen 

to be close to the downstream primer of the PCR pair to increase the chance of extending 

cDNA synthesis completely through the desired amplicon. The same set of RT primers was 

always used to assay each RNA sample to avoid the potential problems of changes in RT 

efficiency with different primer combinations. Indeed, we noted some decrease in RT 

efficiency with increasing numbers of RT primers in the reactioa. Completed reverse 

transcriptase teactions were heated for 10 min at 94°C to remove any remaining RT activity 

which has been shown to inhibit efficiency of the PCR reaction (219). RT mixtures were 

routinely diluted in 6 volumes of TE8 buffet (10 mM Tns-Cl, pH 8, 1 m M  EDTA) to dilute 

the concentration of RT primer prior to use in PCR reactions. 



RT-PCR DNA and cRNA controls 

PCR conîrois wete p q m d  as described pmioudy (4,5, Chapta 2). C i  plasmids 

were Linearjzed to f'aMLitate UIilfônn deilahiiation duhg eariy amplincation cycles. Two-fold 

dilutions of pIasmids used in cornpetitive assays were made in TE8 and storeci at 4OC pnor 

to use. Excessive neeZe thaw was found to decrease amplicon signal h m  controls 

presumably tbtough fkezethaw damage of the wntrol DNA. Thus, stock samples of 

controis were stored fmPn in small aliqyots just before use. 

Conditions for optimal PCR eflciency 

For optimal efficiency primer pairs are routinely chosen to be appmximately 200 bp 

apart so that with the addition of a srnail exogenous fragment in control const~cts these 

amplicons do not exceed 450 bp. It was important to verify, using 32P-d~TP incorporation, 

that the control and mRNA amplicons were king produced with similar efficiency and that 

the reaction was stopped at a point when the two products were s t U  king made 

exponentiailyY It was fomd that in some cases, under normal cycling conditions, the smaller 

mRNA amplicon was arnplïfied more efficiently than the control. We found this problem 

could be corrected by slowing the rate of tamping between temperahnes which allowed 

longer control species to amplis, more efficiently. 

Choice of renction b@ers 

We have found the d t s  were most repducible, especially when using extremely low 

concentrations of control DNA, using Promega Tuq Polyrnerase buffer containing MgCl,, 
- 
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compared to the comparable BRL and Sangon buffers. We attribute the ciifference to the 

presence of T h n  X-100 in this mktme (it is not found in the other recipes) as it may 

prevent the noaspecifïc adherence of DNA to the polypropylene eppendorftubes. 

Order of d f i m  of reugenfs LI a cn'h'carlparameteu at low DNA concentratr8ns 

W e  believe that for similar reasons, the o d a  of addition of reagents wss critical to the 

reproducib'ity of this method. If conûol DNA was added fid especially at low DNA 

concentrations, the resuits were quite variabte- presumably for reasons r e m  to nonspecific 

adherence. However, if the PCR ceaction mixture was added first, and the controls and 

template cDNA added directiy into the liquid of the d o n ,  very reproducible resuits were 

obtained. Primers were routinely left out of the ceaction mixture and added at hot stsrt as 

desaibed previously. 

Interpretation of cornpetitive R T-PCR resulls 

Shown in Fig. Al -1 is a schematic representation of two cornpetitive mRNA analyses. 

The quivalence point is detennined as king directly on a dilution (dilution= 3 .O, Fig. A 1 - 

1 a) or halfway between a pair of dilutions (dilution= 3.5; Fig. A 1 - 1 b). The amount of RNA 

(molecules/pg total RNA) can then be caiculated as show below. 



Figure Al-1. Schematic npresentatîon eqiiivaience point determination ushg 
cornpetitive RT-PCR. Schemaîk diagram ihstmting interpretation of typid cornpetitive 
analysis p a e s  in which the equivaence point (amws) tiills on a control dilution (a) or in 
between two aijacent dilutions (b). Results are as determineci by visaal inspection ofEtE3r 
intensities. 
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Figure Al-2. mRNA quntïtation by competitive RT-PCR erhg exogenous DNA (a) 
end CRNA contra1 @) temphtk DemoIlStTSdion of the control plasmids d raw data used 
to determine mRNA levels h m  samples of total RNA. (a) Upper photograph shows 
ethidium-staiaed agarose gel profile of the PCR products *ch resuited h m  
coampiifïcation of 12 RT samples (specificaüy aans~n'bed h m  GOS24-specinc primers) 
with a constant amount of coahol plasmid (shown at le& see h methods Chapter 2). 
Lower photograiph shows wampMdon of constant amounts of RT sarnples 7.8, and 9 
(fiom upper photograph) with an appropriate range oftwo-foId diIutions of control plasmid, 
This range can be detennined intuitively h m  the profile data. (b) GOS24 CRNA may be 
made fiorn the linearîd (hash rn& repnsents unique restriction site) coati01 plasmid at lefi 
(see also Methods in Chapter 4). Photograph shows etbidium-stained gels of competitive 
cRNA pro- made by addition ofthe appropriate range of CRNA dilutions to the reverse 
transcriptase mix prior to RT-PCR analysisC Equivaience points are deteunineci as described 
in Fig. Al - l above. mRNA levels are calcuiated as described in the text 





Caimlation of nrRNA la,els-competititnte DNA und CRNA analyses 

Fig. Al-2 shows a sample RT-PCR data for GOS24 mRNA and is usefbi for a 

description of the cal&on Mcd in tbe mRNA quaatitation. In Fig, AL2a the DNA assay 

is shom Cornpetitive profiles are shown for 3 RT samples (7¶ 8¶ and 9). Control DNA 

dilutions are a two-fold series (starhg from number 1) decreasing as the numbers increase 

(i.e. conmi DNA in dilution 5 is halfas much as in dilution 4). The concentrston of control 

DNA in dilution 1 is 5.67 x 10  moldes /5  pl. In RT sample 7, which shows an expivalence 

point with control dilution 12 the caiculation is as foIlows: 

moleculedpg RNA= (((5.67 x 10' molecules/5 p9 x 5 ~1)/2~") x ((025 pg RNAn40 pi) x 5 pi) x a x b 

= 1-96 x 1 O' moleculeslpg RNA 

a=2 , codon for straud numkr (contrwls are double-stranded whüe cDNA are single-stranded) 

b= 1.84, correction for size of amplicon assummg EtBr-stainuig duectly proportional to DNA length 

k= 12, control diIution at which there is an equivalence poht 

n= i , f l  control dilution in the series (concentration- 5,67 x 10' moIecules/5pl) 

Fig. AI-2b illustrates the use of a cornpetitive cRNA anaiysis for a pair of RNA 

samples. Note that in this case the calculated mRNA level is shply the number of cRNA 

molecules at the equivalence point x b=1.84, as there is no need to correct for strand 

number. The concentration of cRNA in dilution 1 was 2.2 x 1 O9 molecules/5 pl. In RNA 

sample 1, which shows an equivaence point with cRNA dilution 8, the calcdation is as 

fo uows: 

rnolecuIes/pg RNA= (((22 x 1O9molecules/5 PI) x 5 pl)/ 2'") x b x (U0.25 pg) 

= 1.27 x 1 O8 molecules/pg RNA 



APPENDIX A2 

ConsirUdiOan offu-rt;cn@ cDNh and apresEon c o ~ u c l i c  

Shown in Figure A24 and A202 are the stratepies used to create a fidl length GOS24 

cDNA and expression clones for the various recombinant O S  proteins used in this work. 



Figure A2-1. Generation of fiitl-Iength GarU cDNA ~ i n g  genomic and 5' end RACE 
clones. 



GOS24 genomic 3.5 kb Xba I fragment 
in MI 3mp18 (at Xba I polylinker site) GOS24 S-end RACE product 

in pBR322 (at Eco RV site) 

1 
Digest with Xma (II 
and Bst Eil 1 



Figure A.2-2. PCRprimem useà for clooiiy of GOS c D N h  (a) into the PET-19b E cdi 
expression vcebr @) to genente dona apiessing @~)~&gged GOS protek. 
Indicated are the Nde 1 clonhg sites (Mdalined) and initiaîioncodons @Id) in the qstream 
(U) primers which d o w  GûS proteins to be cIoned in &une behind a 10 Histidine residue 
amino terminal tag in the pET-19b multiple clonhg site (b), Also in bold is the artificiaiiy 
created stop d o n  in the dowiistr#un @) primer for GûS24ZF. In the case of the 
GOSS/RGSZ and fid-length GOS24 proteins the endogenous stop codon is used. 



pis-taaaed orotein Amino Acids PCR Primers 

5'-0CATGCATATGCAAAGTGCTATG~-3' (U) 
5'-CAGTCACTTTGTCACTC-3 (D) 

103-7 86 5'-GCATGCATATGCGCTACAAGACTGAGCT-3' (U) 
5f-GCTAGCTGATGCTCTGGCGAA-3' (D) 

5'-GCATGCATATGCAAAGTGCTATGn-3' (U) 
5'-GGGMGCTG~CTGATA-3' (D) 

T I  piomoior primer 168398*1 

Nco l HIa*Tug Néeb Xhoi[kniHI 
1 A I ~ ~ C C C C A I C A ~ C A I C ~ T C A T C A ~ C A ~ C A ~ C ~ ~ C A C ~ Q C A G C G C C C ~ ~ A I C C A C G ~ C ~ ~ C G ~ C ~ A G C ~ T A I G C ~ C C A G G ~ ~ C C C C C ~ C C ~ A A C ~ ~ A  

Ho~Clyll~slt1o~1ati1ali1sH~~t~isH~sllisHi~3ar8srOlyM1sll~AspAspA8pA~pLy~MisHotLe~CI~AapPr0AloAlo~~nLy~ 

0 g - o  Entrrdilnsw ' n imlmtor 
GCCCCAAAGGAAGC~CACI~CGC~CCICCCACCCCTOAGCAATAACTACCAIAACCCC~~GGGGCCTCIAAAC~GGTCT~GAGGGG~TT~~IG 
AloArglyiCJ~AlaClutouAloAlnAlalhrAtoCI~GlnEnd 

1-------- 




