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ABSTRACI' 

Title of 'Ihesis: Raman Spectroscopy of Interferon Induced 

2 1 ,5'-oligoadenylates 

Joseph C. White, [k:)ctor of Rrilosophy, 1987 

'lhesis directed by: M. I. Johnston, Rl.D., BiochemistJ:y Cepartrnent 

Raman spectra of IOOdel. compounds an::l of 2 1 
, 5 1

-

oligoadenylates in ~o were utilized to assign the Raman vibrational 

bands of 2 1 ,5'-oligoadenylates. pH titration experiments revealed 

that the 5 '-teminal phosphate group has a pKa of about 6.1 and 

probal::>ly does not interact with other portions of the molecule. 

Ban:1 assignments for the ~-NH2 groups of pA2 1pA2 1pA were verified 

by the position of the band assigned to these groups in the Raman 

spectra of pA2'pA2'pA in H20 an::l ~o. 'Ihe Raman spectrum of 

pA2 'pA2 'pA was altered slightly by elevations in temperature, but 

not in a manner supporting the postulate that 2 1 , 5 '-oligoadenylates 

possess i.ntent¥:>lecular base stacking. Major differences in the 

Raman spectrum of 2' , 5'- ani 3 1 , 5 1-oligoadenylates were observed in 

the 600-1200 c:m-1 portion of the spectrum that arises predominately 

from ribose ani phosphate vibrational modes. Ihosphcx:tiester 

backbone modes in A3 1pA3 'pA ani pA3 'pA3 'pA produced a broad band at 

802 c:m-1 with a shoulder at 820 c:m-1, whereas all 2' ,5'­

oligoadenylates contained a major phosphodiester band at 823 c:m-1 

with a shoulder at 802 c::m-1. 'Ihe backbone mode of pppA2'pA2 1pA 

contained the shal:pest band at 823 c::m-1 , suggesting that the 

phosphodiester backbone may be more restrained in the biologically 

active, 5'-triphosphocylated molecule. '!his is the first evidence 

that relates biological activity to a physicochemical property of 
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2-5A. Modified fonns of 2' , 5 1-oligoa.denylates were examined, 

including the biologically active pA2 1 (8BrA) 2'p(8BrA) which had 

balm in the 1200-1300 c::m-1 portion of the spectrum that were 

different canq:ared to the inactive brominated analogues, 

p(8BrA) 2'pA2 1pA and pA2 'p(8BrA) 2 'pA. Preliminal.y studies on the 

birrling interaction of 2' 1 5' -oligoadenylates with a monoclonal 

antilxx:iy specific for pA2'pA2 'pA were initiated. SUch studies, 

utilizi.rg a specific and available anti.l:xXly, would se:rve as the 

basis for the future analysis of the binding of pppA2'pA2'pA to the 

naturally-occurring 2' ,5' -oligoadenylate-dependent ribonuclease. 

Significant progress was made and the next logical step of using 

resonance Raman spectroscopy rather than conventional argon laser 

Raman spectroscopy was clearly defined. SUch research will be 

valuable to those who design m:xtified 2' 1 5' -oligoa.denylates as 

potential therapeutic drugs. 
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I. lnt:t'oductian 

Development of cell-free protein synthesis systems in the 

early 1970's have made possible the elucidation of many COirplex 

biochemical processes at the molecular level. Use of these systems 

has been largely responsible for the insight gained about the 

mec:h.anism of interferon (IFN) 1 action. 

Interferons are a family of proteins, many of which share 

some sequence homology (I.engyel, 1982 ani references therein) • '!hey 

ooc:::ur in a wide variety of vertebrates from fish to man and are 

:illlportant nv:xiulators of cell function. Unless they are induced, 

their concentration is below the level of detection in most organs 

ani cell culture systems. 

Human interferons are historically classed into three 

antigenically distinct types, alpha, beta, ani gamma. Alpha 

interferons are produced mainly by myeloid cells, beta interferons 

are produced mainly by solid tissue types such as fibroblasts, and 

gamma interferons are produced by T-lymphocytes. Alpha and beta 

interferons can be induced by a variety of agents including certain 

viruses, certain bacteria and protozoa, and natural or synthetic 

double strar.ded RNA (dsRNA) such as poly(I) ·poly(C) (I.engyel 1982) • 

certain tumor derived or virus tra.nsfonned cells are also reported 

to induce a-interferons in antigen, mitogen, or lectin stimulated T 

lYJtP1ocytes and in NK cells. 

IFNs that are secreted by producing cells bind to surface 

receptors of responsive cells and induce numerous and diverse 

biological effects. Human IFN-a and p (type I) bind to the same 

high affinity (lo-10 M) species specific receptors (Aguet & 
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Mogensen, 1983). These type I receptors are coded by a gene on 

chromosome 21 and number about 2,500/cell. The receptor may also 

interact with other proteins and gangliosides (.Aguet & Mogensen, 

1983) • IFN- -y acts through type II IFN receptors which are not 

enccx:led by chramosome 21. These receptors are more abundant than 

type I receptors and number 25-50, 000 per cell. The two types of 

IFN receptors appear to be independent because type I IFN' s do not 

COII'Q?ete with the binding of IFN- -y to cells (Baglioni et al. , 1983; 

Aguet et al., 1983; Raziuddin et al., 1984). IFN's bind rapidly to 

their receptors VJhich are then intemalized. (.Aguet et al. , 1983) . 

IFN- p may bind to nuclear membranes as shown by the work of 

KUshnazyov et a1 (1985) • 

Birding of IFN to the cell membrane is an obligatoey first 

step to induce the interferon effect. However, binding. alone does 

not necessarily result in the activation of interferon's biological 

functions. An example of binding with no activation was shown by 

Revel & Olebath (1986). '!heir experiments show that there is no 

gene activation after binding of IFN at 4° C or when IFN- a or 1 

fragne1ts that retain receptor binding activity are used. other 

workers have shown that binding of IFN alone is sufficient to 

elicit a transmembrane signal. '!his was shown in experiments with 

insoluble IFN VJhich was obtained by binding IFN to a large ligand 

incapable of penetrating the cell membrane (Ankel et al. , 1973; Chany 

et al., 1974) • .Aguet (1980) and Aguet & Blanchard (1981) have shown 

that 125I mouse IFN was not degraded after binding to the receptor 

an:i nost was recovered as it was released from the cell. No 

i.nte:rnalized IFN was detected in these experiments. other workers 
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have shown some internalization of IFN, but this may have resulted 

from endocytic degradation of the receptor (Chany, 1984). 

In light of the above discussion, the mechanism by which 

DN activates genes is not clearly understood but it probably 

involves some function of receptor occupancy. However, in same 

cases interferon resistant cells do not bind IFN (Gresser et al. , 

1974) in other cases, no difference can be fourx:l between Il'N binding 

to sensitive arrl resistant cells. For example, a mouse embryo cell 

line that had became resistant to Im was found to bind mouse IFN to 

the same extent as nonnal mouse L cells (Stewart, 1979). 

Interferons are recognized as int>ortant biological mediators 

that have numerous effects on the immune system, including 

inhibition of viral replication (Stewart, 1979). Cell surface MHC 

class I antigens are irrluced by all interferons, but IFN- -y 

increases expression of MHC antigens at concentrations lower than 

required to inhibit viral replication (Revel et al., 1984; Wallach 

et al., 1982). -xhe IFN-i.nduced expression of MHC antigens would 

enhance the killing of virus-infected cells by cytotoxic lymphocytes 

that recognize viral antigens camplexed with MHC-I antigens (Revel 

et al., 1985; De Maeyer-Guinard & De Maeyer E., 1985). TUmor cells 

may escape this killing by expressing few MHC-I antigens. 

Interferon a arrl -y can restore class I HI.A expression in tumor cells 

an:l may account for IFN's antit:tnoor effect. Cells expressing the 

HIA-DR antigens are also involved in presentation of antigen to 

helper T-cells involved in the prcxluction of antibody (Rosa & 

Fellous, 1984; Collins et al. ,1984). In addition, IFN appears to be 

important in switdling on the expression of MHC-I antigens during 
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differentiation (Yarden et al., 1984). IFN- -y activates natural 

killer cells (NK) cells while protecting responsive cells against NK 

killi.rq. 'lhis NK-mediated cell killing may be another major 

i.nmumoregulatory function of IFN- -y (Revel et al. , 1985; DeMaeyer­

Guignard & De Maeyer, 1985) • 

Interferons induce increased synthesis of certain sets of 

cell receptor proteins includ.i.IJ3' Fe receptors, an unidentified 16 kd 

protein in T an:l B cells, an:l an unidentified 20 kd protein in Daudi 

cells (Revel M. , 1984; Knight et al. , 1985; De Maeyer~gnard & De 

Maeyer, 1985) • '!he synthesis of certain eXcreted proteins also 

increases (Revel & Cheba.th, 1986 an:l references therein) • Secretion 

- of lynqilotoxin an:l 'b.m'or necrosis factor is increased by IFNs- a and 

., (Revel et al. , 1985) • 

IJhe m:x:1e of action of an interferon may depend UIXJn the type 

of cell, the type of interferon, an:l the agent that interferon is 

a~ against i.e. virus, 'b.m'or, or parasite (Stewart, 1979, 1981). 

Interferon treatment leads to inhibition of translation of a wide 

variety of viral mRNA's (reviewed by Johnston & Torrence, 1984). 

However, same vinlses, may have another site of interferon action as 

discussed below. 

Interferons induce at least two double-stranded RNA­

deperrlent proteins, 2' , 5 • -oligoadenylate synthetase an:l protein P1 

kinase, both of which are probably involved in the IFN-mediated 

inhibition of viral niRNA translation and have been implicated in 

other IFN-mediated activities as well (reviewed by Johnston & 

Torrence, 1984). 2' ,5'-oligoadenylate synthetase polymerizes ATP 

into pppA(2 'pA)n where n>2 (2-5A). 2-5A, in tw:n, activates a 
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latent cellular endoribonuclease, RNase L, that degrades RNA. In 

the paragraphs that follow, the interferon response that results in 

binding and activation of RNase L by 2-5A, will be reviewed. 

n.A.1. Medlanism of interferon action: 1:he 2-5A system, 
experiments .in cell-free extracts. 

Treating cells with interferon evokes numerous biological 

effects including growth inhibition and the arrest of virus 

replication (Taylor-Papadimitriou, 1980). Early stUdies on the 

mechanism of IFN action focused on interferon's anti viral effects 

(stewart, 1979, 1981). Various studies have implicated interferon's 

interference with a1Ioost every stage of virus replication. 

Irilrlbition of transcription is proposed to be the primal:y mechanism 

of IFN action against vesicular stomatitus virus (VSV) and SV40 

(Johnston & Torrence, 1984 and references therein). 

Pretreatment of mouse L cells with IFN inhibits the penetration of 

VSV without affecting virus adsorption (Whitaker-Dowling et al., 

1983) • IFN blocks the budding stage of replication of certain RNA 

viruses (Bugany et al. , 1983) • SUbstantial evidence supports the 

view that interferon blocks virus reproduction at the level of 

translation in many cases (reviewed by Sonnabend & Freidman, 1973; 

Metz, 1975; Freidman 1977). For exarrple, Ball and White (1978) used 

a coupled transcription-translation to study the effects of IFN 

treatlnent in cell-free extracts of primal:y chick embryo cells. No 
.. 

effect on transcription was observed, but translation of various 

mRNA's was inhibited up to 70%. 

'Ihe series of experiments that began to uncover the 

100lecular basis for this .inhi.bition of translation were conducted in 
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cell-free extracts of mouse L cells (Friedman et al., 1972a,b). 

'Ihese extracts were subjected to various treatments and then the 

ability of the extract to carry out protein synthesis in response to 

exogenous mRNA was m::>nitorecl. When m:JUSe L cells were pretreated 

with interferon alone, no effect on protein synthesis was observed. 

When IOOUSe L cells were first treated with interferon and then 

infected with vaccinia virus, extracts from these cells developed a 

dramatic decrease in their ability to translate EMC virus RNA or 

globin mRNA. 'lllese exper:i:rnents suggested that interferon treatment 

produced a latent antiviral state in the cell. The mechanism of 

this antivi.J:al. state was further elucidated by the f:in:lin; that 

double-stramed RNA such as Penicillium chrysogenum dsRNA could 

replace the requirement for the virus infection (Kerr et al., 1977). 

'nlat is, t.hfi"-addition of dsRNA to extracts of interferon-treated 

DOJSe L cells resulted in a blockage of protein synthesis, but the 

addition of dsRNA had no effect on translation in extracts of 

untreated L cells. 

dsRNA acts to inhibit protein synthesis through production 

of a heat stable low molecular weight inhibitor of protein synthesis 

generated when extracts of interferon-treated mouse L cells are 

incubated in the presence of dsRNA and ATP (Roberts et al., 1976). 

Inhibition of translation was also shown in intact mouse L cells 

treated with IFN and dsRNA (Williams et al., 1978). '!he enzymatic 

activity responsible for synthesis of the inhibitor, naw known to be 

. 2-SA synthetase, could be adsorbed to a column of poly(!) •poly(C)-
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Sepharose (Hovansessian et al. 1 1977) 1 washed., and incubated with 

ATP to generate high concentrations of the inhibitor. The inhibitor 

-was ionic in nature and consisted of several components that could 

be separated. on an DEAE ion exchange column. The chemical stnlcture 

of the inhibitor was deduced from a series of chemical and enzymatic 

degradations ani fourxl to be 5 1-o-triphosphocyladenylyl-

(21 ,5')adenylyl(2' ,5') adenosine, or 2-SA (Kerr & Brown, 1978). 

'lhe . inhibitor has the chemical . structure depicted in Figure 1. 'Ibis 

structure represented the first de!ronstration of the natural 

occurrence of a 2' , 5 1-oligonucleotide. 

Subseq.lently, other 2' , 5 '-linked nucleic acids have been 

fourxi. Geer et al. (1983) reported a ligase activity in E. coli. 

extracts that joins tRNA halves to fonn a 2' ,5'-phosphodiester bond 

at the ligation juncture. Wallac:e ani Edm:>nds (1982) described a 

''highly chal:ged. ionic camponent" frcm a total RNase T2 digest of 

miCl.ear polyadenylated mRNA that proved. to be the trinucleotide 

splicing branch point in the IliRNA splicing reaction. SUbsequently, 

Padgett et al. (1984) ani Ruskin et al. (1984) described a forked 

mRNA splicing inte.nnediate containing both 2' , 5 '-and 3 ' , 5 '­

phosphodiester bonds. 

II.A.3. Targets of ds RNA: 2-5A Synthetase arrl Protein P1_ Kinase 

2-5A synthetase has been fourxi in cells of a wide variety of 

animals. Reptiles, mice, rabbits, dogs, chickens, guinea pigs, 

monkeys, ani humans, but not yeast, amphibians or Drosophila have 

been reported to contain detectable levels of the synthetase 

(reviewed by Johnston & Torrence 1984). 
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Figure 1. Structure of 2-SA (5'-o-triphosphocyladenylyl(2' ,5')­

ad.enylyl (2' , 5') adenosine. 
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Evidence for at least three 2-SA synthetases exist: 1. An 

85-120 kda fo:nn found predominately in the cytoplasm, 2. A 20-30 

kda fonn founi in the nucleus, and 3. An intennediate size (67 kda) 

associated with microsames (Yang et al.,l981; Revel et a1.,1982; st. 

Iaurent et al. , 1983; Revel et al. , 1987) • 'Ihe different foms of 

2-SA synthetase have different activation requirements. For 

exanple, the small enzyme was optimally activated when dsRNA was 

added in 100- to 1000-fold excess of the concentration activating 

the large 85-120 kda enzyme (Ilson et al., 1986). Ilson's work was 

repeated with identical results (Chebath et al.,1987) but the dsRNA 

activation requirement for the 67 kda form of the synthetase was not 

reported in this later study. 'lhe markedly different activation 

requirements of the three different synthetase enzymes, together 

with their different cellular locat::ions, supports the concept of a 

complex enzymatic system that may be capable of localized responses 

to dsRNA. To date, two general synthetase mRNA message classes, 1.5 

and. 3. 8 kb, have been isolated and translated in Xenopus oocytes to 

yield functional 2-5A synthetase (Revel et al., 1982). The 1.5 kb 

synthetase gene has since been cloned into E. coli (Merlin et al., 

1983). 

'!here is a secorrl, irrlependent mechanism of interferon 

action that is dsRNA-dependent and separate from the 2-SA system 

(reviewed by Johnston & Torrence, 1984). The main feature of this 

system is an interferon-:in.iuced protein kinase. '!his protein kinase 

was identified recently as protein P1 kinase purified from mouse 

t.g29 cells (Beny et al. ,1985). Four lines of evidence supported 

the conclusion that IFN trea'bnent :in.iuces the synthesis of P1 which 
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itself possess the dsRNA-dependent protein Jct.nase activity. First, 

it was not possible to separate P1 kinase activity from the dsRNA­

deperxient protein kinase using DFAE, tc and hexylamine agarose 

chromatography. Second, the molecular weight observed for the 

dsRNA-dependent protein kinase, 67 kda, is identical to the 

molecular weight observed for phosphorylated P1. 'Ihird, P1 contains 

a nucleotide binding site that has been photoaffinity labeled with 

ATP (Bischoff & Samuel, 1985) • Fourth, the phosphorylation of P1 

was Weperdent of reaction volume which suggests that this 

phosphozylation may be an intramolecular autophosphorylation (~rry 

et al.' 1985). 

IFN treatment of many types of cells induces P1 kinase which 

then phosphorylates the a subunit of eiF-2. Phosphorylation of 

eiF-2 increases its affinity. for eiF-2B, effectively sequestering 

the relatively smaller pool of eiF-2B since the pool of eiF-2B is 

only 10-20% of that of eiF-2. 'Ihis, in tum, interferes with no:rmal 

recycling of eiF-2 during protein synthesis initiation. Following 

bin:iirx.J of the ternary c:onplex to the initiating 43SN ribosomal 

subunit, eiF-2 is released as an inactive eiF-2·GDP conplex. 

Nonna.l.ly, eiF-2·GDP is exchanged with eiF-2·GI'P bound in an eiF-

2B·eiF2·GI'P complex (reviewed by Safer, 1983). Binding of Met-t.RNA 

to eiF-2·GI'P forms the tema:ry complex required for initiation. 

Hc:Mever, when eiF-2a is phospho:r;ylated the resulting eiF2(aP) ·GDP 

becomes sequestered into an inactive eiF-2B·eiF-2(aP) •GOP complex. 

After the remaining active pool of eiF-2 is utilized, translational 

.inlribition occurs. 

'nle protein Pl kinase/eiF-2 pathway as it relates to 
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interferon treatment of cells has been reviewed elsewhere (Johnston 

& Torrence, 1984; Torrence, 1985 and references therein) and will 

not be discussed further here. 

:II.A.4. '1he seoc:ni "IDf"!SSEmJer: 2-5A. ani its activation of mase L 

As mentioned above, treatment of cells with IFN results in 

the synthesis of two new dsRNA dependent proteins, P1 and 2' , 5 '­

oligoadenylate synthetase. 2-5A synthetase then produces 2-5A from 

the cell's pool of ATP. 2',5'~ligoadenylates activate a latent 

endor.ibonuclease (RNase L) that degrades RNA and contributes to tne 

translational inhibition caused by double-stran:ied RNA (Kerr & 

Brown, 1978; Kerr et al., 1974; Lebleu et al., 1976; Sen et 

al. ,1976). 'Ihi.s 2-5A mediated degradation of RNA can be seen most 

dramatically in the 2-5A-deperxient degradation of ribosomal RNA 

(Wreschner et ai., 1981a) • studies on the ~ce specificity of 

RNase L (Floyd-Smith et al., 1981; Wreschner et al., 198lb) 

demonstrated that, regardless of the RNA substrate, specific 

cleavage occurs at UpN sequences giving rise to oligamers 

terminating in UpNp. 

RNase L has been partially purified from mouse L cells 

(SChmidt et al., 1978), nouse EAT cells (Slattery et al., 1979; 

Floyd-smith et al., 1982) and rabbit reticulocyte lysates (Wreschner 

et al., 1982; reviewed by Johnston & Torrence, 1984) • Floyd-Smith & 

Lengyel (1986) report a 4,750 fold purification of RNAse L from 

m:ruse FAT cells using DFAE cellulose, phosphocellulose, and poly(A)­

agarose. Covalent cross-linking of RNase L and 

pppA2' A2'pA2 'pA[32p]pep has been used to identify 2-5A binding 
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proteins and to estilnate their molecular weight (Wreschner et al. , 

1982). RNase L purified from mouse FAT cells (Floyd-Smith & 

Iengyel 1 1986) has a molecular weight of 77 · kda as estinlated by 

c:ross-li.nld.rq techniques (St. Iaurent et al., 1983). In crude 

extracts of several cell types, only one predominant protein of 70-

90 kda molecular weight was labeled in cross linking studies. '!his 

inlicates that RNase L is the only major 2-SA binding protein in the 

cell. 

Regulation of RNase L levels has been reported to vary with 

IPN treat:Jnent1 growth rate, and cell differentiation (Jacobsen, et 

al. 1 1983a,b). 'lhe treatment of JIS-V9R cells with IFN led to a 10-

to 20-fold increase in RNase L levels. 'Ihe extent of RNase L 

i.J:xlucti.on in JIS-V9R cells is several tilnes that reported for murine 

L cells (cayley et al. 1 1982) 1 human Daudi (Silverman et al., 1982b) 

or Heia cells (Silverman et al., 1982a} and may be the result of 

very low levels of RNase L in these cells before IFN trea'bnent. 

Silvennan et al. (1983) also reported that RNase L levels changed 

with the stage of growth of the JIS-V9R cells. Expression of active 

RNase L was also shONn to be greatly enhanced during cell 

differentiation in F9, F.lS and PSA SE cells by analysis of the 

extent of rRNA breakdown that followed the introduction of 

ppp{A2'P)nA into the intact cells (Krause et al. 1 1985). 

II.A. 5. Degradation of 2-SA 

'!be 2-SA cycle is completed by its degradation. 'IWo 

pathways for 2-SA degradation can be perceived. One involves a 

phosphodiesterase that degrades 2-SA into pppA2 'pA or nucleotides, 
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ani the other involves a phosphatase activity that degrades 2-5A to 

pA2 'pA2 'pA, a molecule that can not activate RNase L. Phospho­

diesterase activity that cleaves 2-5A to 5'-.AMP and 5 1-ATP has also 

been reported to occur in a variety of cultured cells (Williams et 

al., 1978; Schmidt et al., 1978). Evidence for the phosphatase 

pathway was revealed in studies by Hearl an::l Johnston (1984, 1987) 

who dem::>nstrated the major species of 2-5A recovered from the 

tissues of mice injected with saline, poly(I) ·poly(C) , or EMC virus 

was A2'pA2' (pA)n· The half life of 2-5A in the cell is relatively 

short and is on the o:rder of 15-30 . min (reviewed Johnston & 

Torrence, 1984) • '!here is same evidence that the phosphodiesterase 

is slightly in:iuced upon interferon treatment of mouse L cells 

(Kindri. et al. , 1979 ; Sclnnidt et al. , 1979) an::l human fibroblasts 

(Krishnan & Baglioni, 1981), but other researchers have not detected 

a:rr:1 interferon-mediated dlange in POi activity in chick embeyo cells 

(Ball, 1980), mouse L cells (Williams et al., 1978), HeLa cells 

(Minks et al. , 1979; Verhaegen-Iewalle & content, 1982) , human RSa, 

IF, HEC-1, and l\GA cells (Verllaegen-I.ewalle & COntent, 1982) and 

Dludi cells (Silvennan, et al., 1982). 

'Ihe preceding discussion on the mechanism of interferon • s 

antiviral action is summarized in Figure 2. Interferon treatment 

leads to the production of at least two new proteins, 2-5A 

synthetase and protein P1 kinase. dsRNA present in the cell as a 

product of viral replication specifically activates the enzyme. The 

2-5A nolecule (pppA2 'pA2 'pA or ppA2 'pA2 'pA) activates a latent 
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errlori.bonuclease (RNase L) present in most cells regardless of 

interferon trea'btelt. '!he activated RNase L then degrades RNA in 

the cell, including mRNA, leading to an inhibition of protein 

synthesis. 'lhe · degradation of reovirus RNA in extracts of liN­

pretreated FAT cells was first demonstrated by Lengyel's group 

(Bl:own et al. ,1976). 'lhe cycle is completed by degradation of the 

biologically active form of 2-SA to an inactive fonn by the action 

of a phosphatase or a phosphodiesterase or both. 

II.B.1. 'Jhe 2-5A 100lecule: studies of the 2-SA-RNase L interaction 

'1he unique nature of 2 • , 5 1-oligoadenyates stimulated 

investigation into the structural requirements for its bin:ling to 

am activation of RNase L. Chemical modification of 2-SA has 

provided info:rmation about the parts of the molecule that are 

critical for binding or activation of RNase L. Interaction of 

analogues of 2-SA with RNase L has been followed using three 

different assay methods (reviewed by Torrence, 1983). '!he first 

assay is based on the mouse L cell cell-free protein synthesis 

system activated with EMC virus RNA (Torrence et al. , 1981) and 

measures the arialogue 1 s ability to antagonize or prevent the 

translation or inhibitory effects of pppA2 'pA2 'pA. '!his antagonism 

results from competition of the modified oligonucleotide with 2-SA 

for the RNase L binding site ani provides a measure of RNase L 

biniing (Knight et al. ,1980). In this system, the 2-SA concentration 

is held constant (at 20 nM) while increasing quantities of the 

oliganer are added until the inhibition caused by 2-SA is reduced by 

50%. The second assay measures activation of the endonuclease 
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using the same system as above but without the addition of 2-SA. 

'!his approach measures the concentration of the analogue needed to 

. effect 50% inhibition of protein synthesis and provides a measure of 

el'Xlonuclease activation. The ·third approach used to study the 

bWing of analogues to RNase L uses pppA2 1pA2 1pA2 'pA2 'pA3 1 [32P]pC3p 

as a radiolabeled probe that can be displaced by oligonucleotides 

that corrpete for the RNase L binding site (Knight et al.,1980). '!he 

concentration of the oligomer needed to prevent 50% of the 

radioactive probe from binding to RNase L is used to assess its 

bin:ling to RNase L. New analogues of 2-SA are tested for binding 

am or activation by one of the above methods. 

Recently, a specific arrl sensitive functional assay for 2-SA 

has been developed (Silvennan, 1985). '!his assay employed 2-SA 

core-cellulose to which RNase L was added and mixed on ice to 

generate a 2-SA core-cel.lulose-RNase L carrplex. 'lhe cellulose was 

washed and susperxled in an assay mix containing poly(U)-[3'-32pJep. 

Addition of increasing concentrations of trimer and tetramer 2-SA 

resulted in the. activation of RNase L which then degraded the 

labeled poly(U) to acid soluble fragments. 'lhe acid precipitable 

radioactivity captured on the glass-fiber filters was detennined by 

scintillation counting. 'Ihe advantage of this assay is that it is a 

functional assay specific for 2-SA. 

II.B.2. Identification of the portions of the 2-5A DDlecule 
illpJrtant in the bindil'g ani activation of RNase L. 

Inspection of the structure of 2-SA in Figure 1 reveals a 

nolecul.e that can be chemically modified in a number of positions. 

Inieed, analogues of 2-SA have been made by modifying the number of 
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5 '-phosphate groups, the heterocyclic bases, phosphocliester 

linkages, or the ribose 2 1 - and 3 1-hydroxyls. '!he effect of chain 

length has also been investigated. Assaying these analogues for 

bin:ling or activation of RNase L provides a great deal of 

info:nnation about the parts of 2-5A inportant for this interaction. 

'lhe results of these studies are summarized belOW'. 

n.B.2.a. 5'-'l'el:minal. BlcJsPlate Lc;anen; 

'lhe . number of 5 1 -phosphates was shown to be inportant in 

determininq the biological activity of 2-5A. Trimer 

5 1-triphosphate, pppA2 'pA2 1pA, and trimer 5 1 -diphosphate, 

ppA2 1pA2 'pA, bind and activate RNase L. Trimer 5 '-tronophosphate, 

pA2 1pA2 'pA, binds the endonuclease without activating the enzyme, 

but is capable of antagonizing the inhibition of protein synthesis 

by pppA2 'pA2 'pA. Trimer core, A2 'pA2 1pA, neither binds nor 

activates RNase L efficiently (Kerr & Brown, 1978; Torrence et al. , 

1981) • HOW'ever, trimer core at high concentrations has been 

inplicated .in the inhibition of INA and RNA synthesis (Kill1chi et 

al., 1981a,b) . 'lhe mechanism of core action remains unknown. 

II:.B.2.b. Clla.in lergth isomers 

As discussed above, no unphosphorylated oligomer is as 

active as the corresponding 5' -tronophosphate in its ability to 

antagonize the binding of pppA2.'pA2'pA to RNase L. For example, 

trimer core, A2 1pA2 'pA, is 100-fold less active than pA2 1pA2 1pA but 

tetramer and pentamer cores, A2 'pA2'pA2'pA2' and A2'pA2 'pA2 1pA2 'pA, 

are only 10-fold less active than their respective 5' -tronophosphates 
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(Torrence, et al. ,1982). The increase in antagonism of the tetramer 

and. pentamer cores may be due to longer chain length. The longer 

cores contain the minimum structure ... pA2 1 pA2 1pA and may be able to 

slip into the nuclease binding site. The same study shaws that 

addition of adenosine nucleotides to pA2 1pA2 1pA to give 

pA2 'pA2 1pA2 'pA and. pA2 1pA2 1pA2 'pA2 'pA does not change activity 

i.niicating that chain length does not effect activity of 5 1 -

m::>noph.osph.ocylated 2-5A1s. Finally, at least three adenosine 

nucleotides are required for naximal. activity. Di.mer monophosphate, 

pA2 1pA, is 100-times less active that pA2 1pA2 'pA (Torrence et 

al. , 1983) • However, rem::wa.1 of adenosine from the 2 1 -tel:minus of 

pA2 1pA2 'pA to give pA2 'pA2 'p results in· a COIIpJUl1d s.:..fold less 

antagonistic than pA2 1pA2 1pA. This result may be due to increased. 

resistance of pA2 1pA2 1p to degradation, or it may reflect the fact 

that the 2 1 -tenninal nucleoside of pA2 1pA2 1pA is not required for 

bin:lin:J RNase L. 

II.B.2 .c. • :ex-spxxliester Linkage Isaners 

'!he importance of the 2 1 , 5' -phosphodiester backbone of 2-5A 

is demonstrated by analysis of the linkage isomers pA2 'pA3 'pA and 

pA3'pA2'pA. Replacing a single 2' ,5 1-linkage with a 3 1 ,5 1-linkage 

produces a 20- to 50-fold decrease in activity (Lesiak et al., 

1983) • If both 2 1 , 5' borr:ls are replaced. with 3 1 
, 5 1 bonds (i.e. 3-

SA) , activity decreases by a factor of 105. 

Chemical synthesis of a 2 1 , 5' -phosphorothioate trimer and 

tetramer produced. analcgue structures that inhibit protein synthesis 

better and are more stable in cell-free extracts than authentic 
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pppA2 1pA2 1pA (Ise & SUhado~, 1985) • In the assay for biological 

activity, seventy percent displacement of the radiolabeled probe, 

pppA2 1pA2 1pA2 1A(32P]pCp, is achieved with 2 nM tetramer phosphoro­

thioate analogue or with to 10 nM authentic pppA2 1pA2 'pA2 1pA. These 

analogues are more stable in cell free extracts than authentic 

2-5A 1 s presumably due to their increased resistance to POi. After 

60 minutes in an interferon-~ted Heia cell extract, 45% of the 

phosphorothioate analogues remain 'While only 5% of authentic 2-5A1s 

are recovered. 

2-5A 1 s unique phosphodiester backbone is essential to 

provide the correct stereochemical fit of 2-5A ani RNase L. 

SUbstitution of the diester oxygens for sulphur increases activity 

probably due to increased stability to phosphodiesterase. 

II.B.2.d. Mcdificati.ans of the ribose DDiety of 2-5A 

RePlacement· of all three 3 1-hydroxyls of pA2 'pA2 'pA with 

hydrogens gives a cordycepin analogue of 2-5A that is much less 

active as a protein synthesis inhibitor than 2-SA itself (Sawai et 

al. , 1983; Haugh et al. , 1983) • '!his analogue has low binding 

affinity for RNase Land does not activate it efficiently. 

Modification of the 2 1 -ribose of 2-5A by periodate oxidation 

opens the 2 1 -tenninal cis-diol to a dialdehyde that can be reacted 

with n-hexylamine an:l reduced with sc;x:litnn cyanoborohydride to fonn a 

n-hexyllnorpholine derivative (Imai et al., 1982). 'Ibis analogue is 

ten times 100re active than 2-5A in a cell-free translation system 

due to its increased resistance to degradation. Also, when injected 

into Heia cells infected with Mengo virus, this "tailed" compound is 
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at least ten fold mre active than authentic 2-5A (DeFilippi et al., 

1985}. 

II.B.2.e. Modifications to the heterocyclic bases of 2-SA. 

Modification of the base moieties of 2-5A includes 

replacement or modification of the adenine rings. '!he bases of 2-5A 

have been modified in a systematic manner to identify the positions 

of the base critical for binii.ng or activation of RNase L. When the 

adenine rings of 2-5A are replaced by pyrimidine rings (Sawai et 

al. ,1981) or hypoxanthine (sawai et al. ,1981) or have a third ring 

added (etheno analogues) between the N1 and. amino nitrogens of 

adenine (I.esiak et al. ,1983), ·a dramatic loss of biological activity 

cx:x::urs. 

P\lrther insight into the requirement for biological activity 

is demonstrated by the synthesis of analogues where one .adenosine is 

replaced by inosine to give pppi2'pA2'pA, pppA2'Ip2'pA, and. 

pppA2 'pA2 'pi (Imai & 'lb:rrence 1985; 'lb:rrence et al. , 1984) • 

Replacement of the first base with inosine results in an analogue 

which is 200 times less active than 2-5A in its ability to bind 

RNase L. Replacement of the middle base with inosine results in a 2 

to 3-fold decrease in binding and. a 20-fold decrease in activation 

of RNase L. When the third base of 2-5A is replaced with inosine, a 

1000-fold decrease in RNase L activation but virtually no decrease 

in binding RNase Lis obser.ved. 'lhese studies demonstrate the 

following: 1. 'lhe 5' -tenninal N6 amino group of adenosine interacts 

with RNase L am is required for optilnal binding. 2. '!he 3 '­

teJ:mina1 amino group of adenosine interacts with RNase Land is 
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critical for activation. 3. The middle N6 amino group of adenosine 

in 2-5A does not appear to be critical to binding or activation of 

RNase L (Imai et al. , 1985) . A similar study was conducted on the 

7-deazaadenosine (tubercidin) analogue of 2-SA (Jamoule et al. , 

1984). 'lhe only analogue that retained the ability to activate 

RNase L was the one in which the middle base was substituted to give 

pppA2'p(c7A)2'pA. This study confirms the critical nature of the 

first ani third base residues (in 2-5A) for binding and activation 

of RNase L. The middle nucleotide residue seems to play only a 

minor role in this process. 

Pel::haps the most interesting of all the base analogues are 

the 8-Br substituted 2-SA's. An analogue brcnninated at the C8 

position of adenine, pA2 •pA8Br2 'pA8Br, displayed unexpected 

biological activity. This 5 '-monophosphate shows 8% of the 

inhibitory activity of 2-5A itself or about 13% of the activity of 

its parent conq;xrund, pppA2'pA8Br2'pA8Br (Torrence et al., 1985: 

Torrence & Iesiak, 1986; Torrence et al. , 1987) • 'lhis unexpected 

result dEm:>nstrates that biological activity does not always require 

a 5 '-terminal di- or triphosphate ani :iltplies that the biological 

activity of different 2' ,5 •-oligoadenylates may be dictated by a 

structural feature other than the mnnber of 5 '-terminal phosphates. 

In summary, efficient binding to RNase L requires the N6 

amino group of the 5 '-terminal adenine (Torrence et al. , 1984; Imai 

& Torrence, 1985; Imai et al., 1985), am two 2' ,5'-phosphodiester 

borxls (Iesiak et al. , 1983) • Activation of RNase L requires the N6 

amino group of the 2 •-terminal adenine (Torrence et al. , 1984: Imai 

& Torrence, 1985; IInai et al., 1985) arrl the 3 •-oH of the ribose 
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ring (Sawai et al., 1983; Haugh et al., 1983). 

II~C.1. Raman Spect:r:a:;a:Jp, Historical Perspectives 

While investigating the scattering of light in liquids, c. 

V. Raman made a discovery that has proved to be of great i.nportance 

for the investigation of molecular structure (Raman & Krishman, 

1928). Raman noted that when a substance is irradiated with light 

of a certain frequency, the scattered beam contains not only light 

of the same frequency, Rayleigh scattering, but also lines with 

slightl'Y lower frequencies, stokes lines, and slightly higher 

frequencies, anti -Stokes lines. Raman made a through study of these 

shifted spectral lines with sunlight focused through several lenses 

to generate an intense beam of light. He was awarded the Nobel 

prize in 1930 as a result of his efforts. 

Raman spectioscopy is ~tly referred to as Raman 

scatteriiq because it is a light scattering phenomenon. Scattered 

light can be broken down into an elastic component (Rayleigh 

scattering) and an inelastic component. Raman scattering results 

from the inelastic collision of an incident photon with a 100lecule 

which is either in its grourd or excited energy state. In contrast 

to phosphorescence or fluorescence, the Raman effect does not 

require the incident light to be coincident with an absorption band 

because the photon is never entirely absort>ed. Instead, the 

m:::>lecule is perturbed into a ''Virtual" state that in:iuces a 

vibrational translation. 'Ihus, art1 wavelength of light may be used 

to study the Raman effect. 

Raman scatteriiq is affected by the polarizability of the 
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mlecule and the dipole moment induced or distorted by the electric 

field of the incident radiation (Wilson et al., 1980). '!he 

selection rules for a vibrational Raman spectrum depend on whether 

the polarizability changes when the molecule vibrates. If it does, 

then the vibration is Raman active. For example, suppose that a 

molecule is irradiated with light of frequency v. The 

polarizability, 01, depends upon one of the no:rmal-mode displacements 

Qi with frequency Vi then 

SUbstituting 

a = ao+ a;Qi 

Q; = Q; 0 cos(2vv;t) 

~ = ; 0 cos ( 2ttvt) 

where c:ti 1 = (dcc/dQi)Qi=O· 'Ihe induced dipole noment is now given 

by 

SUbstituting for Qi ani E 

~ = aa+ a;[Q; 0 cos{2ttv;t)]~0 cos(2ttvt) 

and multiplying 

I! = a.a ~0 cos(2ttvt) + a;Q; 0 ~0 cos(2ttvt) cos(2ttv;t) ' 

Applying the trigonometric identity 

cos ( 01 + fJ) = COSc:t cos{J + si.rn sin/3 

one obtains 

1! = Clo ~O COS{2ttvt) + 1/2 a;Q;o~o · COS[2tt(v-V;)t] 

+ l/2a; Q; 0~0 cos[2tt{v+v;)t] 

From the equation aboVe, the scattered light has three frequencies 

at which the .induced dipole moment oscillates, v, v - Vi, and v + Vi 
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(Figure 3). 'lhese are the Rayleigh, Stokes, and anti-Stokes lines, 

respectively. Raman scattering is obsel:Ved with frequency shifts 

corresponding to the frequencies of each nonnal mode Qi for which o: i 

is not zero. 'Ihese nonnal modes are said to be Raman active. 

'!he vibrational selection rules of the Raman effect are 

based upon symmetJ:y considerations. 'nlat is, if the structure of 

the mlecule were known, a thorough application of nonnal mode 

vibrational analysis could be used to detenni.ne the mnnber of 

fundamental vibrational frequencies as well as the entire Raman 

spectrum (Cotton, 1971). '!he vibrations of common groups of atoms 

or functional groups are relatively independent of the rest of the 

m::>lecule ani vibrate within a specific range of frequencies. '!his 

group frequency approach is often used to fingerprint experilnenta.l 

speCtra against compounds of known structure. If two separate 

structures are proposed for an unknown COll1;)0Ul1Cl then one could 

calculate a different Raman spectrum for each structure. A 

COI'IpClrison of the calculated Raman spectra with the experilnenta.l 

Raman spectrum would then tend to support one proposed structure 

over the other. 

n. c.2. Raman Spectr:osccpy of Nucleic Acids 

Classical Raman spectroscopy has numerous advantages when 

~ to other techniques. Raman spectroscopy results in minimal 

or no damage to the saltJ'le. Relatively little interference from 

water bands is obseiVed in the Raman spectrum. sample volmnes as 

low as l-5 uL can be scanned. '!he vibrational information obtained 

is representative of specific confonnations. Raman spectra of the 
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same sample in different fonns, i.e. crystal, fiber, or solution, 

can be c:onpared. 'Ihus, the confo:rmation in solution can be compared 

with the crystal structure obtained from x-ray diffraction studies. 

Disadvantages of visible, non-resonance Raman method are: the 

potential to destroy sample in the laser beam if high power or high 

energy light is bein;J used, the need for relatively concentrated 

samples of 10-100 ngjmL, arv::l fluorescense from impurities. Some 

samples require 3-4 hours in the light path before fluorescence 

decreases to a level where high quality Raman spectra can be 

obtained. 

'lhe Raman spectra of nucleic acids arise from vibrations of 

two parts of the of the molecule between which there is little 

vibrational couplin;J. Figure 4 shows the pr.ilnary backbone and base 

structure of RNA. one set of vibrations originates from the 

symmetric vibrations of the ribonucleic acid bases and from the 

fUranose-phosphate backbone. Many of the base barrls are Raman 

active ani produce strong barrls that provide valuable info:rmation 

concerning base stacking interactions ani interbase hydrogen 

bo~ (reviewed by Peticolas et al, 1987). 

Confonnation-deperrlent alterations in the base bands in the 

Raman spectrum are of two general types: 1. an increase or decrease 

in the :bard intensity without a change in frequency (Tomlinson & 

Peticolas, 1970; Peticolas, 1970; small & Peticolas, 1971a; Small & 

Peticolas, 197l.b), ani 2. an increase or decrease in band intensity 

accompanied by a shift in frequency. Type 1 changes are obsaved in 

helical nucleic acids ani result in a decrease in band intensity 

upon helix fo:rmation. . '!his effect is tenned Raman hypochromism and 
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Figm:e 4. A fragment of a hypothetical RNA chain. '!he sequence of 

the fragment along the defined chain direction from the 5 1 to 3 1 end 

is: adenosine (A) 1 guanosine (G) 1 uracil (U) 1 and cytosine (C) . 

'lhe nucleotide units are linked together by a 3 1 
1 5 1-phosphodiester 

linkage. An atom numbering scheme is indicated for the adenosine 

and uracil units. 
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reveals the presence or absence of base stacking in a compound of 

interest. For example, when poly(A) ·ploy(U) is heated from 150 to 

80° C there is a 2. 5-fold increase in intensity of the uracil band 

at 1236 an-1 am a 1.6-fold increase in intensity of the adenine 

bani at 730 c:m-1 (Small & Peticolas, 1971b) • '!his is direct 

evidence of extensive base stacking in poly(A) •poly(U) • Type 2 

cha.n;Jes reveal infomation, in 600-700 cm-1 region of the spectrum, 

concerning the conformation of the furanose backbone of certain 

purine containing C0111p0Ul'X1s. For example, the alternating copolymer 

poly(dG-dC) undeJ:goes a confomational change from B I:NA to z I:NA 

when the salt concentration is increased from 0.15M to 4 M. When 

this c.h.an;Je in confo:nna.tion occurs, a guanine band shifts in 

freq.Jency from 680 cm-1 to 625 cm-1 (Nishimura et al. ,1983; 

.-- Benevedies et al., 1983; revie~Ned by .Peticolas et al., 1987) . Raman 

spectra representing this A to z transition are shown in Figure 5. 

COnfomation-sensitive changes in the furanose-backbone­

associated bands of the Raman spectrum of J:NA am RNA are quite 

different from the changes associated with nitrogenous base bands 

dj srussed above. 'lhese bands contain infomation about the overall 

orientation of the entire phosphodiester backbone am will 

henceforth be referred to as furanose-phosphodiester modes. 'lhe 

position of these Raman bands is strongly dependent on the torsional 

angle delta about the C5 •-c4 '-c3 '-o3 ' bond (Figure 6) (Ill et al ~ , 

1977; BrcMn & Peticolas, 1975). nris, in tum, defines the pucker 

of the furanose ring expressed as the pseudorotation phase angle, P 

(Ievitt & Warshel, 1978) (Figure 7) • Inspection of Figure 7 reveals 

minima in the potential energy contours in two general areas of the 
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Figure 5. C11aracterization of the right-handed B and left-handed z 

forms of the polymer poly(dG-dC) ·poly(dG-dC). Spectrum A 

correspoms to the B fonn of the polymer in o .1 M NaCl. Spectrum B 

correspoms to the left-harrled z from of poly(dG-dC) ·poly(dG-dC) in 

4 M NaCl. 
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Figure 6. FUranose torsion angle 6. Angle 6 directly affects 

furanose confo:rmation which in tum affects the position of the 

furanose backbone bards in the :Raman spectrum of nucleic acids. 
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pseudorotational phase angle. The one near p = o - 100 corresponds 

to the C3 '-endo ring pucker and is found in A-genus nucleic acids 

(dsRNA arxi A rNA). 'lhis family of nucleic acids has a strong, sharp 

Raman ban::l around 807-814 cm-1. 'lhe secon:l mi.ni.mum is near p = 160o 

arxi correspon:ls to the C2 '-endo ring pucker. The C2 '-endo furanose 

ring pucker is found in the classic model of B-genus rnA and a band 

at 835 cm-1 is observed in the Raman spectrum of rnA fibers at high 

relative hmnidity. Thus, even though the 807-814 cm-1 and 835 cm-1 

bands arise from arxi are assigned to the antisynunetric Q-P-0 

stretching vibration, they are closely associated with the 

confocnation of the furanose ring. 

'!he COI'l'plexity of Raman spectra has necessitated an 

enpirical approach to the assigmnent Raman barrls to specific 

mlecular groups and conformations. Studies on model compo\.U'lds 

(Lord & 'Ihamas, 1967; Thomas & Kyogoku, 1977; Nish..imuria et al. , 

1978, 1984) and on rnA fibers and crystals (Erfurth et al. , 1975; 

'nlanas & Peticolas, 1983a,b; Martin & Wartell 1 1982; Thomas et al. 1 

1984) have been of great value in establishing the assignments of 

rNA arxi RNA bands. A summacy of some .ilnportant Raman bands of 

nucleic acids that are sensitive to confonnation is presented in 

Table 1 (see Peticolas et al. 1 1987 for a complete review of this 

subject). 

Since the position and intensity of Raman ban:ls are 

sensitive to confonnational interactions they can be used to study 

protein-nucleic acid binding reactions. Ligand-DNA (Manfait et al. , 

1982) and protein-cofactor Clue et al. , 1984) birxiing complexes have 
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'mBtE I. ~rtant Raman :sams of Nucleic Acid canponents 

that cn:e Sensitive to ConfOlllla.tion. 

Frequency shift ( cm-1) 

1100 

805-815 

835 

682 

665 

625 

1260 

1265 

1318 

1318 

1334 

1355 

1362 

1418 

1420 

1426 

l 

~ symmetric stretch 

C3 1 -endo ester linkage marker for 
furanose-phosphate chain mode in A-genus 
nucleic acids 

C2 1 -endo ester linkage marker for 
furanes&-phosphate chain mode in B-genus 
nucleic acids 

Guanine ring breathing mode marker for 
C2 1 -endo-anti furanose-phosphate chain 
mXle in B rNA 

Guanine ring breathing m::xle marker for 
CJ I -endo-anti furanose-phosphate chain 
m:Xle in A rNA 

Guanine ring breathing mode marker for 
C3 1 -endo-syn furanose-phosphate chain 
m:Xle in A J:NA 

Weak cytosine band in B-J:NA 

strong cytosine band in Z-I:NA 

Moderate guanine band in B-OOA 

Very strong cytosine band in Z-OOA 

Moderate guanine band in B-OOA 

Moderate guanine band in Z-OOA 

Moderate guanine band in B-OOA 

Weak guanine band in Z-J:NA 

Moderate guanine band in B-J:NA 

Weak guanine band in Z-mA 
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been evaluated using Raman difference spectra. Difference spectra 

provide infonnation concem..i.ng which part of the ligand or cofactor 

interacts with the DNA or protein. For example, Yue et al. (1984) 

obtained the Raman spectrum of liver alcohol dehydrogenase (EC 

1.1.1.1) (IAIE) -NADH complex. First they obtained the spectrum of 

free IAIH in the absence of its cofactor, NADH. Next they obtained 

the Raman spectrum of free NAIH. Finally, they obtained the Ranan 

spectrum of IAIE with NADH bound in a 1:2 molar ratio where no 

excess NAI:H was believed to be present. 'Ihe spectrum of free IADH 

was then subtracted from the spectrum of I.Aill + NAIH. '!he result of 

this subtraction was the spectrum of bound NADH. Comparison of the 

boun::l NADH with the free NAIH spectrum revealed significant changes 

in the Raman spectrum of NADH upon birxling to IAIE. From these 

changes, it was shown that both the adenine and the nicotinamide 

100i¢ies of NADH were involved in birxling to IADH. 'Ihe -NH2 groups 

of NAI:H were also shown to participate in birxling to IADH but it was 

not possible to determine whether one or both -NH2 groups were 

:involved. SUch direct evidence of birxling interactions is difficult 

to obtain by other methods. 

m. Reseal:dl Goals 

'Ihe goals of this research were three-fold. First, I sought 

to detennine how the Raman spectrum of 2-5A was different from that 

of 3-5A. DUring the course of these studies each spectrum was 

studied for clues to why 2-5A is biologically active and 3-5A is 

not. 'lhis corrparative study necessitated that each peak in the 

Raman spectrum be assigned to a particular portion of the molecule. 
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Work with model compounds enabled me to assign each major band in 

the Raman spectrum and led to the pH, temperature, and 2-5 vs 3-5 

cc::mparative study. Second, I sought to detennine why different 

isomers of 2-SA differed in their biological activities. More 

specifically, why does pppA2 1pA2 1pA bini and activate RNase L while 

pA2 1pA2 1pA birrls but does not activate RNase L? Is this difference 

in activity a result of the confo:nna:tion of the molecule, or is it 

merely due to the triphosphate moiety, or do both contribute? 'lhese 

questions led to studies of the Raman spectra of several oligomers 

conta.inin;;r 2 1 , 5 1 -linkages. Oligonucleotides of different chain 

len:Jth, phosphodiester linkages, and 5 1-terminal phosphocylation 

were examined •. 'Ihird and perhaps the IOOSt ambitious, I sought to 

detennine areas of the 2-5A molecule involved in binding to the 

lOOI'lOClonal antibody 3AC9. I hoped that these model studies would 

provide oore basic knowledge about the nature of the binding of 

2-:SA's to proteins. In addition, these studies would be valuable to 

those interested in the design and synthesis of analogues of 2-5A as 

potential chemotherapeutic agents. Raman spectroscopy is suited to 

studies of protein-nucleic acid binding reactions because it can 

provide info:nnation on the portions of the ligand involved in direct 

interaction with the protein. 

Commercial 2 1 ,5'-li.nked trimer core, A2'pA2'pA, trimer 

5 • -oonophosphate, pA2 1 pA2 'pA, and trimer 5 '-triphosphate, 

pppA2 'pA2 'pA ( anmonium salts) were purchased from Phannacia Chemical 
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Company (Piscataway, NJ) • Synthetic 2 ' , 5' -linked trimer core and 

trimer 5 '-monophosphate (sodium salt) were generously supplied by 

Dr. Paul F. Torrence (NIH) • Adenosine (Sigma grade) , AMP (Sigma 

grade), and ATP (Sigma grade), were purchased from Sigma Chemical 

Cc:mpmy (st. I.ouis, MO). All samples were dissolved in distilled 

water or in buffer conta.i.nin::J 150 mM NaCl, 10 mM HEPFS, pH 7. 4. 

sample concentration was estimated. spectroscopically and ranged from 

10-100mM. Raman experiments were carried out at & c except where 

noted ot.he:twise. 'Ihe ~ture of the brass sample holder was 

maintained by a thermostatically controlled circulating water bath. 

'lhe Raman instrument consisted of a Coherent Innova 90 argon ion 

laser source operating at 514. 5 rnn with typically 250 mw of light 

power at the sample, a thermostatte:l brass sample holder, a 300mm 

focal length f 0. 6 aspheric lens for light collection optics, a 

Spex 1403 double monochrometer with 1800 groovesjmm holographic 

gratings, an RCA 31034 t:Mr, and a Spex Da.tamate coupled to a 

CramerrK:o zao based microcomputer. Spectral bandpass was set to 

6 c:m-1. Data was collected at 1 c:m-1 intervals at a scan rate of 

1 cm-ljsec:. About 15 scans were collected for each specti:um with a 

2 sec per cm-1 integration time. Samples of approximately 5 

microliters were held in melting point capillacy tubes. 

SpeCtra containing significant noise were smoothed using the 

algorithm of Savitsky & Golay (1967). Water and solvent background 

peaks were subtracted from spectra to satisfy two criteria. 'Ihe 

spectrum between 1730 and 1800 cm-1 must be linear or free of 

o.u:vature, and a linear extrapolation of this region must intersect 

close to baseline at 1160 to 1180 cm-1 (Williams, 1983). 
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When the nucleic acid sample was very fluorescent the 

spectrum of the fluorescence band could introduce considerable 

curvature to the baseline of the Raman spectrum (Figure 8) • When 

this happened it became in'p:>ssible to satisfy the water subtraction 

criteria above ani a graphical solution was used. In this 

procedure, the fluorescence band curvature was removed by drawing a 

line to fit the fluorescence band (Figure 9) using a cubic spline 

program. After the band due to fluorescence was corrected, the 

spectrum of water/bUffer was subtracted to meet the two criteria 

above (Figure 10). 

A computer generated spectrum of triethyl anu:nonium ion (TEA) 

was generated usirg the same data han:lling programs used for 

waterjbuffer subtraction. First, the spectrum of triethyl amnonium 

biccu:i:>onate (TEAB), pH 7 .4, was obtained. Second, the spectrum of 

aDIIIKmium bicarl:lonate, pH 7. 4, was obtained. 'Ihi.rd, the spectrum of 

~um bicarl:lonate was subtracted from the spectrum of TEAB to 

generate the spectrum of TEA (Figure 11) • The spectrum of TFA 

obtained in this manner was used to correct the spectrum of Nnl 

pA2 'pA2 'pA. 

To ensure that samples were pure and were not degraded by 

the laser beam, or by changes in pH, or by high temperatures 

employed · in temperature experiments, samples were analyzed using 

C-18 reverse phase HPLC. less than one microliter of sample was 

rem:wed from each melting point capillacy before and after scanning 

'ard diluted approximately 20-fold for analysis. The HPLC system 

consisted of a Waters mx1el. 730 data module, a Waters model 

720 system controller, a Waters model 710B WISP, 2 Waters model 510 
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Figme 8. Raw data showing the fluorescence band in the spectrum of 

pA2 'p(SBrA} 2 1pA. 

38 



c:: 
ro 
E 
ro c: 

600 800 1000 1200 1400 1600 1800 
Frequency shift ~m-1) 

Figure 9. '!he spectrum from Figure 8 with the hand drawn line which 

was used to correct the baseline due to fluorescence. 
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Figure 10. Corrected Raman spectrum of pA2 'P (SBrA) 2 'pA. (a) Raman 

spectrum of water. (b) Raman spectrum of pA2 'p (SBrA) 2 'pA with 

water subtracted. 
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solvent delivery systems, and a Kratos model 769 variable wavelength 

detector. Buffer A was 50 mM annnonium acetate, pHS. 2, and buffer B 

was 25% acetonitrile. The flow rate was 1 mi!minute. '!he column 

was a Waters IIIOONmPACK C-18 3.0 nnn x 30 em stainless steel column. 

'lhe gradient was programed as follows: o-s minutes, 100% A, 5-25 

minutes, shallow exponential gradient (curve 07) to 25% B, and 

25-35minutes, steeper exponential gradient (curve 08) to 100% B. 

Absorbance was nonitored at 259 lllll. Average retention tilnes in 

minutes were as follows: pppA2'pA2'pA, 27.2, ppA2'pA2''pA, 24.0, 

pA2 'pA2 'pA, 24.2, A2 'pA2 'pA, 35.6,A2'pA, 34.4, AMP, 9.2, adenosine, 

29.9. 

Sample pH was measured by· insertion of a specially 

constructed combination pH electrode, measuring 0.9 nun (diameter) by 

6.0 en (length) (Microelectrodes, Inc., IDndonderry, NH), into the 

meltirg point capillary. Accurate pH measurements were maqe on 

volumes as low as two- microliters ani were done in duplicate. There 

was no significant difference in the pH of a 5 vL sample, detennined 

as described above, and the pH of 1 mL of the same sample measured 

in a test tube. Sanple pH was changed by delivering less than 1 vL 

of ice cold o .1 N KOH to the inside of the capillary with the tip of 

the pH electrode. 'lhe electrcxle and sample were kept on ice to 

minimize possible base-mediated degradation. 'Ihis procedure changed 

the pH by about o. 5 units per addition step without degrading the 

sample. '!he ionized 980 cn-1 and protonated 1095 cn-1 phosphate 

peak heights were measured after each spectrum was nonnalized to the 

729 cm-1 band of adenine usinj data handling programs described by 

Williams ( 1983) • 
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Samples scanned in 020 were lyophilized and reconstituted on 

ice with 020 from Sigma Chemical Company (St. Louis, MO). The 

sanple was .inmediately transferred to the thenncstated 15°C brass 

sanple holder for Rairan analysis. 

~onal Antil:xxly PUrification 

St.artin;J material~ murine ascites fliud diluted 1:3 in 

PBS 1 pH 7. 4. Ascites fluid was dialyzed into 20 mM Tris pH 8. 5 and 

filtered through a 0.22 micron filter before application to a 

DFAE-5:EW column which was used to separate monoclonal antibody from 

two major contaminating proteins of ascites 1 transferrin and 

a.l.bumin. Fach fraction from the DFAE-5PW colunm was checked for 

immunoreactivity using an ELISA assay (Johnston et al., 1985). The 

immunoreactive ·fractions ·were applied to a Phannacia Mono-P 

dlramatofocusing column to rem:we the remaining transferrin from 

m:moclonal antibody. Ampholytes introduced by chromatofocusing were 

reJOOVeCl by a gel filtration step using Phannacia 6+12 colUl!U'lS in 

tarxiem. 'Ihe tandem arrangement of these colUl!U'lS was used to 

aco m•cdate the large protein load. 

JEAE-51W: 'Ihe Waters HP1C system described above was used 

to elute monoclonal antibody from a DEAE-5PW column. 'Ihe OEAE-5PW 

column measured 12 em x • 75 em and was purchased from Il<B, Rockville 

MD. 'lhe flow rate was 1.0 miimin and 1.0 minute fractions were 

collected. Buffer A was 20 n'M Tris•HCL pH 8.0. Buffer B was 0.250 

M NaCl in 20 mM Tris pH 7 .0. A 40 minute linear gradient was run. 

'Ihe monoclonal antibody eluted between transferrin at 20 minutes and 

albumin at 38 minutes, but its position was strongly dependent upon 
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the salt concentration of the starting material. The colmnn was 

cleaned after each run by injecting 1. o mL of 1. OM NaCl followed by 

a blank gradient. 20-50 nq of protein in 5.0 mL of starting· buffer 

was loaded onto the column prior to elution. 

~P: An IKB HPI.C system was used to elute the antibody 

from a Blarmacia HPI.C Mono-P colmnn (Phanna.cia Chemicals AB, 

SWeden) • Chart speed was 1. 0 lllli1/min. Flow rate was 1. 0 mljmin. 

Pressure was 32-38 bar. Typically, pooled DFAE fractions (5.0 ml) 

were diluted 1:3 in starting buffer ani applied to the colunm. The 

column was washed with 3.0 m1 of elution buffer. starting buffer 

was. 0.025 M bis-Tris, pH 6.4. Elution buffer was Polybuffer 74, pH 

5.0. Both buffers were adjusted to the correct pH with HCL. The 

coll.m'l was eluted with 40 mrs Polybuffer 74. These conditions 

produced a pH gradient from 6. 0 to 5. 0. The antibody eluted at 25-

28 minutes. The colunm was cleaned after each application by 

injectirg 1. o mL of 2. o M bis-Tris. 

SUperose 6 + 12: 'lhe same IKB HPLC system was used to 

exchange the purified antibody into 0.15 M NaCl for storage at 

-200 c. The sample was concentrated to a volume of 200 microliters 

usirq a Centricon filter centrifuged at 5000 RFM for 1 hour followed 

by a 4 minute centrifugation at 3000 RFM to deposit the sample in a 

collection vial. Concentrated antibody was applied to the two 

coll.mlS in series. The Superose 12 was placed in line first since 

it can withst.ani higher pressures than the Superose 6 column. The 

col'lm'l was st:arrlardized with a protein m.ixture of ferritin, 
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aldolase, ovalbumin, and cytochrome c, each at a concentration of 

4. 0 ngjml. It is important to have a component with color in the 

staniard mix in order to observe the sample's introduction and band 

width on the column. 'nle standard (50 uL) was injected at a 

sensitivity of 0.1 AUFS. Flow rate was dictated by pressure limit 

of the SUperose packing material. 'lhese columns in tandem should 

never exceed 30 bar. Typical nmning pressure was 19 to 26 bar. 

EUSA assay: Inmmoreactive fractions were identified using 

ELISA assays developed previously (Johnston et al., 1985). 

Microtiter plates (Dynatech, Alexarrlria, VA) were coated with o. 02 

uq/m.L Ficoll-pA3. 'Ihe antibody was diluted 1:106 in PBS 

--- supplemented with 0.1% ovalbumin and 0.5% '!Ween 20 added to the 

wells, and incubated at 30° C for 30 minutes. Plates were washed 

three times with PBS-Tween -20. Peroxidase-labeled anti-IOOUSe IgG 

was diluted 1:100, added to each well, and incubated at 30° c for 45 

minutes. Plates were washed three times in PBS + '!Ween and 

ABIS/H2"2 substrate was added. '!he plate absorbance was obtained at 

414 nm at 5 and 10 minutes. 

Growth of ascites: Typically, CD2F1 mice were injected 

intraperitoneally with 107 HY21-3AC9 cells (Johnston et al. ~1985). 

Ascites were hal:vested from the peritoneum from 10 to 14 days after 

injection. Mice were sacrificed by cavical dislocation. The 

ascites fluid was .immediately diluted 3-fold in PBS and stored at 

-70° c. 
SJE-PllGE pr:ocedure: Gels were run on a Mighty Small II slab 

gel electrophoresis, model SE 250, unit (Hoefer Scientific 
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Instl:'uinents, San Francisco, CA). 0. 75 nun thick 10 or 12% gels were 

poured as described under general instructions in the SE 250 II 

manual. 'Ihe separating gel was 5.0 em high, the stacking gel was 

2. 5 em high. Fach sanple was heated at 95 o c in buffer containing 

0.125 M Tris·HCL pH 6.8, 4% SJ:S, 20% glycerol with bromphenyl blue 

as the tracking dye, and 10% 2-mercaptoethanol. ElectrOphoresis was 

carried out under 22 ma constant current. Gel voltage varied. from 

75-90 volts at o time to 150-200 volts at 60- 70 minutes. The gel 

was stained with Coomassie Blue R-250 with gentle rocking for 30 

minutes. Gels were destained in a solution containing 7. % acetic 

acid ani 5% methanol. 

SOlutions: 

Resolvirx.J gel buffer ••••••• 1.5 M Tris-HCl pH 8.8 

Stacking gel buffer ••••.•.• 0. 5 M Tris-HCl pH 6. 8 

SilS ••••••••••••••••••••• · •• • 10 % solution 

Tank Buffer •••••••••••••••• 0.025 M Tris pH 8.3, 0.192 M glycine, 
0.1% scs 

Anm:mil.ml persulfate •••••••• 10% solution 
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V. Results am D.isalSSian 

V .A. Raman Spectra of Model Q:IIJpounis 

Raman spectra of CCil1"'ppUlX3s that are the "building blocks" of 

2 1 
, 5 1-oligoadenylates were taken so that the bands in spectra of 2-

SA 1 s could be assigned. Figure 12 depicts the structures of the 

lOOdel. rompounds that were studied. Inspection of Figure 12 reveals 

the systematic ''building" of the 2-5A molecule from the heterocyclic 

base to the nucleoside and finally the nucleotide. 

Major differences in the Raman spectra of purine and 

adenine result fran the presence of an exocyclic N6 amino group 

attached to the C6 carl:x>n of adenine (Figure 13). '!he ring 

b:rea~ band at 800 cm-1 in purine is shifted to 729 cm-1 in 

adenine. Another major difference in the spectra is the strong 1254 

cm-1 ~ in adenine. 'Ihis band is assigned to the N-H bending of 

. the exocyclic amino group of the adenine molecule (Tsuboi et al. , 

1973). '!he triplet peaks at 1285, 1310, and 1360 cm-1 in purine are 

absent in adenine. Instead, the characteristic 1308, 1338, and 1378 

cm-1 triplet ban:3s of adenine are present in this area pf the 

spectrum. 'Ihese peaks have been assigned to the N7-c8-N9 part of 

the adenine molecule (Lord et al., 1967) and are probably shifted 

relative to purine because of differences in vibrational coupling 

caused by the N6 amino group. 'Ihis illustrates how a relatively 

small change in a molecule, such as the addition of an amino group, 

can effect a laxge change on the vibrational energy levels of the 

m:>lecule. since purine ani adenine are not very soluble in water, 
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F:i.gu:re 13. Raman spectra of (a) adenine and (b) puririe. Samples 

W'ere powder with 0.15 M NaCl buffered with 10 mM HEPES at pH 7.4 

layered on top to act as a heat sink. 'Ihe la.Ser beam was defocused 

am laser power reduced to 100 mw at the laser source. 
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scans were performed on powder samples as described under Materials 

ani Methods. Although the intensity of the peaks may differ, many 

of the same peaks are observed in the Raman spectra of the more 

soluble IOOdel conpounds descrihed below. 

'lhe addition of ribose to purine and adenine gives purine 

riboside ani adenosine (Figure 14) . The corresponding spectral 

chan;Jes occur for at 'least two reasons: 1. 'Ih~ spectra are those of 

nucleosides dissolved in water, and 2. Changes in vibrational 

ocuplirg result from the N9-Cl' adenine-ribose glycosidic linkage. 

'lhe change in vibrational coupling is most evident in the 1200-1400 

cn-1 region of the Raman spectra. 'Ihe triplet found in the purine 

riboside spectrum is replaced by a broad doublet in the spectrum of 

adenosine (Figure 14b). There is also a new 1590 c::m.-1 bam which 

has been assigned to the N3-c4-cs area of the base (Baret et 

al. ,1979) (see Table II). 

Two new bands that are ribose modes appear in the purine 

riboside spectrum at 860 c::m.-1 and 1460 c::m.-1 (Peticolas et al. , 

1979). 'Ihese are the only two modes of ribose that are clearly 

identifiable usirg nol'IIlal mode analysis. These bands are also 

evident in the Raman spectrum of ribose 5 '-phosphate (Figure 15) . 

'Ihe strong band at 980 c::m.-1 in this spectrum is due to the 5 1
-

terminal phosphate and will be discussed below. The 800-900 c::m.-1 

bands are due to the phosphate ester stretching mode (Shirnanouchi et 

al. ,1964; Brown et al., 1975; Eyster et al., 1974; Van Zandt et 

al. ,l977a,b). Specifically, if R1 is a ribose ring attached to the 

phosphate at the 5 1 position and R2 is either a hydrogen or another 

ribose ring, the 800-900 c::m.-1 bands are due to the {R1-cro2-)-o-R2} 
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chain. This vibration has been shown to be confonnation-dependent 

in Il>iA, RNA, and aggregates of GMP and will be discussed further 

below. 

'lhe frequency of the bands in the ~ spectrum of 

adenosine (Figure 14b) are the same as those obseJ:Ved in purine 

riboside but the bands have different widths and intensities. The 

1460 cm-1 band in the spectrum of adenosine is weak bUt observable 

am the 860 cm-1 band has no shoulder but is a rather broad peak. 

'!he · 1480 c::rn-1 band seen in the spectrum of adenine is split into two 

balX1s in adenosine at 1480 and 1510 c:m-1, presumably due to 

vibrational couplin;J through the N9-c1' glycosidic bond. The 1580 

cm-1 ban:i seen in the Raman spectrum of purine riboside is also 

present in adenosine (see Table II). A 1650 on-1 band that is 

related to the C5-c6-NH2 area of the molecule (Tsuboi et al. , 1973) 

am a broad peak at 1220 c:m-1 are also observed. The ring breathin;r 

mxle at 729 c:m-1 is somewhat broadened and the band at 640 c:m-1 is. 

reduced shal:ply in intensity. 

In summary, the addition of ribose to the adenine base 

results in a compourrl that has two new bands due to ribose at 860 

am 1460 c::rn-1, and two new base bands at 1510, and 1220 cm-1. '!his 

general pattern of intensities and band frequency is obseJ:Ved in all 

of the adenine containing compounds discussed below. 

'Ihe mxlel compounds are completed by the addition of 

phosphate groups to the 5' -tenninus of the molecule. The Raman 

spectra of AMP and ATP are depicted in Figure 16b and 16c, 

respectively. Adenosine (Figure 16a) is shown for comparison. The 

1150-1800 c::rn-1 region of these spectra are very similar and contain 
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bands discussed above. The striking difference in the two spectra 

. occurs at 1125 ani 980 cm-1 ani results from the 5 ' .-triphosphate and 

5'-monophosph.ate, respectively (R.imai et al., 1969). The AMP 

spectrum is strongly differentiated from the polyphosphates ADP and 

ATP by the presence of the symmetric phosphate stretch for the 

ionized fonn, ro-3, at 980 cm-1 and protonated fonn at 1082 cm-1. 

In ATP, the ionized fonn has a band at 1113 cm-1 while the 

protonated fonn has a band at 1126 an-1 (Rimai et al., 1969). These 

pairs of ionized and protonated lines are probably associated with 

the symmetric stretch involving the O=P-=0 group in the 

polyphosphates. However, these are vibrational mcxies of the chain 

as a wole, i.e. they are linear combinations of displacements 

involving all the groups. It is therefore understandable that the 

effect of the loss of· the tennina1 proton is less for ATP than it is 

in AMP and accounts for the difference in the frequency observed for 

the ionized species for AMP (980 cm-1) and ATP (1113 cm-1) (Lord & 

-nx:mas, 1967; R.imai et al. , 1969) • The frequency of the protonated 

fonn remains relatively constant for AMP ani ATP at about 1090 cm-1. 

'!his can be explained if these vibrations involve mainly the P=O 

bond. The tootion of this vibration would correspond to the 

displacements of the P atoms against the 0 atoms and therefore is 

not especially sensitive to the number of groups involved. 

'lhe 729 cm-1 band in the spectrum of ATP contains a shoulder 

(Figure 16c). '!his shoulder is obsetved at 680 cm-1 in ATP, 710 

c::m-1 in ADP (not shown) and is nonexistent in AMP. Since this peak 

is absent in AMP and decreases in frequency with the number of 

phosphate groups, it is tentatively assigned to the polyphosphate 
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chain by Rimai et al., (1969) • The occurrence of this peak and its 

assigi"'Illelt is discussed below iit the section entitled "Linkage 

Isomers". 

'Ihe · phosphodiester modes in AMP and ATP are shifted lower in 

frequency relative to those in adenosine and are found in the 800-

900 cm-1 region of the spectrum (Figure 16b,l6c). AMP has bands at 

800, 8201 850, and 880 cm-1 While ATP has bands at 800, 8301 850 and 

880 c::m-1. some of these bands probably represent different 

populations of ribose pucker that arise because of variations in the 

overall geometry of the furanose-phosphodiester linkages. Their 

significance will be dj scussed below in the section entitled 

"Conclusions". 

V.B.1. General dlaracteristics of Raman spectra of 2-5A. 

'Ihe structure of 2 1 
1 5 1 -oligoadenylate is depicted in Figure 

17. Numerous similarities exist between the Raman spectrum of each 

m::xiel compourx:l (adenosine, AMP, ani ATP) and the Raman spectrum of 

2 1 
1 5 1-oligoadenylates (A2'pA2 1pA1 pA2 1pA2 1pA, and pppA2'pA2'pA) 

(Figure 18) • 'Ihese spectra contain bands that originate fran 

vibrational modes of the 5 1-monophosphate (980 cm-1) 

(Figure 18cl 18d), the 5 1 -triphosphate (1125 cm-1, Figure 18e, 18f) I 

the phosphodiester backbone (800-880 cn-1) 1 and the adenine bases 

(729 & 1200-1600 cn-1). 'Ihus, the major differences in the Raman 

spectra of A2 1pA2 1pA, pA2 1pA2 'pA ani pppA2 'pA2 'pA result fran 

differences in the 5 •-tenninus and the ribose-phosphodiester 

backbone. 

'lhe major Raman active modes for model cornpow1ds and 
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Figure 18. Raman spectra of 2 1 , 5 1 -oligoadenylates in water pH 7. 3. 

Mociel compounds are shown for conparison. (a) adenosine, (b) 
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2 • 1 5 '-oligoadenylates at pH 7. 3 are summarized in Table II. Ring 

vib~tions were identified by comparison with the frequencies 

reported for nucleotide monomers (lord & 'lhamas, 1967; Fodor et al. , 

1985; Rimai et al. 1 1969) and polynucleotides (Baret et al. ,1979). 

Backbone vibrations were identified by camparison with nonnal 

coordinate calculations (Brown & Peticolas, 1975; Shllnanouchi et 

al., 1964; In et al., 1975) • 'Ihese results show excellent 

correlation with previously published data on A3 'pA3 1pA and 

polyriboadenylic acid (Small & Peticolas 1 1971; Prescott et 

al.l1974). 

V.B.2. Adenine Related Modes. 

Modes above 1240 cm-1 arise from vibrations of adenine bases 

(Table II) • Minor differences between the observed Raman frequency 

of base hams in the spectra of model . C0111pOUl'X3s and 2-SA may arise 

from coupling through the N9-c1 1 bond. Barrls at 1308, 1340, 1378, 

1422-1428 1 1482-1484 1 1510-15151 and 1580-1585 cm-1 have been 

identified previously as adenine ring modes (Tsuboi et al. 1 1973) . 

Peaks at 630-640 and 729 cm-1 also arise from the adenine ring, 

although the width of the 729 cm-1 peak may be slightly effected by 

the nolecules • state of 5 •-phosphorylation (Rimai et al. , 1969) • 

Preliminary studies suggested that a 1455 cm-1 band in 2' ,5 1 

trimer 5 '-monophosphate, pA2 'pA2 1pA, (NIH source) , originated from 

the base moieties (Johnston et al. 1 1985). '!his preliminary 

assigrment was based upon the position of the band, its occurrence 

in adenosine toodified at the C8 position with bromine (spectrum not 

shown) 
1 

and the claimed purity of the sample. However, this 1455 
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Table 1. Raman active mode~ for model and 2'.5'-11nked compoun~ • . 
Observed Raman frequency shift (cm·l)a Calculated 

frequency 
shift {cm·1)b 

adenosine A2'pA2'pA AMP: pA2'pA2'pA ATP pppA2'pA2'pA 

1650 ' 1650 1650 

158?. 1580 1580 1578 1585 1580 1581 

1512 151fl 1510 1510 1515 1510 1531 

1486 1480 1482 1480 1487 148n 1468 

1458 1460 1460 1458 1462 1460 1464 

1428 14?.2 142?. 1422 1422 1425 1689 

1378 1378 1378 1378 1380 1380 1351 

1340 1340 1340 1340 1340 1340 1329 

1308 1310 1308 1305 1305 1310 1309 

1254 1254 1254 1254 1254 1254 1424 

1214 1220 1220 1218 1220 1222 1218 

1178 118Q 1180 1180 URO 1178 1171 

1113 1115 11?.5 

Potential Energy 
Ohtr1butionC 

CmN(19) C-C(25) C-N(23)N-C•(19) 

C5C4(4R) • C4N3(31) 

·C5C4(25) - C2NJ(23) 

4C2H(29)-N9C8(19) + 4C8H 

ribosyl CH2 bendtngd 

C4N(44) · 6C8H(15) 

C-N(50)C•C(16) 

N7C5(39) + C8N7(12) 

N9CR(30J + N3C2(14) + 
6C8H(14 - 6C2H 

N1C6(31) + C6N6'(26) 

adentne r1ng bending 

Nl-C2-N3(25) N1-C2(23) C2•N3(14) 
N6-C6=N1 {14) 

Po3• 5'·tr1phosphatee 

0'1 
0 



Titile I. {Con'tJ 

Observed Raman frequency shift (cm-1)a Calculated Potential Enyrgy 
frequency · Dis t ri buti on 
shift (cm-1}b 

adenosine A2 1pA2'pA AHP pA2 1 pA2'pA ATP pppA2'pA2'pA 

1085 : 1075 1080 0-P-0 symetric diester stretchd 

1005 1010 1000 1010 1015 1010 adenine torsion 

980 980 P03a 51 monophosphatee 

918 918 918 no~ assigned 

880 882 895 892 B90 not assigned 

865 not assigned 

854 855 850 asymetric 0-P-od, backbonee 

825 822 825 830 825 not assigned 

802 802 805 802 symetric 0-P-od 

780 795 780 C4-N9-C1
1
(16) c1'o5'(1t) 

729 729 729 729 729 729 681 6N7C8N9~19) - N9ribose(14) + 
6C5N7C8 12) + 6C4N9C8(11) 

630 638 640 638 640 640 backbone-A hendtng 

a Frequency shifts .experimentally observed 1n this report. 
b Frequency shifts assigned by normal mode analysts by Fodor et al. (1985) and/or Baret et al . (1Q79) 
c Potential enegery d1str1but1ons based on normal mode analysts by Fodor et al. (1985) and/or Baret et al. (1979), 

except where noted otherwise • 
. d Assignment from Thomas et al., (1983). 
'e Assignment fro~ R1ma1 et al. (1969). 
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cm-1 band was found to originate from a triethyl amrnonitnn ion 

residue from the purification of the compound and was identified as 

such by the methods detailed below. 

First, the 1455 cm-1 peak was identified as a strongly 

polarized band. A polarizing filter was inserted in the light path 

between the saii'{>le arrl the monochrometer, allowing collection of 

Raman spectra in which light that was parallel or perpendicular to 

the electronic vector of the laSer beam was selectively allowed to 

pass into the monochrcrneter for data collection. 'Ihe spectra were 

normalized as discussed umer Materials and Methods and peak heights 

were measured. A ratio of each peak height in the perpendicular to 

that in the parallel spectrum was calO:llated. Corrparison of the 

bani ratios in the two spectra allowed the assigrnnent of symmetric 

ani asymmetric vibrational barrls in the Raman spectrum. SyJmnetric 

bands have a dichroic ratio of < 1. 0 while asymmetric barrls are 

> 1.0. 

'lhe dichroic spectra of the NIH pA2 'pA2 'pA are depicted in 

Figure 19. In the perpendicular scan (Figure 17a) , the symmetric 

base ring breathing ban::1s at 729 cm-1 and the phosphate modes at 

823, 980, ani 1080 cm-1 are absent. Most other peaks were decreased 

in intensity relative to that observed in the parallel scan. 

However the 1455 cm-1 band increased in intensity relative to the 

parallel scan (Figure 19b). 'Ihe ratio of these band intensities 

was 1. 3 arrl therefore, the 1455 cm-1 peak is a strongly polarized 

bani. '!his result i.nplies that the 1455 cm-1 band observed in the 

NIH samples results fran an asynunetric vibration. Since most base 

nr:xles are expected to be symrnetric this was an unusual result that 
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Figure 19. Parallel and perpendicular scan of pA2 'pA2 'pA (triethyl 

a:um:mium salt) in 0.15 M NaCl buffered with 10 mM HEPFS pH 7.4. (a) 

perpendicular scan (b) parallel scan. 
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cast doubt on the assigrnnent of the 1455 c:m-1 band as a base 

vibrational mode. The asynnnetJ:y of the mode suggested that it may 

originate from a contaminant. 

A review of the procedure for synthesis of the NIH 

pA2 'pA2 'pA revealed the possibility that the sample may have been 

contaminated with triethyl amxronium bica.rlxlnate (TFAB) during its 

purification. A sample of TFAB for Raman analysis was obtained from 

the laboratory of Dr. Paul Torrence~ The Raman spectnnn of TEAB was 

compared with the Raman spectnnn of NIH pA2 'pA2 'pA (Figure 20) • 

Inspection of these two spectra indicate the strong possibility of 

TFAB contamination. 'l'FAB has st:ron; peaks at 765, 840, 900, and 

1455 cm-1. Inspection of the spectnnn ·of NIH pA2 'pA2 'pA (Figure 

20b) reveals peaks in every one of these areas. Peaks in the TEAB 

spectrum from 1000-1200 cm-1 result from the bica.rt:>Onate portion .of 

the nolecule that was presumed to be volatilized during vacutnn 

evaporation. 'lllerefore these peaks would not be expected in a 

contaminated sample that had been subjected to vacuum evaporation. 

'nle spectrum of TFAB was modified as discussed under Materials and 

Methods to generate a computer corrected spectnnn of the triethyl 

ammonium portion of the molecule (see Figure 11). The resulting 

spectrum of 'lFA was then subtracted from the NIH pA2 'pA2 'pA to 

generate a corrected spectnnn (Figure 21b). 'Ihe resulting corrected 

spectrum was compared to the spectnnn of a comrrercially available 

amm::>nium salt of pA2 'pA2 'pA (Figure 21c.) Peaks in the NIH sample 

of pA2'pA2'pA at 765, 840, 900 and 1455 cm-1 were eliminated from 

the spectrum. No nevt, negative or shifted peaks were observed. 

'1hi.s result strongly suggested that the contaminant responsible for 
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Figure 20. 'lhe Raman spectrum of (a) TFAB pH 7.5 arrl (b) pA2 'pA2 'pA 

in water pH 6.8. 
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Figure 21. SUbtraction of the Raman spectrum of TEAB from 
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PA2 'pA2 'pA. (a) TFA salt of pA2 'pA2 'pA (NIH) pH 6.8 in 0.15 M NaCl 

buffered with lOmM HEPFS, (b) Raman spectrum of pA2 'pA2 'pA (spectrum 

(a)) with TFA subtracted as described under Materials ani Methods, 

(c) pA2 'pA2 'pA in water, pH 7. 3 commercial source. 
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the 1455 cm.-1 peak was TEA. 

To verify this finding, a portion of the NIH sample was 

exchanged from the TEA salt to the aJmOOnium salt as described mlder 

Materials and Methods. '!he resulting spectra contained no 1455 cnc1 

peak (Figure 22b) • 

'!he above experiments provide substantial proof that at 

least a portion of the original NIH sample of pA2 1 pA2 1pA was a 

triethyl ammonium salt and not a sodium salt as it was reported to 

be. In pH experiments with NIH pA2 1pA2 1pA, the intensity of the 

1455 c::m-1 m:::xie was followed as a function of pH. As expected, the 

intensity did not change between pH 3 and 8, indicating that the 

bani was not ionizable and further supporting the assigrnnent of the 

1455 cm-1 bani to contaminating TEA (Figure 23). 

V.B.3. J;il Sensitive M:xEs. 

'nle effect of pH on the Raman spectra of AMP and pA2 1pA2 1pA 

were ~ to verify assigrnnents of certain bands in pA2 1pA2 1pA 

ani to explore the enviromnent of the 5 '-terminal phosphate of 

pA2 'pA2 1pA. 'nle 2-SA nolecule contains several groups that are 

ionizable between pH 3 and 8. At low pH the N3 position of the 

adenine ring becames protonated and positively chal:ged. The 5 1
-

te:rminal phosphate groups also ionize between pH from 2 to 9. 

'nle adenine base of both AMP (Figure 24) and pA2 1pA2 1pA 

(Figure 25) becomes protonated at low pH. 'lhi.s results in a large 

~e in the 1300-1400 cm-1 region of the Raman spectnun. The 

region of the nolecule responsible for these changes is assigned 

to the C=C (1378 c::m-1) N3C2 (1308 cm-1) and N1C6 (1338 cm-1 ) • 
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Figure 22. Windowed Raman spectrum of the base IOOdes of pA2 'pA2 'pA. 

(a) original sample of pA2'pA2'pA in 0.15 M NaCl buffered with lOmM 

HEPFS pH 6. 8, (b} pA2 1pA2 'pA exchanged to the ammonium salt pH 7. 3, 

(c) pA2 1pA2 'pA in water pH 7. 3, commercial source. 
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Figure 24. Effect of pH on the base modes of AMP. Windowed Ranan 

spectrum of AMP in water pH (a) 2.2, (b) 3.8, (c) 4.8, (d) 5.6. 
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Figure 25. Effect of pH on the base lOOdes of pA2 'pA2 'pA. Windowed 

Raman spectrum of pA2'pA2'pA in water pH (a) 3.0, (b) 4.8 
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'Ihese peaks arise from areas of the base very near the region of the 

ring undergoing protonation. The no:rmal mode band assigrnnents in 

Table II are in good agreement with these observations. 

'!he positions of phosphate modes in the Raman spectra of 

5' -phosphorylafed 2' ,5 '-oligoadenylates were made by comparison with 

Raman spectra of AMP, ATP, and A2 'pA2 'pA and previously reported 

spectra of nucleotides (Rimai et al. , 1969; Yue et al. , 1986) . 

:Ban:3s arising from vibrations of the 5 1-monophosphates at 980 crn-1 

and from the triphosphates at 1125 c::m-1 were observed in AMP and ATP 

and in 2' ,5'-oligoadenylates. 'nle effect of pH on the ionization 

state of pA2 'pA2'pA, as reflected by the 980 cm-1 (ionized) and 1084 

e:n-1 {protonated) phosphate barns, was investigated to detennine the 

PKa of the 5' -temi.nal phosphate. An altered PKa may indicate that 

the 5' -temi.nal phosphate of pA2 'pA2 'pA interacts with other 

portions of the 2-5A molecule through 5 '-tenninal phosphate group 

hydrogen 1:::lording. 'nle pH was varied from 2. 0 to 9. 0 for AMP and 

frcan 3 to 8 for pA2 'pA2 'pA. Spectra were no:nnalized to the 729 crn-

1 adenine base bai:d which is not affected in intensity or frequency 

by cl'lan:Jes in pH from 5 to 7 (Rimai et al. , 1969) or from <3 to >5 

{Lord & Thomas, 1967) . AMP and pA2 'pA2 'pA Raman spectra are 

depicted in Figure 26 and Figure 27, respectively. Expanded scale 

spectra were also plotted to clearly visualize the characteristic 

980 c:m-1 ro3= modes of AMP and pA2 'pA2 'pA (Figure 28, 29). The 980 

an-1 peak in the trinucleotide spectrum .is less intense than the 

conesporrling peak in AMP. '!his results from the higher ratio of 

5' -phosphates to purine bases in AMP. 

A plot of the normalized Raman intensity of the 980 crn-1 
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Figure 27. Effect of pH on the vibrational modes of pA2'pA2'pA. 

Raman spectra of pA2 'pA2 'pA in water at pH 3.0, 4.8, 5.3, 6.3, 7 ~ 3. 

74 



>­
-1-J 
•l'"'f 
en 
c: 
cu 

-1-J 
c: 

•l'"'f 

c: 
co e 
co c: 

780 880 980 1080 1180 
Frequency shift (cm-1) 
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(ionized) and 1084 cm-1 (protonated) bands was constructed for AMP 

(Figure 30) and for pA2 'pA2 'pA (Figure 31) • The pH range of the AMP 

exper:ilnent allowed a precise detennination of the PKa of AMP. A 

straight line was drawn from the midpoint of the titration curve to 

the x-axis. 'lhi.s is where the ionized and protonated band lines 

cross within experilnental error for AMP (Figure 30). 'lhe apparent 

pKa of AMP was estimated to be 6. 05. '!he pH range of for the 

pA2'pA2'pA experi:ment was not as large as for AMP to avoid base 

mediated hydrolysis of valuable 2-5A samples. The PKa 0 f pA2 'pA2 'pA 

was estimated by drawing a vertical line from the point at which the 

ionized and protonated band lines crossed to the x-axis and was 

deteJ:m.:ined to be 6 .1 (Figure 31) • 

'!he results of these experilnents suggest that the 5'­

terminal phosphate of pA2 'pA2 'pA behaves just as the 5' -tenninal 

phosphate of AMP in a concentrated solution. '!his suggests that the 

5' -terminal portion of the 2-SA molecule does not participate in any 

stable solution interactions under these experimental conditions. 

V.B.4 Deutera:tian Effects. 

'lhe spectra of trimer monophosphate, pA2 'pA2pA, in H20 and 

in 1>20 were cc:mpll'9d to verify certain band assigrnnents in 

pA2 'pA2 'pA and to explore the envirornnent of the exocyclic amino 

groups of 2-SA (Figure 32). '!he timing of this experiment was 

critical in order ··not to confUse the spectra with c-a and c-2 

d.euteration of the adenine base. Exchange of the C8 and C2 protons 

of the adenine base is much slower than exchange of the r.ib:>se 

hydroxyls and the exocyclic amino group of adenine (Thomas et al. , 
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1975). After 5 hours at sao c, approxilnately 67% of AMP c-a 

hydrogens are exchanged. C-2 exchange is even slower (Elvidge et 

al. ,1971). 'Ihe samples used .in these experiments were reconstituted 

at 4° C and then immediately transferred to the Raman sanple holder 

thennostated at 10° C. 'Ihe low temperature of reconstitution and 

the imnediate, low temperature Raman scans probably prevented the 

exchange of C-8 and c-2 protons .in these experiments. 

A minor bani at 1650 an-1 .in H20 was shifted down .in 

frequency to 1625 an-1 in ~0. S.ince the six membered ring of 

adenine is aromatic, this bani may be related to the high frequency 

ring modes that arise from substituted benzenes (Fodor et al ~ , 

1985). 'Ihe band at 1254 cm-1, assigned to the exocyclic N6 amino 

group of the adenine bases by Tsuboi et al. (1973), is not present in 

020, iniicating that this bani assignment is correct for the 

2',5'-oligoadenylates. 

Deuteration resulted .in the appearance of two new bands at 

1182 and 1200 an-1. 'Ihe 1182 an-1 nme has been assign~ 

previously to the ND2 scissor by Tsboi et al. (1973). 'Ihe 1200. cm-1 

band probably arises from adenine, s.ince it also appears when AMP is 

deuterated (Yue et al., 1986). Most ba,njs above 1300 cm-1 also 

shifted down slightly in frequency as a result of changes .in 

vibrational coupling. However, the band at 1505 an-1 shifted up in 

frequency to 1520 cm-1. The reason for this shift is not readily 

apparent especially since this band is assigned to the C2-N3-c4-c5 

area of the adenine base. S.ince the Raman spectrum provides no 

other evidence, i.e. the increase .in .intensity of a band at 1465 

c::m-1, of c-2 exchange it is hard to accoW1t for this shift in 
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frequency. 'Ihe shift may result from different vibrational coupling 

due to deuteration of the amino hydrogens of C6. Numerous changes 

in the 700-900 cm-1 region of the spectrum, containing ribose and 

phosphate bands, were also observed. 

'lhe results for the deuteration experiment suggest that the 

exocyclic nitrogens of pA2 'pA2 'pA are free of arr:1 stable solution 

interactions, i.e. hydrogen bon:ling. 'Ibis is consistent with the 

postulate that the exocyclic amino groups of 2-5A are in same 

environment as the -NH2 groups of AMP. Another sensitive way to 

assess the "environment" of the adenine bases in 2-SA would be to 

perfonn c-8 deuteration experiments. · c-a exchange rates would be 

expected to depern upon the details of nr>lecular structure and 

confo::nnation in the vicinity of the exchangeable groups. Therefore, 

cxnparative rate detenninations on AMP, 3-5A, and 2-SA would provide 

a basis for the further evaluation of the secondary structure in 

2-SA. 

V.B.5. 

Raman hyperchromism is absetved in the spectra of ordered 

structures such .as poly rA when the bases unstack at high 

t.errparature. Ban:is in the Raman spectra of poly rA and A3 'pAJ 'pA at 

729, 1308, and 1510 c::m-1 increase upon melting at 90°C (Prescott et 

al., 1974) • Raman spectra of pA2 'pA2 'pA at 16-90° C were obtained 

to assess the secondary structure of pA2 'pA2 'pA (Figure 33, amrnonitnn 

salt~ Figure 34, TEA salt). First, it is inportant to note that 

Raman ~ nonna.lized to either the 1095 ac1 o-P-O band or the 

1338 c::m-1 adenine bam were identical. The 1095 c::m-1 band has been 
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used by many investigators to nonnal.ize spectra of nucleic acids. 

However, caution must _be used since this band. is very sensitive to 

pH. We observed no change in the relative intensity of either of 

these barx'ls with tertq:lerature, iniicati.ng that the 1338 cnc1 band may 

also be a good bani to nonnalize to under these circumstances. 

Raman intensities of various bands in the nonnal.ized spectra 

of AMP, A3 'pA3 'pA and pA2 'pA2 'pA were measured ani plotted as a 

function of temperature. _ Four pertinent obsetvations were made. 

(i) Intensities of lines in the spect:rLmt of pA2 'pA2 'pA at 1308, 

1378, and 1510 cm-1 increased 21, 16, and 33% respectively (Figure 

35) • Intensities of the 1308, 1378, and 1510 lines in the spect:rLmt 

of AMP increased 15, 18, and 46% respectively (Figure 36a) •. 

Intensities of the 1308, 1378, and 1510 lines in the spectrum of 

A3'pA3'pA increased 15, 19 and 46% respectively {Figure 36b). 

Cllanges in these spectra were linear with increasing temperature. 

(ii) '!he intensities of the 1308, 1378, ani 1510 cm-1 bands in tlle 

spectra of AMP and pA2 1pA2'pA at 16° c were similar (Figure 18). 

{iii) 'Ihe intensities of the bands at 1308, 1378, and 1510 c:m-1 in 

the spectra of pA3 'pA3 'pA were slightly decreased with respect to 

the same bands in AMP, which is consistent with observations made by 

Prescott et al. (1974). (iv) 'lhe 814 an-1 line in the Ranan 

spectrum of A3 'pA3 'pA at 200c shifts to 798 cm-1 at 90°C and has 

been used as a measure of "disorder" (lack of secondary structure) 

in this and other 3',5'-linked RNA's (Prescott et al., 1974). No 

shift of the 823 an-1 line in the spectrum of pA2 'pA2 'pA was 

obserVed at 90°C. 

For obserVations (i) and (ii) above, both the conunercial 
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amnonium salt and the NIH 'IEA salt of 2-SA were compared and gave 

essentially identical results. 

'Ihe spectrum of the 'IEA salt of 2-5A in methanol was 

obtained to further assess secondaJ:y structure. Methanol would be 

expected to disrupt solvation interactions between water IrOlecules 

ani 2-SA ani thereby disrupt hydrogen bonding and secondal:y 

structure. only minor changes in the Raman spectrum were observed. 

'!his result supports the hypothesis thcit 2-5 A does not contain 

significant base stacking in solution (Figure 37). Temperature 

experiments with AMP and A3'pA3'pA revealed linear changes in band 

intensity with increasi.n; temperature. A3 'pA3 'pA and pA2 'pA2 'pA had 

s:ilni.lar high t:enprature spectra compared to the nucleotide IrOnomer 

AMP which supports the conclusion that tri.mers, both 2 1 
, 5 '- and 

3 1 ,5 1-linked, have very little base stacking in solution. 

Previously published physicochemical studies have been 

inconclusive with respect to the confonnation of 2' ,5'-linked 

oligoadenylates in solution. studies usi.n; CD to est:ilnate base 

stackin; reveal that hypodlromicity of 2 ' , 5 1-oligoadenylates was 

higher than that of the corresponding 3' ,5':-oligoadenylates (Sawai, 

1983; Ooo::rnbos et al., 1981, 1983). 'Ihis result suggests that 

2 ' , 5' -oligoadenylates possess more base stacking than 

3' ,5'-oligoad.enylates. In contrast, c::orrparison of the CD spectra of 

2-5A and 3-5A tetramer, pentamer, and hexamer at 20° c shows that 

epsilon for 3 1 , 5 1-oligoadenylates increases with increasi.n; chain 

lergth, but it remains constant for 2' , 5 '-oligoadenylates of 

increasing chain length. 'Ihe conclusion was that stacking in 

2' , 5 • -oligoadenylates is weaker than in 3' , 5'- oligo (A) 1 s (Hirao et 
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Figure 37. '!he Raman spectrum of pA2 1pA2 'pA, TEA salt, in methanol. 
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al., 1983; Dhingra & Sanna, 1978). X-ray analysis of the structure 

of crystals of A2 'pC llrlplied that a Very compact right handed helix 

can exist; intramolecular 04' ribose-adenine stacking (rather than 

.inter:nDlecular base stacking) was proposed (Parthasarathy et al. , 

1982). 

Ban1s in the spectra of pA2 1pA2 'pA and AMP that would be 

expected to be sensitive to base stacking, including bands at 1308, 

1378, and 1510 c::m-1~ ha.vecomparable intensities. In contrast, 

Prescott et al (1974) in a comparison of A3'pA3'pA and AMP concluded 

that 3-SA core contained base stacking. Con'q:larable intensities for 

AMP and pA2 'pA2 'pA suggests that there is little or no base stacking 

in 2-SA. Further, the linear increase in the relative intensities 

of bands at 823, 1308, 1338 and 1510 cm-1, as temperature is 

increased from 16 - 90°c (Figure 35) , suggests that the 2-SA 

nclecule is undergoing a change in structural equilibrium that may 

not be related to base stacking. A comparable study was perfonned 

on AJ'pAJ'pA and AMP which gave similar results {Figure 36). The 

Raman spectra of nucleic acid polymers with secondal:y structure such 

as poly(rA) and poly(A} ·poly(U} (Small & Peticolas, 1971} or GpC 

(Prescott et al. , 1974) revealed a sharp break point in a plot of 

temperature vs Raman intensity as the polymer melted. SUch was not 

the case for AMP, pA2'pA2'pA, or A3'pA3 'pA. 

v.c. Raman Spectra of LCQDPrs of 2' ,5'-oligoadenylaytes 

v.c.1. Linkage Lcnners 

Spectra Of pA2 1pA2 1pA, AJ 1pA3 lpA A2p I A2 I pA, and pA3 1pA3 'pA 

were examined to investigate the llrlportance of the 2 1 
, 5 1

-
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Figure 38. comparison of the Raman spectra of 2' , 5'- and 3 ' , 5'-

oligoadenylates. (a) A2'pA2'pA in water pH 7.3, (b) Ap3'pA3'pA ill 

water ph 7.3, (c) pA2'pA2'pA, amJ'OC)nium salt, in water, pH 7.3, (d) 

pA3 'pA3 'pA, sodium salt, in 0.15 M NaCl buffered with 10 mM HEPES pH 

7.4. 
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phosphodiester bond on Raman active modes. In general 1 the spectra 

of the 3 1 
, 5 '-linked. and the 2 1 

1 5 '-linked oligoadenylates were very 

similar. For example, the ro3= mode at 980 c:m-1 (Rilnai et al. 1 

1969) was obsel:ved for both pA2 1pA2 1pA and pA3'pA3 'pA (Figure 

38c,d). pA3 'pAJ'pA had lc:M intensity but well-resolved bands at 680 

and 760 cm-1 (Figure 38d); these mcxies appeared as shoulders on the 

729 cm-1 band of pA2'pA2'pA (Figure 38c) . 'Ihe ratio of the 

intensities at 1510 cm-1 and 1482 c:m-1 was smaller in 3-5A than in 

2-SA (Figure 38c, d) • 

'!he major difference between A2 'pA2'pA and A3 'pA3 'pA was in 

the frequency of the furanose-phosphodiester marker banis found in 

the 800-825 cm-1 region of the spectrum (Figure 39). 'Ihe Raman 

spectrum of 3' ,5'-linked. trimer core, A3'pA3'pA, revealed th~ 

presence of a strong furanose-phosphodiester mode at 802 c:m-1 and a 

relatively weaker mode at 820 cm-1. 2' ,5 1-oligoadenylates 

contained both of these furanose-phosphodiester bands but the band 

at 823 cm-1 was stronger and sharper relative to the 820 c:m-1 band 

of 3-SA. The fonn of 2 ' , 5 '-oligoadenylate which is capable of 

activating the cellular endonuclease, pppA2 'pA2 'pA, had the sharpest 

ban:1 at 823 c:m-1 (Figure 39e) • 

pAJ 'pAJ 'pA but not A3 'pA3 'pA has weak but well-resolved 

bands at 680 and 760 an-1 that were significantly less discernable 

in both pA2'pA2 'pA and A2 1pA2 1pA (Figure 39). 'lhese bands are also 

not present in poly(rA) (Prescott 1974). Ramai et al. (1969) 

assigned bands at these positions to the polyphosphate chain at the 

5 • -termirrus of ADP and ATP because they were absent in AMP (see 

Figure 16). 'Ibis assignment does not explain our results since 
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Figure 39. Wirxlowed Raman spectra from Figure 38 conparing the 

base, ribose, and phosphate modes Of 2 I I 5 1 and 3 I 1 5 1
-

oligoadenylates. (a) A2 1pA2 1pA in water pH 7. 3, (b) A3 1pA3 1pA in 

water ph 7.3, (c) pA2 1pA2 1pA, aiiilTCnium salt, in water, pH 7.3, (d) 

pA3 1pA3 1pA, sodium salt, in 0.15 M NaCl/10 mM HEPES pH 7 .4. 
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pA3 'pA3 'pA does not contain polyphosphate. Preliminary studies of 

pA3 'pA2 'pA and pA2 'pA3 'pA have provided further clues to the nature 

of the 680 and 760 cm-1 bands in oligonucleotides <Figure 40a,b) . 

When the first ribose is 3' ,5 1-linked, as in pA3'pA2'pA, both the 

680 and 760 cm-1 bands are present {Figure 41c), as observed with 

pA3 'pA3 'pA (Figure 41d) • However, when the first linkage is 

2' , 5 '-linked, as in pA2 'pAJ 'pA {Figure 41b) , the Raman spectrum 

appears similar to pA2 'pA2'pA (Figure 4la) ' · which lacks well­

resolved bands at 680 am 760 cm-1. 'lhese results .imply that the 

680 and 760 cm-1 bands in oligonucleotides may arise from a 

phosphate group at the 5 '-tenninus of certain oligonucleotides. 

Cllan;Jes in backbone parameters such as the glycosyl torsion angle, 

which may accompany differences in the phosphodiester linkage, may 

account for the observed difference between 2' , 5 '- and 3 ' , 5 '-linked 

oligonucleotides. 

V.C.2. <llain l..eRfth OligtmerS 

1he Raman spectra of the "family" of cores, dimer, trimer, 

am tetramer in saline HEPFS pH 7. 4 I were obtained (Figure 42) • '!he 

<timer am trimer cores do not bind :RNase L very efficiently but the 

tetramer core is reported to bind :RNase L with only 10-fold less 

activity than its corresporrling 5 '-monophosphate, pA2 'pA2 'pA2 'pA 

{Torrence et al. , 1983) . It is thought that the longer chain is 

capable of slipping into the binding site as a result of having the 

minimum, pA2 'pA2 'pA, structure. The spectrum of tetramer core 

(Figure 42c) shows intensity differences in the base m:x:les of the 

spectrum that were reported previously to be sensitive to base 
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Figm:e 40. Raman spectra of the linkage isomers pA2 'pA3 'pA and 

pA3 1pA2 1pA, TFA salts, in 0.15 M NaCl buffered with 10 mM HEPES 

pH 6.8. (a} pA2'pA3'pA (b) pA3'pA2'pA. 
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Figure 41. Win:iowed Raman spectra from Figure 40 COirq?aring the 

base, ribose, ani phosphate mcxles of pA2 'pA3 'pA and pA3 'pA2 'pA in 

0.15 M NaCl/10 mM HEPES pH 6.8. Win:lowed spectra of pA2 1pA2 'pA and 

of pA3 'pAJ 'pA are shown for COirq?arison. (a) pA2 'pA2 'pA, ammonium 

salt, in water, pH 7.3 (b) pA2 'pA3 'pA in saline HEPES pH 6.8 (c) 

pA3 1pA2 'pA in saline HEPES pH 6. 8 (d) pA3 'pA3 'pA in saline HEPES pH 

7.3. 
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Figure 42. Raman spectra of A2'pA, A2'pA2'pA, and A2'pA2'pA2'pA. 

(a) A2'pA in 0.15 M NaCl/10 1TIM HEPES pH 6.8 (b) A2 'pA2 'pA in water 

pH 7.3 (c) A2'pA2'pA2'pA in 0.15 M NaCl/10 mM HEPES pH 6.8. 
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secotXIary structure found in tetramer core that may facilitate its 

ability to b:ini RNase L. 'lhe chain length isomers also differ 

slightly in the intensity of the 802 cm-1 shoulder intensity that 

arises from the backbone-ribose modes. '!he significance of the 

ribose-backbone modes are discussed under Conclusions. 

The addition of 5 '-phosphate to the chain length isomers 

results in ctiJner, trimer, arrl tetramer 5' -monophosphates. As 

mentioned above, these monophosphates are 10-100 times more active 

than the corresponding cores in antagonizin:f the action of 

pppA2 'pA2 'pA (Torrence et al., 1983). In this family, elongation of . 

the oligonucleotide chain does not lead to a substantial increase in 

2-SA antagonistic activity (Torrence et al. ,1983). The Raman 

spectra of the 5 '-phosphorylated 2-SA' s were virtually identical and 

support the chain length/activity correlation (Figure 43). Small 

differences are noted in the ribose backbone region, 800-850 cm-1 

an:1 in the O=P=O synnnetric stretch at 1090 cm-1. '!he differences in 

the 1090 cm-1 region of pA2 'pA2 'pA2 'pA probably result from 

differences in sample pH. 'lhese pH differences are evident by the 

weak intensity of the 980 cm-1 band an:1 the increased intensity of 

the 1090 c:m-1 band. Both of these bands are sensitive to pH (see 

the section entitled pH ~itive modes) • 

v.c.J. 8-ImB> :i.saners of pA2'pA2'pA 

In light of the unusual biological activity of one of the 

bromine contaiiti.ng isomers of 2-SA, the solution spectra of three 

brominated isomers was examined. 'lhe Raman spectra of 8-

brc:lri¥Jadenine, and 8-bromcadenosine were carpared to the Raman 
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spectrum of adenine (Figure 44) in order to detennine the effect of 

bromination at C-8 on these compounds. 

'!here are many differences in the spectra of adenine and 8-

brcmoadenine (Figure 44a,b). '!he four most substantial differences 

are as follows: First, the 729 cm-1 band in adenine shifted up in 

frequency to 758 cm-1. Secom, the intensity of the 1254 cm-1 band 

in 8-brcmoadenine was increased relative to that obsel:ved in 

adenine. '!his mode was assigned by Tsuboi et al (1973) to the 

exocyclic N6 amino groups of adenine. 'Ihird, the base modes in the 

1200-1400 cm-1 region changed in frequency. Fourth, a doublet band 

at 1440-1460 cm-1 appeared in the 8-braroadenine spectrum. 'Ihis 

area is assigned to the CSH stretching vibration of adenine (Fodor 

et al. , 1985 and references therein) • 

'!he Raman spectra of the nucleosides were also compared. 

Virtually every part of the 8-braroadenosine spectrum is different 

fran adenosine (Figure 44c,d) • The ring breathing band at 729 cm.-1 

in adenosine is shifted up to 765 cm-1 in 8-bromoadenosine. The 

ribose backbone barrls at 860 cm-1 in adenosine are split into 

complex triplets extending from 850 to 950 cm-1 in the spectrum of 

8-brcm::>adenosine. 'lhe N6 amino group bands at 1254 cm-1 in 

adenosine is shifted to a very intense doublet at 1220 c::m-1 in 8-

brcroadenosine. 'Ihe base modes from 1280-1420 cm-1 in 8-

brcroadenosine are different in intensity and position compared to 

adenosine. 'nlere is a strong band at 1460 cm-1 in 8-bromoadenosine 

that is in the region assigned to the C8 substitution of the adenine 

base. An:1 finally, the 1580 cm-1 band in adenosine is split into 

two bands at 1580 and 1610 cm-1 . 
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Figure 44. Raman spectrum of (a) adenine powder (b) 8-

braooadenine powder (c) adenosine (d) 8-bramoadenosine 

0.15 M NaCl buffered with 10 mM HEPFS was layered on top of the 

porNder sample to act as a heat sink. 
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'Ihe Raman spectrum of pA2'p(8BrA)2'pA, pA2' (8BrA)2'p(8BrA), 

ani p(8BrA) 2 1pA2 'pA are depicted in Figure 45a,b. 'lhese are complex 

spectra that are significantly different from the spectra of 

pA2 'pA2 'pA (see Figure 38c) • However, four areas of · these spectra 

contain interesting information that may reveal clues to 

umerstaniing the unexpected ability of pA2' (8BrA) 2'p(SBrA) to bind 

RNase L. (i) In each brominated analogue of 2-5A, the 

characteristic adenine ring breathing band at 660-780 cm-1 is split. 

'!his probably arises from the dual populations of adenine and 8-

b:raroa.denine rings within eadlJOOlecule. The ring bands of 

p(8BrA)2'pA2'pA ani pA2' (8BrA)2'pA are split in the same manner 

resulting in a new breathing mode at 685 c::m-1 in addition to the 

bani at 729 c::m-1 (Figure 45a,c). The biologically active 

pA2 'p(SBrA) 2 'p(SBrA) shows a different pattern of splitting with the 

new breathing m:x1e at 760 cm-1 (Figure 45b) in addition to the 729 

cm-1 bani. 'Ihis shift from 729 to 760 is similar to the one 

observed for adenine (729 to 758 cm-1) and adenosine (729 to 765 

c::m-1) • (ii) '!he 1254 cm-1 band assigned to the exocyclic N6 amino 

group of adenine (Tsuboi, 1973) is shifted to 1240 c::m.-1 and markedly 

~in the spectrum of the biologically active analogue, 

pA2'p(8BrA) 2 'p(8BrA). (iii) 'Ihe characteristic adenine triplet at 

1308, 1338, and 1378 c::m-1 is shifted and changed in intensity in 

pA2 'p(8BrA) 2 1p{8BrA) compared to the other two a-bromo isomers and 

pA2'pA2'pA. (iv) '!he intensity of the 1460 cm-1 band is different 

in all three spectra but the most conspicuous change in intensity 

ani bani pattern occurs from 1420-1520 c::m-1 • Peaks at 1480 and 1510 

c::m-1 in pA2 'pA(8BrA) 2 'pA and p(8BrA) 2'pA2'pA are reduced to 
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Figure 45. Raman spectra of the 8-Bl:'cm:> isomers of 2' , 5'­

oligoadenylates in 0.15 M NaCL buffered with 10 ll'iM HEPES pH 7.3. (a) 

pA2 'pAaar2 ,pA (b) pA2 'Aaar2 ,pAaBr (c) pA8Br2 'pA2'pA. 
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shoulders in the 1460 cm-1 peak in the spectrum of the biologically 

active pA2' {8BrA) 2'p{8BrA). 

Earlier studies on 2-5A' s lliiplicated the first base as 

btp)rtant in binding to RNase L, but suggested that the middle base 

is not important for either binding or activation (reviewed by 

Torrence 1985). - In light of this,; it is not surprising that 

p(8BrA)2'pA2'pA does not bini RNase L. On the other hand,it is not 

clear TNhy pA2 'p (8BrA) 2 'pA does not bind RNase L since the middle 

base is not reported to be :important in this interaction. 

Bromination of the middle base may disrupt the conformation of the 

:uclecule in a region lliiportant for binding. Because of the 

considerable corrq:>lexity of the :ri]x)se-phosphodiester backbone region 

of these spectra, little information concerning backbone orientation 

or ribose pucker can be obtained. However, the results SUllll'larized 

abJve delmnstrate that the Raman spectra of the biologically active 

pA2 1p(8BrA) 2 1p(8BrA) (Torrence et al. 1 1987) possesses distinct 

differences from the spectra of the two non-biologically active 

countel:parts. 'lhese include a higher frequency for the adenine ring 

breathing m:xie (760 cm-1) 1 and an increase in intensity and shift of 

the 1254 c:m-1 barrl that arises from the exocyclic amino groups. 

'lherefore, the biologically active analogue has structural features 

that distinguish it from the inactive analogues by Raman 

spectroscopy. 'lhe details of these structural differences can not 

yet be clearly defined, but _may be related to the overall geometry 

of the adenine ring andjor the enviromnent of the exocyclic amino 

groups. 'Ihe relationship of these structural changes to differences 

in biological activity is purelY speculative. 
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For example, one may speculate that differences between the 

Raman spectrum pA2 'p(8BrA) 2 'p(SBrA) ani the other two braminated 

analogues result from stable solution interactions, i.e. hydrogen 

borrling of the exocyclic N6 amino groups of the fanner. A hydrogen 

borrling interaction is postulated because the 1254 cm-1 band 

assigned to the C6 amino group of adenine is changed both in 

intensity ani in frequency. '!his could expl~ the shift to 760 

em -1 ring breathing band ani the change in bands at 1308, 1378, 

1510 cm-1. If the molecule has inter- or intra-molecular hydrogen 

borrling then base-base interactions (stacking) may also occur. 'Ihis 

proposed base stacking may not affect the intensity of bands 

sensitive to base stacking in 3' ,5 1-linked nucleic acids. However, 

the observation that the stacking sensitive bands are different in 

pA2' (8BrA) 2 'p(SBrA) relative to other brominated analogues suggests 

that base-base interactions may be present. 

Biological studies suggest that the syn or anti confonna.tion 

of the third base may determine whether the isomer of 2-5A is 

capable of activating RNase L since brcmination at the C8 position 

of adenine probably forces the base into a syn confonnation. 

Bramination of the last two bases may force an overall confonna.tion 

that is similar to that imuced by the 5 '-tenninal. triphosphate of 

pppA2 'pA2 'pA. '!his would explain why pA2' (8BrA) 2 'p (8BrA) , a 

]IX)nophosphate, can inhibit protein synthesis in cell free extracts 

(Torrence et al. , 1987) • 
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V.D. Raman studies an Protein-Nucleic Acid Interaction 

V.D.1. Purification of the m:mcclanal. ant:.ibody 3AC9 

• 'lhe method used to purify a protein used for Raman (or any) 

b.in:ii.n:J studies must be d1osen to give the highest purity while 

subjecting : the protein to mild purification conditions. '!he 

conventional methods available for the purification of antibodies 

are of four general types: 

i. Affinity chromatography using protein A Sepharose. This 

method is normally suitable when the monoclonal antilxx:ly is of the 

IgG class ani contamination by other (i.e. host proteins) IgG is not 

critical. Murine I9G1 binds p:10rly to protein A but yields can be 

increased by binding at high pH. 

ii. Affinity chromatography using :ilnmobilized antigen. 

'Ibis method is suitable when pure antigen is available and the Ab-Ag 

dissociation constant is not very low or very high. 

iii. Ion exchange. '!his method is suitable when no pure 

antigen is available, when the monoclonal antilxx:ly is sensitive to 

elution corrlitions such as salt concentration or pH, when the 

toonoclonal antibody is required pure of all contaminating Ig, or 

when the antibody does not bind to Protein A, or when large scale 

production is intended. 

iv. Gel filtration. '!his method is used in combination 

with other techniques or when the antilxx:ly is of the IgM class. 

New advances in high perfonnance liquid chromatography 

(HPIC) and the availability of new ion exchange resins that provide 

for the efficient arrl mild extraction of biologically active 
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proteins allowed employment of HPlC columns for the purification of 

the mouse monoclonal antil:x:xiy 3AC9 from nrurine ascites fluid. 

Starting material containing the antibody was murine ascites 

fluid diluted .l: 3 in PfS, pH 7. 4. A typical sample contained 20-50 

0~80 tmits. 'lhe st:artin:;J material was dialyzed into 20 _mM Tris pH 

8. 5 (buffer A) • Typical application volume to the DFAE 5FW column 

was 5-lo mL of desalta:l ascites fluid filtered through a 0.22 micron 

filter. 'lhe sample was applied to the column through port three of 

the M-6000 A Waters HPLC pump followed by a 5 minute isocratic wash 

with buffer A. 'nle column was eluted with a gradient to 250 mM 

NaCl pH 7 .o (Figure 46). In one preparation where 38.24 OD units of 

ascites was applied to the column, 35.6 OD units were recovered from 

the column givinJ a 93.1% recovecy of applied material. A small 

portion, 0.893 OD units, did not interact with the colmnn and was 

recovered in the flow through. A total of 2.1 OD units of material 

was recovered from the .colmnn in a clean up gradient. A gel of the 

protein at this stage of purification revealed a high molecular 

weight contaminant which was subsequently identified as transferrin. 

Fractions from the DFAE 5FW gradient were tested for 

immunoreactivity using an ELISA assay as described tmder Materials 

arxi Methods. Immunoreactive peaks were pooled and applied to a 

Blarmacia chrcmatofocusinJ column. 'lh.is column was eluted with a 

polybuffer74 pH gradient (fran pH 6 to pH 4) which only eluted the 

m:moclonal antil:xxiy (Figure 47). FI!£CJVecy from the Mono-P step was 

65 %. '!his step rem:wed the transferrin but introduced ampholytes 

fran the polybuffer 74 which into the sample. The presence of these 

-ampholytes interfered with the migration of the protein on the PAGE 
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gels used to assess purity. '!he anpholytes were removed by 

chromatography of the peak fractions through tandem Pharmacia 

SUperose 6+12 gel filtration columns. No detectable material was 

lost on th';! gel filtration columns. '!he peak fractions were p:x>led 

and concentrated prior to storage at -20° c. The procedure detailed 

above resulted in the purification of about llrq of IgG from 35 OD 

units of starting material. 

'lhe results of this purification method demonstrate that 

substantially purified IgG 'monoclonal ant:il.Jody can be rapidly and 

efficiently separated from murine ascites using anion exchange HPI.C 

with a linear sodimn phosphate gradient, pH 8. 5 to 7. o. Highly 

plrified monoclonal antibody was then obtained after a secom step 

that employed a chrcma.tofocusing column eluted with a pH gradient of 

pH 6 to pH 5. Re.mova.l of the ampholytes that were introduced in the 

secord step was acconplished using two tandem Superose gel 

filtration colunms of different pore sizes. Because of the high 

protein loads that were applied to each column, a canbination of 

methods were required to obtain ant:il.Jody of high purity (Figure 48). 

V.D.2. Raman studies of P:rotei.n Nucleic Acid Interacti.ans. 

Study of bWing interactions between proteins and nucleic 

acids require that the Raman instrument be capable of resolving a 

nucleotide spectrum at concentrations as low as 2-5 mM. Since this 

concentration range represents the low end of the instrwnent' s 

sensitivity, considerable effort was made to ensure that the 

inst.nnnent was operating a peak efficiency. 'lhe optics were 

aligned, the holographic gratings were changed to 600 groovejcm, 
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Figm:e 48. 12% SOO PAGE gel of the purified. HY21-3AC9 monoclonal 

antiJ:xxiy. 

Iane 1, High molecular weight standard; lane 2, IDw molecular weight 

stamard; Iane 3, Transferrin renDVed. by the Mono-P ~; lane 4, 

blank; Iane 5, HY21-3AC9 Monoclonal antibody; lane 6, HY21-3AC9 

Monoclonal antil:x:xiy. 
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and a reticon detector was installed because of its superior dynamic 

rarqe of response when ccnrpared to a conventional photomultiplier 

tube. '!he diode array detector is at least 10 times more sensitive 

to light. 'Dle laser line was changed after experiments revealed 

less of a problem with fluorescence at 488 vs 514 run. Once the 

instrument was converted. to a configuration that gave the highest 

sensitivity, control experiments were initiated. 

First, the Raman spectrum of 50 mM AMP was obtained (Figure 

49). When the spectrum of 2.0 mM AMP was scanned, several problems 

were encountered. First, the scan time required to obtain a 

spectrum of this dilute sample was on the order of several hours. 

'!his required m:xlification of software controlling the reticon 

detector. Second, poor htnnidity control of the instrumentation room 

and a small ancunt of water in the nitrogen to the detector led to 

icirg and a loss of resolution. An in-line water trap was installed 

on the nitrogen line which appeared to solve the problem. A 

spectrum of 2. 0 nM AMP was obtained (Figure 50) • 

It was our intention to use the same strategy erployed by 

Y'Ue et al (1984, 1986) in their studies of IArH and NAI:H. In these 

studies the Raman spectra of free protein, IAIE, and of free 

cofactor, NAIE were obtained. Next, the enzyme cofactor ccmplex was 

fonned by mixing the protein and ligand together in a known molar 

ratio. '!he spectrum of bound NAIE was obtained by subtracting the 

spectrum of free IAIH from the spectrum of bound IAIE. 

A control ~:intent using AMP and nonspecific rabbit IgG 

was perfo:rmed as a negative control. It was inp:>rtant to exhibit 

the capability to resolve dilute nucleotide spectra from the much 
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Figure 49. Raman spectrum of 50 11M AMP in 0.15 M NaCl pH 7. 3. '!he 

sp:::ctJ:um was obtained at 15° c with 488 run radiation, 200 mW p::Mer 

at the sample, a reticon detector, ani 600 qroovejcm holographic 

gratin3s. 
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Figure 50. Raman spectrum of 2.0 mM AMP (free AMP) in 0.15 M NaCl. 

'lhe spectrum was obtained at 15° c with 488 rnn radiation, 200 mW 

power at the sample, a reticon detector, and 600 groove; em 

holographic gratings. 
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higher intensity protein signal. spectra of free AMP (Figure 50) 

ani of free rabbit IgG (Figure 51) were obtained. The bound rabbit 

IgG spectrum was obtained by mixing protein and nucleotide in a 1: 2 

mlar ratio (Figure 52) • Reconstitution conditions were carefully 

omtrolled. Buffers of the same ionic strength and pH were used to 

dissolve the samples before mixing. Next, the spectrum of free IgG 

was subtracted from the spectrum of bound IgG. Even with scan 

times up to 30 hours (Figure 53) a spectrum of 4. 0 mM bound AMP 

could not be resolved. Six of these experiments were COlt'pletecl with 

various instrumentation ani sample changes with similar results. 

'lbe IgG protein signal was apparently too stron;J relative to the 

signal from the dilute nucleotide to allow completion of these 

exper:iments. 'Ihat is, the signal to noise ratio for the nucleotide 

sPectrum was too small. · However, in the course of these 

exper:iments, significant progress was made with the instrumentation 

and software that ultimately resulted in an enhanced capability to 

obtain high quality Raman spectra of nucleic acid solutions with the 

visible laser. 

'1he experiments detailed above should be readily 

acx:xmplished with a UV laser. I.ess concentrated samples are 

required and, by enployin;J the resonance Raman effect, the adenine 

bases can be selectively excited and thus minimize contributions 

from the protein. '1he capability to selectively excite nucleic acid 

bases is the great power of the resonance Raman method. 
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Figure 51. Raman spectrum of rabbit IgG (free IgG) in 0.15 M NaCl 

];il 7 .3. 'lhe spectrum was obtained at 15° C with 488 rnn light, 200 

mW power at the sample, a reticon detector and 600 groove;cm 

holographic gratings. 
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Figure 52. Raman spectnnn of 2.0 lTIM rabbit IgG in .solution with 4.0 

liM AMP (bourrl IgG). '!he spectnnn was obtained in 0.15 M NaCl at 15° 

C with 488 nm radiation, 200 mW power at the sample, a reticon 

detector, an:l 600 groove/em holographic gratings. 
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Figure 53. Difference spectrum of l:x:n.lnl IgG - free IgG. 
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VI. Corx:l.usians 

A systematic approach that utilized published nonnal mo:le 

analysis (a method for calculating the positions of the bands in the 

vibrational spectrum) am mo:lel conp:run:is was used to identify the 

positions of prominent base am ribose phosphate backbone peaks in 

the Raman spectrum of 2-5A (see Table II). Inspection of the 

structure of 2-SA (Figure 17) suggested expe.rilnents that could 

isolate portions of the n-olecule am provide infonnation about the 

2-5A IrOlecule relative to m:xlel.jcontrol compounds. 

'lhe 5 '-tenninus of 2-5A was examined in pH experiments and 

foun:l to have about the same pKa as AMP. 'lhi.s obser.vation supported 

the hypothesis that the 5 '-terminal phosphate of 2-5A in 

concentrated solution does not participate in stable solution 

interactions. 'Ibe ·pH expe.rilnents also provided infonnation about 

protonation of the adenine bases in 2-5A at pH 3. 8. The Raman 

spectra of AMP am pA2 'pA2 'pA were sllnilar at low pH indicating that 

the bases in the two compounds probably are in a sllnilar environment 

in solution. 'Ibe exocyclic N6 amino group of 2-5A is exchangeable 

in ~o to ~ under mild corxtitions. '!he exchange experiment in 

~ch 2-5A was reconstituted in ~o was designed to examine the C6-

NH2 portion of the n-olecule. 'Ihe results suggested that the 

exocyclic amino groups of adenine in 2-5A ·are in an envirornnent 

silnilar to that of AMP (Wartell et al., 1986). 

Next, 2-SA was subjected to ~ture studies in an effort 

to provide infonnation about possible base stacking. A linear 

change in the intensities of several Raman barns reported to be 

sensitive to base ~eking was obsel:ved suggesting that 2-5A has 
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little if any ordered stacking interaction in solution. SUpport for 

this hypothesis is also provided by the spectrum of 2-SA in 

nethanol, a solvent that should disrupt secondary structure. Only 

small changes in the spectrum of pA2 1pA2 1pA in methanol were 

abse.l:ved. 

'Ihe study was completed. by analysis of the Raman spectra of 

isomers of 2-SA. These spectra provided infonnation about possible 

correlations between the Raman spectra and biological activity. 

Additional information about the identity of the Raman bands in the 

2-SA spectrum was obtained by the analysis of the spectra of mixed 

linkage isomers · and chain len;Jtb isomers. A possible basis for the 

unusual activity of pA2 1p(8BrA)2 1p(8BrA) was also proposed. 

Specifically, the spectra indicated that the biologically active 

mlec:ul.e was structurally distinct from the two inactive analogUes 

analyzed. 

'lhe assigrnnents reported here will be useful in studying the 

interaction of 2 1 , 5 1 -oligoadenylates with proteins. To that end, 

preliminazy Raman experilnents designed to investigate the 

interaction of 2-SA with gamna globulins were attempted. However, 

the spectra of AMP in the presence of non-inanune gamna globulin 

lacked the necessary detail to permit analysis. The interaction of 

anti-2-SA antibodies andjor RNase L with 2-5A may be best approached 

using resonance Raman spectroscopy where the bands arising from the 

bases may be amplified relative to protein bands and where sample 

concentration can be dramatically lower. 

'Ble m:st infonnative portions of the Raman spectrum of 

pA2 •pA2 lpA were the phosphodiester-ribose pucker bands discussed in 
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the linkage isomers section. These spectra provided a possible 

answer as to why pppA2 'pA2 'pA is able to bind and activate RNase L, 

while pA2 'pA2 ' pA only binds RNase . L. The significance of 

phosphodiester-rilx>se pucker vibrational modes is discussed below. 

:Raman spectroscopy has been used previously to identify the 

overall geometry of the phosphodiester backbone of nucleic acids. 

'nlis overall geometry is related to the pucker of the furanose ring. 

'lhe Raman bands that arise from the backbone are often referred as 

markers for certain furanose ring puckers, i.e. C3 '-endo marker 

barn. A-genus r::NA which contains a C3 '-errlo furanose confonnation 

has a stron;r shal:p bani in the 807-815 cm-1 area (Erfurth et al., 

1972; Erfurth. et al., 1975; Goodwin & Brahms, 1978). Raman spectra 

of B and C-gerrus INA has weak, broad bands at 835 and 875 cac1, 

respectively (Brown & Peticolas., 1975; Ill et al., 1975). For 

ri):x>nucleotides, the Raman ribose C3 '-endo marker bands are shifted 

up about 7 cm-1 to 814-822 cm-1 (Erfurth et al., 1972; Erfurth et 

al. , 1975; Goodwin et al. 1 1978; Hartman et al. , 1973; Peticolas & 

Tsuboi, 1979). Marker modes have been shown to exist in low 

temperature Raman scans of oononucleotides (Small & Peticolas 1 

1971) 1 and in U3 'pA1 G3 'pC an di'3 'piT (Thomas & Peticolas1 1983). 

Based on these results Peticolas et al. (1983) proposed that the 

position of the ribose marker mode for ribonucleotides in the 

814-822 cm-1 range deperrls on the coupling through the 5'-ribose 

ester linkage. Assignment of the 823 cm-1 line in the spectn.nn of 

2-5A as a phosphodiester backbone mode seems reasonable (Figure 54) . 

warteil and Harrell (1986) recently reported that an extra 823 cnc1 

backbone barrl was required to reproduce the 800-850 cnc1 region of 
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Figure 54. Raman spectra of 2-5A trilner core, monophosphate, 

diphosphate, arrl triphosphate. (a) A2 'pA2 'pA in water, pH 7. 3 

(b) pA2 1pA2 1pA anunonium salt, in water, pH 7.3 (c) ppA2'pA2'pA in 

saline HEPES pH 6.8, TEA salt (d) pppA2'pA2'pA ammonium salt, in 

. water, pH 7 .3. 
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poly[d(A-T)] .poly[d(A-T)] by curve fitting procedures. The 

relationship, if arr:f, of this band to the clearly visible 823 cm-1 

band in the Raman spectra of 2-5A's is not yet known. 

NMR studies have indicated that the ribose pucker of 

A2'pA2'pA is mixed at 20° c while the deoxy analogue, 

(3'dA)2'p(3'dA)2'p(3'dA), is almost exclusively C3'-endo at 200 c 

(Doornbos, et al., 1981,1983). If a mixed population of ribose 

puckers is obsel:ved by NMR, on a time scale of 10-6 sec, then Raman 

spectroscopy, on a time scale of <10-13 sec, should identify these 

populations of ribose pucker. 

'Ihe major bani at 823 an-1 and 1:he minor band at 802 an-1 

are assigned to phosphodiester-backbone vibrations in 2-5A's. 'lhese 

bands may reflect the relative predominance of one ribose pucker 

type over the other since the position of the backbone marker has 

been shown to be sensitive to the furanose pucker ('lhamas & 

Peticolas, 1983) • Further, the broadness or sharpness of the 823 

cm-1 barxl tray be influenced by furanose pucker or by changes in 

other torsion angles (Figure 54) • One could speculate that the 

C2 1-en:io marker arxl the C3 '-endo marker in the Raman spectra of 

2' ,5'-oligoadenylates are shifted to the same frequency arxl that the 

peak at 823 an-1 represents the SlD1l of these two (or more) bands. 

If the two furanose marker barns are in:leed shifted to the scure 

frequency, then the shape of the bani at 823 an-1, broad or sharp, 

tray represent the relative predominance of one ribose pucker type 

over the other. In this case, the biologically active molecule, 

pppA2 'pA2 'pA, has a more defined ribose pucker, since the band at 

823 cm-1 is substantially sharper than in the spectJ:um of 
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pA2'pA2'pA, (Figure 55). If the CD of the deoxy analogue of 2-5A 

is correct then a Raman spectrum of the compound could be used to 

confi.J:m the position of the C3 '-endo marker band in 2-5A. Another 

possibility is that the band at 823 c:m-1 represents a sum of 

furanose puckers that occur within the C3 '-endo family. If this is 

the case, then the biologically active pppA2 1pA2 'pA has a 

predominant member of this family of puckers (Figure 55) • In either 

case, the Raman spectra demonstrate that the phosphodiester backbone 

ani possibly the furanose pucker in the biologically active 

pppA2 'pA2 'pA differs from that fourn in non-biologically active 

fo:cos of 2-SA ani in 3' , 5 '-oligoadenylates. 

P\lrther info:nnation on the structure of 2-SA' s could be 

provided by obtaining the Raman spectrum of ceystals of a c:orrp:>und 

such as A2 ·~ which has a known ceysta1 structure determined by x­

ray diffraction. Corrparison of the Raman spectra of such a compound 

in its crystalline ani solution states wOuld provide direct evidence 

for the solution confo:nnation of the dinucleotide. 'Ihese 

experiments could be extended to 2-5A once several obstacles are 

overcame. First, high quality c:rystals of 2-SA must be obtained. 

Secon:i1 the x-ray structure of 2-SA nrust be solved. 'Ihird, the 

Raman spectra of 2-SA ceystals nrust ~ obtained and carrpared to its 

solution spectrum. '!his would provide valuable info:nnation about 

the general structure of 2-SA and 2' 1 5 '-linked nucleic acids in 

general. 

2 • 
1
5 '-oligoadenylates probably present unique confonnational 

properties that are important in bi.n:i.in;J ani activating RNase L. 
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Figure 55. Comparison of the Raman phosphcxliester modes in 

pA3 'pAJ 'pA, in pA2 'pA2 'pA, arxi in pppA2 'pA2 'pA. Windowed Raman 

spectra of (a) pA3'pA3'pA in saline HEPES pH 7.4, sodium salt (b) 

pA2 'pA2 'pA in water pH 7. 3, aiDIOOnium salt (c) pppA2 'pA2 'pA in water 

pH 7. 3, anuronium salt. 
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Previous studies employing structural analogues of 2-5A have 

implicated the first 2 1 , 5 1 -linkage as being critical for binding to 

RNase L. '!he observation that a brominated monophosphate analogue 

of 2-SA retained biological activity suggests that the 

5 1-triphosphate may not be an absolute requirement for RNase L 

activation. '!he active analogue, pA2 1p(8BrA) 2 1p(8BrA), was 

different fran the other two brcm¥)-analogues, p(8BrA) 2 1pA2'pA, and 

pA2 1p(SBrA)2 1pA, in regions of the spectrum tha.t suggest a hydrogen 

bon:led structure with possible base stacking. 
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VII. AI:Pen:tix 

VII.A. "Raman spect::roscx:Jp of the Interferon I:rx'Juced 2 1 ,5 1 -

Oligoadenylates," JosertJ C. 'White, Rrilert W. Williams, and M. I. 
Jdmst:an, in press. 
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1 Abbreviations: 

2-SA, trimer triphosphate, 5'-0-triphosphoryladenyly1(2',5')adenylyl 

(2',5')adenosine, pppA2'p(A2'P}nA, where n is usually 1-3; trimer monophosphate, 

pA2'pA2'pA, 5'-0-monophosphoryladenylyl(2 1 ,5'}adenylyl(2',S')adenosine; 

pA2 1pA3'pA, 5'-0-monophosphoryladenyly1(2 1 ,5')adenylyl(3',5')adenos1ne; 

pA3'pA2'pA, 5'-0-monophosphoryladenyly1(31,5 1 )adenyly1(2',5')adenosine; 

trimer core, A2'pA2'pA, adenyly1(2',5'}adenyly1(2',S')adenosine; A3 1 pA3 1 pA, 

adenylyl (3' ,5 1 )adenylyl {3' ,5 1 )adenosine;· pA2'pA8Br2'pA8Br, 5'-0-monophosphoryl­

adenyly1{21,51)8-bromoadenylyl B-bromoadenosine; dsRNA, double-stranded 

RNA; RNase L, 2-SA dependent endoribonuclease; HEPES, 4-(2hydroxyethyl)-

1-piperazineethanesulfonic acid. 

2 



ABSTRACT: Raman spectra of model compounds and of 2',5'-oligoadenylates 

1n 020, were utilized to assign the Raman bands of 2',5'-oligoadenylates. 

The Raman spectra of A2'pA2'pA, pA2 1pA2'pA and pppA2'pA2'pA contained 

features that were similar to those of adenosine, AMP, and ATP respectively. 

When AMP and pA2'pA2'pA were titrated from a pH of 2 to 9, the normalized Raman 

intensity of their ionized (980 cm-1) and protonated (1080 cm-1) phosphate 

bands revealed similar pKa's for the 5'-monophosphates. The Raman spectrum of . 

pA2 1 pA2'pA was altered slightly by elevations in temperature, but not in a manner 

supporting the postulate that 2-SA possesses intermolecular base stacking. 

Major differences in the Raman spectrum of 2',5'- and 3',5'-oligoadenylates 

were observed in the 600-1200 cm-1 portion of the spectrum that arises 

predominately from ribose and phosphate vibrational modes. P~osphodiester 

backbone modes in A3 1 pA3'pA and pA3'pA3'pA produced a broad band at 802 cm-1 with a 

shoulder at 820 cm-1, whereas all 2',5'-oligoadenylates contained a major 

phosphodiester band at 823 cm·1 with a shoulder at 802 cm-1. The backbone 

mode of pppA2'pA2'pA contained the sharpest band at 823 cm-1, suggesting 

that the phosphodiester backbone may be more restrained in the biologically 

active, 5'-triphosphorylated molecule. The Raman band assignments for 

2',5'-oligoadenylates provide a foundation for using Raman spectroscopy 

to explore the mechanism of binding of 2',5'-oligoadenylates to proteins. 
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Interferons are recognized as important biological mediators that have 

numerous effects on the immune system, including inhibition of viral rep­

lication. Interferons induce at least two double-stranded RNA-dependent 

proteins, 21 ,5 1 -oligoadenylate synthetase and protein P1 kinase (reviewed 

by Johnston & Torrence, 1984). 21 ,5'-0ligoadenylate synthetase polymerizes 

ATP into pppA(2'pA)n where n) 2 (2-5A)l. 21 ,5 1-0ligoadenylates activate 

a latent endoribonuclease (RNase L) that degrades RNA and contributes to 

the translational inhibition caused by double-stranded RNA (dsRNA} (Kerr & 

Brown, l97R; Kerr et al., 1974; Lebleu et al., 1976; Sen et al., 1976). 

The unique nature of these .21 ,5'-oligoadenylates has prompted invest­

igation into the structural requirements for their binding to and activation 

of RNase L. The number of 51 -phosphates was shown to be important in deter­

mining the biological activity of 2-5A. Trimer 51 -triphosphate, pppA2 1 pA2'pA, 

and trimer 51-diphosphate, ppA2'pA2'pA, bind and activate RNase L. Trimer 

51-monophosphate, pA2 1 pA2'pA, binds the endonuclease but does not activate 

the enzyme, and trimer core, A2'pA2'pA, neither binds nor activates RNase L 

efficiently (Kerr & Brown, 1978; Torrence et al., 1981). However, trimer 

core at high concentrations has been implicated in the inhibition of DNA 

and RNA synthesis although the mechanism of core action remains unclear (Kimchi 

et al., 1981a,b). More detail on the portions of 2-5A critical to binding 

and activation of RNase L have been obtained through the study of structural 

analogues of 2-5A. Efficient binding to RNase L requires the N6 amino 

group of the 51 -terminal adenine (Torrence et al., 1984; Imai & Torrence, 

1985; Imai et al., 1985), and two 2',5'-phosphodiester bonds (Lesiak et 

al., 1983). Activation of RNase L requires the N6 amino group of the 2'­

tenminal adenine (Torrence et al., 1984; Imai & Torrence, 1985; Imai et 

al., 1985) and the 31-0H of the ribose ring (Sawai et al., 1983; Haugh et 
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al., 1983). An analogue brominated at the C8 position of adenine, . 

pA2 1pA8Br2 1 pA8Br, displayed unexpected biological activity. This 51 -mono­

phosphate shows significant binding and activation of RNase ~ (Torrence 

et al., al., 1985; Torrence A Lesiak, 1986). This unexpected result 

demonstrates that biological activity does not always require a 5'-terminal 

di- or triphosphate and implies that the biological activity of different 

21 ,5 1-oligoadenylates may be dictated by a structural feature other than 

the number of s•-terminal phosphates. 

! Early Raman spectroscopic studies of mononucleotides (lord & Thomas, 

1967) has led to the emergence of Raman spectroscopy as a useful method 

for studying nucleic acid structure. The technique requires small but 

concentrated samples that may be in the form of crystal, film, fiber or 

aqueous solution. Raman spectroscopy has proven useful in distinguishing 

differences in nucleic acid structure. For example, characteristic Raman 

· umarker" bands have been described for the A, B, C, and Z forms of DNA 

{Erfurth et al., 1972; Erfurth et al., 1975; Benevides & Thomas, 1983; 

Benevides et al., 1984). Raman spectroscopy may also be employed to 

study nucleic acid binding reactions. ligand-DNA (Manfait et al., 1984) 

and protein-cofactor (Vue et al., 1986) binding complexes have been 

evaluated using Raman difference spectra. Difference spectra provide 

information concerning which part of the ligand or cofactor interacts 

with the DNA or protein. 

We describe here a qualitative assignment of the Raman bands of the 

interferon-induced 2 1 ,~ 1 -oligoadenylates based on Raman spectra of model 

compounds, and of 21 ,5 1-oligoadenylates under various conditions. Defining 

the vibrational modes that are responsible for the bands in the Raman spectrum 
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spectrum of 2-5A is an obligatory first step in studies designed to explore 

the molecular binding interactions between 2-SA and proteins. We also 

observe that the phosphodiester backbone of the biologically active form 

of 2-SA, pppA2'pA2'pA, differ from those of the inactive forms of 2-SA 

and of 3'5'-oligoadenylates. 

MATERIALS and METHODS 

Commercial 2',5'-linked trimer core, A2'pA2'pA, trimer 5'-monophosphate, 

pA2'pA2'pA, and trimer 5'-triphosphate, ~ppA2 1 pA2 1 pA (ammonium salts) were 

purchased from Pharmacia Chemical Company (Piscataway, NJ). Synthetic 

2',5'-lin.ked trimer core and trimer 5'-monophosphate (sodium salt) were 

generously supplied by Dr. Paul F. Torrence (NIH). Adenosine (Sigma grade), 

AMP (Sigma grade), and ATP (Sigma grade), were purchased from Sigma Chemical 

Company (St. Louis, MO). All samples were dissolved in distilled water 

.. or in buffer containing 150 nto1 NaCl, 10 ni'f HEPES, pH 7.4. Sample concen­

tration was estimated spectroscopically and ranged from 10-100 mM. Raman 

experiments were carried out at 15° C except where noted otherwise. The 

temperature of the brass sample holder was maintained by a thermostatically 

controlled ci rcul ati ng water bath. 

The Raman instrument consisted of a Coherent lnnova 90 argon ion 

laser operating at 514.5 nm with typically 250 mw of light power at the 

sample, a thermostated brass sample holder, a 300mm focal length f 0.6 

aspheric lens for light collection optics, a Spex 1403 double monochrometer 

with 1800 grove/mm holographic gratings, an RCA 31034 PMT, and a Spex 

Datamate coupled to a Cromemco Z80 based microcomputer. Spectral bandpass 

was set to 6 cm-1. Data was collected at 1 cm·1 intervals at a scan rate 

of 1 cm-1/sec. About 15 scans were collected on each spectrum with a 2 sec 

per cm-1 integration time. Samples of approximately 5 microliters were 
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held in melting point capillary tubes. Spectra containing significant 

noise were 5 point smoothed using the the algorithm of Savitsky & Golay (1967). 

Water and solvent background peaks, including those from HEPES where appropriate, 

were subtracted from spectra as described by Williams (1983). 

To ensure that samples were pure and were not degraded by .the 1 aser 

beam, or by changes in pH, or by high temperatures employed in certain 

experiments, samples were analyzed using C-18 reverse phase HPLC. Less 

than one microliter of sample was removed from each melting point capillary 

before and after scanning and diluted approximately 20-fold for analysis. 

The HPLC system consisted of a Waters model 730 data module, a Waters 

model 720 system controller, a Waters model 710B WISP, 2 Waters model 510 

solvent delivery systems, and a Kratos model 769 variable wavelength 

detector. Buffer A was 50 mM ammonium acetate, pH 5.2, and buffer B was 

25% acetonitrile. The flow rate was 1 mL/minute. The column was a 

Waters ~ONDAPACK C-18 3.0 mm x 30 em stainless steel column. The 

gradient was programed as follows: 0-5 minutes, 100% A, 5-25 minutes, 

shallow exponential gradient {curve 07) to 25% B, and 25-35 minutes, 

steeper exponential gradient {curve 08) to 100% B. Absorbance was monitored 

at 259 .mn. Average retention times in minutes were as follows: pppA2 1 pA2 1 pA, 

27.2, ppA2 1pA2 1pA, 24.0, pA2 1pA2'pA, 24.2, A2 1pA2'pA, 35.6, A2 1pA, 34.4, 

AMP, 9.2, adenosine, 29.9. 

Sample pH was measured by insertion of a specially constructed 

combination pH electrode, measuring 0.9 mm (diameter) by 6.0 em {length) 

·(Microelectrodes, Inc., Londonderry, NH), into the melting point capillary. 

Accurate pH measurements were made on volumes as low as two microliters 
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and were done in duplicate. There was no significant difference in the pH 

of a S~L sample, determined as described above, and the pH of 1 ml of the 

same sample measured in a test tube. Sample pH was changed by delivering 

less than l~L of ice cold 0.1 N KOH to the inside of the capillary with 

the -tip of the pH electrode. The electrode and sample were kept on ice 

to minimize possible base-mediated degradation. This procedure changed 

the pH by about 0.5 units per addition step without degrading the sample. 

The ionized 980 cm-1 and protonated 109~ cm-1 phosphate peak heights were 

measured after each spectrum was normalized to the 729 cm-1 band of 

adenine using data handling programs described by Williams (1983). 

Samples scanned in 020 were lyophilized and reconstituted on ice 

with 020 from Sigma Chemical Company (St. Louis, MO). The sample was 

immediately transferred to the thermostated 15oc brass sample holder for 

Raman analysis. 

RESULTS 

General characteristics of Raman spectra of 2-5A. 

The structures of 2',5'-oligoadenylates are depicted in Figure 1. 

A clear relationship between the Raman spectrum of each model compound, 

adenosine, AMP, and ATP, and the Raman spectrum of 2',5'-oligoadenylates, 

A2'pA2'pA, pA2'pA2'pA, and pppA2'pA2'pA, can be seen in Figure 2. These 

spectra contain bands that originate from vibrational modes of the 

5'-monophosphate at 980 cm-1 (Figure 2c, 2d)(Rimai et al., 1969), 

the 5'-triphosphate at 1125 cm·l (Figure 2e, 2f)(Rimai et al., 1969), 

the phosphodiester backbone at 800-880 cm-1 (Brown & Peticolas, 1975; Thomas 

& Peticolas, 1983), and the adenine bases, at 729 & 1200-1600 cm·1 (Lord & 
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Thomas, 1967; Rimai et al., 1969; Baret et al; 1979; Fodor et al., 1985). 

Thus, the major differences in the Raman spectra of A2'pA2'pA, pA2'pA2'pA 

and pppA2'pA2'pA result from differences in the 5'-terminus and the ribose­

phosphate backbone. 

The major Raman active modes for model compounds and 2',5'-oligo­

adenylates at pH 7.3 are summarized in Table I. Ring vibrations were 

identified by comparison with the frequencies reported for nucleotide 

monomers {lord & Thomas, 1967; Fodor et ·al., 1985; Rimai et al., 1969} and 

polynucleotides (Baret et a1.,1979). Backbone vibrations were identified 

by comparison with normal coordinate calculations (Brown & Peticolas, 

1975; Shimanouchf et al., 1964; lu et al., 1975). These results show 

excellent correlation with previously published data on A~'pA3'pA and 

polyriboadenylic acid (Small & Peticolas, 1971; Prescott et al., 1974). 

Adenine Related Modes. 

Modes above 1240 cm-1 arise from vibrations of adenine bases (Table I). 

Minor differences between the observed Raman frequency of base bands in the 

spectra of model compounds and 2-SA may arise from the coupling through the 

N9-C2' bond. Bands at 1308, 1340, 1378, 1422-1428, 1482-1484, 1510-1515, and 

1580-1585 cm-1 have been identified previously as adenine ring modes {Lord 

& Thomas, 1967; Rimat et al., 1969; Baret et al., 1979; Fodor et al., 1985). 

Peaks at 630-640 and 729 cm-1 also arise from the adenine ring, although the 

width of the 729 cm-1 peak may be slightly effected by the state of 51
-

phosphorylation (Rimai et al., 1969). 

Preliminary studies suggested that a 1455 cm-1 band in 2',5'­

trfmer 51 -monophosphate pA2 1 pA2'pA, {NIH source), originated from the 

base moieties (Johnston et a1.,1985). However, this 1455 cm-1 band 

originates from a triethyl ammonium ion present from the synthesis or 
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purification of the compound. Subtracting the Raman spectrum of triethyl­

ammonium bicarbonate from the Raman spectrum of pA2 1pA2'pA (NIH source) 

resulted in a corrected spectrum that was essentially the same as the 

Raman spectrum of commercial pA2'pA2'pA (result not shown). 

Phosphate modes. 

Phosphate mode assignments of 51 -phosphorylated 2',5'-oligoadenylates 

were made by comparison with _Raman spectra of AMP, ATP., and A2'pA2'pA (Rimai 

et al., 1969; Vue et al-., 1986). Bands -for 5 • -monophosphates at 980 cm·1 

and triphosphates at 1125 cm-1 were observed in AMP and ATP and i~ 21 ,5 1 -

oligoadenyl ates. 

The effect of pH on the ionization state of pA2 1 pA2 1 pA as reflected 

by the 980 cm-1 (ionized) and 1084 cm·1 (protonated) phosphate bands was 

investigated to determine if the 51 -terminal phosphate of pA2 1 pA2'pA 

interacts with other portions of the 2-5A molecule. Such interactions 

might be expected to alter the pKa of the 5'-terminal phosphate group. 

The pH was varied from 2.0 to 9.0. Spectra were normalizerl to the 729 

~-1 adenine base band which is not affected in intensity or frequency by 

changes in pH from 5 to 7 (Rimai et al., 1969) or from pH <3 to >5 (Lord & 

Thomas, 1967; results not shown). The 729 em -1 band in pA2'pA2'pA was also 

not affected by changes in pH from 2 to 9 (results not shown). The band 

at 980 cm·l in the control Raman spectrum of AMP showed an apparent pKa of 

6.05 (Fig-ure 3a). The band at 980 cm·1 in the Raman spectrum of pA2'pA2'pA 

showed a similar pKa of 6.1. 

The 1455 cm-1 band due to the triethyl ammonium ion observed in the 

synthetic pA2 1pA2'pA from NIH showed no change in intensity with pH, 

(Figure 3b) relative to the 729 cm·l adenine base band. This further 

supports the validity of normalizing spectra to the 729 cm-1 band. 

10 



· o~uteration effects. 

The spectra of trimer monophosphate, pA2'pA2pA, in H20 and in 020 

are compared in Figure 4. Only the hydrogens attached to the exocyclic 

nitrogens of adenine and the ribose hydroxyls would be expected to be 

exchanged here at the pD of 6.6. Exchange of CR and C2 protons of adenosine 

! is much slower (Thomas et · al., 1975 and references therein} and therefore 
I 

i t .. probably did not occur in this experiment. A minor band at 1650 cm·l in 

r H20 was shifted down 1 n frequency to 1625 cm-1 in 020• . This band may be 

related to the high frequency mode found in substituted benzenes since 

adenine is an aromatic C6-substituted compound (Tsuboi et al., 1973}. 

The band at 1254 cm-1, assigned to the exocyclic N6 amino group of the 

adenine bases by Tsuboi et al. (197~}, is not present in 020 indicating 

that this assignment is also correct for the 21 ,5 1 -oligoadenylates. This 

further suggests that the N6 ami no groups of adenine moieties of 2-SA do 

not participate in stable intermolecular interactions in solution. · 

Deuteration resulted in the appearance of two new bands at 1182 and 

1200 cm·1. The 1182 em -1 mode was been assigned to the Nn2 scissor by 

Tsuboi et al. {1973}. The 1200 cm·1 band probably arises from adenine, since 

1t also appears when AMP is deuterated (Vue et al., 1986). Most bands above 

1300 cm-1 also shifted down slightly in frequency as a result of changes in 

vibrational coupling. Numerous changes 1n the 700-900 cm·1 region of the 

spectrum, containing ribose and phosphate bands, were also observed. 

11 



i. 

Assessing Secondary Structure 

Raman hyperchromism is observed in the spectra of ordered structures 

such as poly{rA} when the bases unstack at high temperature. Bands in Raman 

spectra of poly(rA) and A3'pA3'pA at 729, 1308, and 1S10 cm-1 increase upon 

melting at 90°C {Prescott et al., 1974). 

Our studies at 16° C and at higher temperatures enable us to make four 

observations (spectra discussed below were normalized to either the 109S 

0-P-0 symmetric stretch or the 1338 adenine bond}. 1. We observed a 

linear increase in intensities of lines in: the spectrum of pA2'pA2'pA at 

1308, 1378, and 1S10 cm-1 (21, 16, and 33% respectively} with increasing 

temperature (Figure SA). 2. The intensities of bands in the spectra of AMP 

and pA2'pA2'pA at 1308, 1378 and 1S10 cm-1 at 16°C were essentially the 

same (Figure 2}. 3. The intensities of bands in the spectra of pA3'pA3'pA 

at 1308, 1378 and 1S10 cm-1 were slightly decreased with respect to the 

same bands in AMP which is consistant with observations by Prescott et 

al. (1974), (data not shown}. 4. The 814 cm-1 line in the Raman spectrum 

of A3'pA3'pA at 20°C shifts to 79A cm-1 at 90°C and has been used as a 

measure of "disorder .. (lack of secondary structure) in this and other 

31,5 1-linked RNA's (Prescott et al., 1974). No shift of the 823 cm-1 

line in the spectrum of pA2'pA2'pA was observed at 90° C (Figure SA). 

Linkage Isomers. 

Spectra of A2'pA2'pA, A3'pA3'pA, and pA3'pA3'pA were examined to inves­

tigate the effect of the 2',S'-phosphodiester bond on Raman active modes. 

The po3= mode at 980 cm-1 (Rimai et al., 1969) was observed for both pA2'pA2'pA 

and pA3'pA3'pA (Figure 6c,d). pA3'pA3'pA had well-resolved bands at 680 

and 760 cm-1 (Figure 6d}; these modes appeared as shoulders on the 729 cm-1 

band of pA2 1pA2'pA (Figure 6c). The ratio of the intensities at 1510 cm-1 

12 
1• .. ' • 



-

and 1482 cm-1 was smaller in 3-5A than in 2-5A (Figure -6). The major 

difference between A2'pA2'pA and A3'pA3'pA was in the frequency of the 

phosphodiester backbone bands found in the 800-825 cm-1 region of the spectrum 

(Figure 6). The Raman spectrum of 3',5'-linked trimer core, A3 1pA3'pA, 

revealed the presence of a strong backbone mode at 802 cm-1 and a relatively 

weaker mode at 820 cm-1. 2',5'-0ligoadenylates contained both of these 

bands but the band at 823 cm·1 was stronger and sharper relative 

to the 820 cm-1 band of 3-5A~ The form _of 2151 -oligoadenylate which is 

capable of activating the cellular endonuclease, pppA2'pA2'pA, had the 

sharpest band at 823 cm-1 (Figure 6e). The possible significance of these 

results is discussed below. 

DISCUSSION. 

Previously published physiochemical studies on the conformation of 

2',5'-linked oligoadenylates in solution have yielded mixed results. 

Studies using CO to estimate base stacking revealed that hypochromicity 

of 2',5'oligoadenylates was higher than that of the corresponding 3',5'­

oligoadenylates (Sawai, 1983; Doornbos et al., 1981, 1983). This result 

suggests that 2',5'-oligoadenylates possess more base stacking than 

3',5'-oligoadenylates. In contrast, a CD comparison of 2-5A and 3-5A 

tetramer, pentamer, and hexamer at 20° C showed that 6e for 31 ,5'-oligo­

adenylates increases with increasing chain length, but 6e for 2',5'­

oligoadenylates remains constant with increasing chain length. The con­

clusion was that stacking in 2',5'-oligoadenylates is weaker than in 3',5'­

oligo(A)'s (Hirao et al., 1983; Ohingra & Sarma, 1978). X-ray analysis 

of the structure of crystals of A2 1 pC implied that a very compact right 

handed helix can exist; intramolecular 04 1 ribose-adenine stacking (rather 

than intermolecular base stacking) was proposed (Parthasarathy et al., 1982). 
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Our spectra were normalized to both the 1095 cm-1 Po2- band and the 

1338 cm-1 adenine band. We observed no change in the relative intensities of these 

bands with temperature indicating that the 1338 band may be a good band to 

normalize under these circumstances. 

Spectra of pA2'pA2'pA and AMP have the same relative intensities at 

(16°C) in bands that are sensitive to base stacking (Figure 2) in contrast 

to observations made by Prescott et al. (1974) in a comparison of AMP and 3-SA 

core. This suggests that there is little or no base stacking in 2-5A. 

The relative intensities of ~ands at 1308, 1378 and 1510 cm-1 increased 

and the relative intensity of the 823 cm-1 band decreased as temperature 

was increased from 16 - gooc (Figure SA). The linearity of these changes 

(Figure 58) suggests that the 2-SA molecule was undergoing a change in 

structural equilibrium that is not related to base stacking. If base stacking 

was disrupted, changes in these bands would be expected to follow a typical 

melting curve, as observed for poly(A)•poly(U) (Small & Peticolas, 1971) and 

forGpC (Prescott et al.~ 1974). 

pA3'pA3 1 pA but not A3'pA3'pA has weak but well-resolved bands at 680 

and 760 cm-1 that were signficantly less discernable in both A2'pA2'pA 

and pA2'pA2'pA (Figure 6). These bands are also not present in poly(rA) 

(Prescott et al., 1974). Rimai et al. (1969) assigned bands at these 

positions to the polyphosphate chain at the 5'-terminus of AOP and ATP 

beca~se they were absent in AMP (see Figure 2). This assignment does not 

explain our results since pA3'pA3'pA does not contain polyphosphate. 

Preliminary studies of pA3'pA2'pA and pA2'pA3'pA have provided further 

clues to the nature of the 680 and 760 cm-1 bands in oligonucleotides. 

When the first ribose was 3' ,5'-linked, ·· as in pA3'pA2'pA, both the 680 

and 760 cm-1 bands were present (not shown), as observed with pA3'pA3'pA 

(Figure 6d). However, when the first linkage was 2',5'-linked, as in 

pA2'pA3'pA, the Raman spectrum appears similar to pA2'pA2'pA, which lacks 
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well-resolved bands at 680 and 760 cm-1 (Figure 6c and results not shown). 

These results imply that the 680 and 760 cm-1 bands may arise from the 

presence of a phosphate at the 51 -terminus of certain oligonucleotides. 

Changes in backbone parameters such as the glycosyl torsion angle, which 

·may accompany differences in the phosphodiester linkage, may account for 

the observed difference between 2•s•- and 3'5'-linked oligoadenylates. 

Raman spectroscopy has been used to identify the ribose pucker of 

nucleic acids. A-genus DNA possesses a c3•-endo ribose conformation and has 

a strong sharp band in the 807-815 cm-1 region. (Erfurth et al., 1972; Thomas 

& Hartman, 1973; Erfurth et al., 1975; Goodwin & Brahms, 1978). Raman 

spectra of 8 and C-genus DNA has weak, broad bands at 835 and 875 cm·1 

respectively (Brown & Peticolas., 1975; Lu et al., 1975). For ribonucleotides, 

the Raman A-genus "marker" bands are shifted up about 7 cm-1 to 814-822 

cm·1 (Erfurth et al., 1972; Erfurth et .al.,1975; Goodwin et al.,1978; 

Hartman et al., 1973; Peticolas & Tsuboi, 1979). Marker modes have been 

shown to exist in low temperature Raman scans of mononucleotides (Small & 

Peticolas, 1971), and in U3'pA, G3 1 pC an dT3'pdT (Thomas & Peticolas, 

1983). Based on these results Peticolas et al. (1983) proposed that the 

position of the phosphodiester backbone marker mode for ribonucleotides 

in the 814-822 range depends on the coupling through the s•-ribose ester 

linkage. Assignment of the 823 cm-1 line in the spectrum of 2-5A as resulting 

from phospohdiester group vibrations seems reasonable (Figure 6). Wartell 

and Harrell (1986) recently reported that an "extra" 823 cm-1 backbone 

band was required to reproduce the 800-850 cm-1 region of poly[d(A-T)]•poly[d(A-T)] 

by curve-fitting procedures. The relationship of this band to the clearly 

visible 823 cm-1 band in the Raman spectra of 2-sA•s has not been ascertained. 
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NMR studies have indicated that the ribose pucker of A2'pA2'pA is 

mixed at 20o C while the deoxy analogue, d(A2'pA2'pA), is almost exclusively 

C3'~endo at 20° C (Doornbos, et al., 1981,1983). If a mixed population 

of ribose puckers is observed by NMR, on a time scale of 10-6 sec, then 

Raman spectroscopy, on a time scale of < 1o-13 sec, should identify 

these· populations of ribose pucker. 

We assign the band at 823 cm-1 to phospohdiester group vibrations 

in 2-SA's (Figure 6). NMR evidence indicates that a mixture of ribose 

·' puckers ex1 sts in 2-SA. We observed a major band at 823 cm-1 and a minor 

band at 802 cm-1. These bands may represent the relative predominance of 

one ribose pucker type over the other since the position of the backbone 

marker has been shown to be sensitive ~o furanose pucker (Thomas & Peticolas, 

1983). The broadness or sharpness of the band may also be influenced by 

furanose pucker. We propose that the biologically active molecule, pppA2'pA2'pA 

has a ~ore unifonm ribose pucker than pA2 1pA2'pA, since the band at 823 cm·l 

fn pppA2 1 pA2 1 pA is subtantially sharper than the 823 cm-1 band in pA2 1 pA2 1 pA 
- . 

(Figure 7). Alternatively, changes in other backbone torsion angles may 

affect the appearance of this band. In either case, the Raman spectra demonstrates 

that the backbone structure in the biologically active pppA2'pA2 1 pA differs from 

that found in non-biologically active fonms of 2-SA and 3',S'~oligoadenylates. 

· 21 ,5 1 -0ligoadenylates probably present unique conformational properties 

that are important in binding and activating RNase L. Previous studies 

employing structural analogues of 2-SA have implicated the first 2',5'­

linkage as being ~ritical for binding to RNase L. The observation that a 

' brominated monophosphate analogue of 2-SA retained biological activity 

suggests that the 5'-triphosphate may not be an absolute requirement for 

RNase L activation. We are presently exploring the possibility that 
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bromination forces the dbose of' pA2'pA2 11)A into a more rigid confonnation 

as reflected by a sh~rp 823 cm-1 band. Rigidity of the phosphodiester backbone and 

possibly of the furanose pucker eay be related to the ability of the 

2',5'-oligoadenylates to ~ctivate RNase L. These assi9nments reported 

here will also be useful in studyi~g the interaction of 21 ,5 1 -oligoadenylates 

with proteins. 
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Table I. Raman active modes for model and 2'.5'-11nked compounds. 

Observed Raman frequency shift (cm-1)a Calculated Potential Energy 
frequency 01stributionC 
shift (cm-1)b 

adenosine A2'pA2'pA AMP pA2 1 pA2 1 pA ATP pppA2 1pA2'pA 

1650 1650 1650 C=N(19) C-C(25) C-N(23)N-C=(19) 

1582 1580 1580 1578 1585 1580 1581 C5C4(4R) - C4N3(3i) 

1512 1510 1510 1510 1515 1510 1531 ·C5C4(25) - C2N3(23) 

1486 1480 1482 1480 1487 1480 1468 ~C2H(29)-N9C8(19) + ~C8H 

1458 1460 1460 1458 1462 1460 1464 ribosyl CH2 bend1ngd 

1428 1422 1422 1422 1422 1425 \ 1689 C4N(44) - 6C8H(15) 

1378 1378 1378 1378 1380 1380 \ 1351 C-N(50)C=C(16) 

1340 1340 1340 1340 1340 1340 1329 N7C5(39) + C8N7(12) 

1308 1310 1308 1305 1305 1310 1309 N9C8(30) + N3C2{14) + 
6C8H(14) - ~C2H 

1254 1254 1254 1254 1254 1254 1424 N1C6(31) + C6N6 1 (26) 

1214 1220 1220 1218 1220 1222 1218 adenine ring bending 

1178 1180 1180 1180 1180 1178 1171 N1-C2-N3(25) N1-C2(23) C2=N3(14) 
N6-C6=Nl (14) 

1113 1115 ° 1125 P03= 5'-tr1phosphatee 
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·~: .c:>·· · fable I. (Con 't) 

Observed Raman frequency shift (cm-l)a Calculated Potential Enyrgy 
frequency Distribution 
shift {cm-l)b 

!nos1ne A2'pA2'pA AMP pA2'pA2'pA ATP pppA2'pA2'pA 

1085 1075 1080 0-P-0 symetr1c diester stretchd 

)05 1010 1000 1010 1015 1010 adenine torsion 

980 980 Po3= 5' monophosphatee 

918 918 918 not assigned 

880 882 895 892 R90 not assigned 

865 not assigned 

854 855 850 asymetric 0-P-~d. backbonee 

825 822 825 830 825 not assigned 

802 802 805 802 symetric 0-P-od 

780 795 780 C4-N9-C1
1
(16) c1'o5'(11) 

29 729 729 729 729 729 681 6N7C8N9(19) - N9ribose(14) + 
6C5N7C8(12) + 6C4N9C8(11) 

30 638 640 638 640 640 backbone-A bending 

~~fequency shifts experimentally observea~1nlfn1s ·report. 
b Frequency shifts assigned by normal mode analysis by Fodor et al. (1985) and/or Baret et al. (1Q79} 
c Potential enegery distributions based on normal mode analysis by Fodor et al. (1985) and/or Raret et al. (1979), 

except where noted otherwise. 
d Assignment from Thomas et al., (1983). 
e Assignment from Rimai et al. (1969). 
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FIGURE LEGENDS 

Figure 1: Schematic of 2',5'-oligoadenylates. R=H for A2'pA2'pA, R=Po3= 

for pA2'pA2'pA, and R=P3o10
4• for pppA2'pA2 1 pA2. 

Figure 2: Raman spectra of 2',5'-oligoadenylates and model compounds. 

(a) adenosine in saline HEPES, pH 7.4, (b) A2'pA2'pA in water, pH 7.3, (c) AMP 

in water, pH 7.3, (d) pA2'pA2'pA in water, pH 7.3, (e) ATP in water, pH 7.3 

(f) pppA2'pA2'pA in water, pH7.3. Samples were prepared and scanned as 

described under Materials and Methods. 

Figure 3: Effect of pH on the phosphate modes of AMP and pA2'pA2'pA. 

(A) Raman intensity of the Phosphate modes of AMP, 980 cm·l (Cl); 

1080 cm-1(~). {B) Raman intensity of pA2'pA2'pA 980 cm·1 {0); 

1080 cm-1(~); 1455 em -leO). Ten units were added to the 1455 cm-1 

intensities. Spectra were normalized to the 729 cm·l band of adenine a 

described under Materials and Methods. 

Figure 4: Effect of 020 on the Raman spectrum of pA2'pA2'pA. 

(a) in water, pH 6.6, {b) in 020• pD 5.8. pH was estimated by spotting a 

small sample on pH paper. 

Figure 5: Effect of temperature on the Raman spectrum of pA2'pA2'pA. 

(A) The Raman spectrum of pA2'pA2'pA, pH 7.3, was taken at, (a) l6°C, (b) 23°C, 

. (c) J7°C, (d) 56°C, (e) 70°C, (f) 90°C. (B) Raman intensities of the bands 

at (6), 823 cm-1; (A), 1308 cm-1; <•), 1378 cm-1; and<+>, 1510 cm-1. 
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Figure 6: Comparison of the Raman spectra 2',5'- and 3',5'-oligoadenylates. 

Raman spectra were obtained in water, pH 7.3 as described under Materials and 

Methods. (a) A2'pA2'pA, (b) A3'pA3'pA, (c) pA2'pA2'pA, commercial source, 

(d) pA3'pA3'pA. (e) pppA2'pA2'pA. 

Figure 7: Comparison of the Raman phosphodiester backbone modes {a) pA3'pA3'pA, 

(b) pA2'pA2'pA, (c) pppA2'pA2'pA. 
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