
rnKN.4 sequences .ind possess n~~c lco t idc  sccllrcnccs . ~ t  t l lc~r  5 '  end5 
t h ~ t  '11-c complcmcnt,in. t o  the tcclucnccs o f rhc  rnKN,\'s ~ ~ l l ~ n c d i a t c -  

RNA Editing-A Novel Genetic 
Phenomenon? 

T 1 I F  T H E O R Y  TH.41 (;k.NETIC IiVEOkll .4TION IS F N C O D E I )  TiX 

nl~clcic acici 1 1 ) S . l  or  KNXj  .lnil Ho\\s in a ~rnidirect~onal 
manner to  dctcl-mine the prim.ln amlno '~cid scqucnccs o f  

protcins h a  s~~fi;.rc.d ti.\\, if an!., c o n c c p t ~ ~ ~ l  challcngc since thc 
ol-iginal forii i~~lation i / I .  Kc\ crsc tr,lnscript,~\e. \\,hiell tr,~nscrihcs 
KS.\ into l)N.\, added an interesting ileto111- to  the p'~tIi\v,~!.. The 
ciiseo\.cr\ of  RN.\ cn7!.mcs 12, - 3 1  \\.as .I m.ljor concepn~~i l  ch,lnge, 
1-7~1t l i ~ i i  110 c f i c r  on  the ~nforrn~itlon do\\. paradigm. 

The iiisco\.cn of  KNA cdltinp In the mitochondria o f  kinctoplas- 
t~ci ~ r o t o 7 . o ~  (re\-ic\\ cd in 4)  at first ,~ppc,lrcil t o  ciircctl!. challenge 
the theon. o t ' inform.~t~on don, .  In this pl-occsj, u r~d inc  (Ci ~rcsid~lcs 
'Ire aiidcd 01- dclctcd .it ml~ltiplc, precise sites ~vi th in  the coding 
regions ofmKS.\ ' s .  Thcrc appeal-cci t o  he n o  nuclric acid ternplate5 
rliat encoded the cd~rcd  inti)rm,ltion. .lnd it \\,as ditficult to en\.is~on 
ho\\. 5~1eh c\rcnsi\ c ,und prccisc moiiitications of  riiRNA scqucnics 
coulii occur \I itlio~rt ,I rcrnpl,~tc. Thcsc findings r,liscil the possibilin 
that the info]-mation for editing c o ~ ~ l d  be encoded in '1 c~?,ptic fol-111 
in the m R S X  or  111 protcins (4 ,  . T I .  Soon tlicrc,~frcr, other n.pcs of  
at-7pClruitl\ nonrcmpl,ltc~i cciltinp of  coding sequences o f  m R N A  
m o l e c ~ ~ l c  \!.ere reported: i i )  ,i single, prccisc, dc\clopmcntally 
rcgul,ltcci c!.tos~iic ((1)-to-L1 ch,lngc in m'~mmnlian apolipoprotein R 
mRSA ( 6 ) ;  ( i i)  multiple C-to-Li or  [;-to-<: changes (7) in several 
plant mitochondria mRNA's; (iiii nontcmplatcd G rcsiilues in 
pc~rc~myuov in~s  1' mKNA ( 8 ) ;  and ( I \ . )  54 esrra C residues in rnRNA 
f ix  the alpha subl~ni t  o f  adcnosinc t r iphosph~ te  synthetasc in 
P/iy~~r.lori m~tochondl-IA ( 9 ) .  

.The moct striking cs,~mplc\ of  RNA cciiting '11-c found in kincto- 
plastic1 mitochondl-ia, \\.hicli 'ont'lin a I.lrgc nct\vork of  catcn,ltcd 
minicirclcs (465 to  2500 h'lsc p'lirs) and maslc~rcles ( 23  to  3 6  
kilobasc) itlic klncroplastld 1)N.A n ~ ~ c l c o i d  hod\ , )  i 10). The  func- 
tion of minicircle 1)NA hcls hrcn .I m\.stcn. slnce its diseo\.cn, i 11. 
12). as there \T.,IS n o  ob\  io~rs  consen cd c o d ~ n g  ccapcit\,. The 
~n~s ic i r c l c  I I I O I C ~ I I I C S  'Ire homologs of  informational mitochondrial 
1)N.i rnolcc~1lc5 rn ,lnimal anci f i~ngal eclls. 'unii encode ,lt least 1 3  
gene\ i 101. 

Sc\.cral oftl ic m,i\ic~rclc gcncs rcprcscnt cn.ptogcnes 13) in \\.hich 
the DNA 5cqucncc specifi. PI-lman. rranw-ipts that ha\.c rcnillng 
frame shifts, I'ick canonic,ll tran\l,~tion 1nit1,ltion coilons, anci must 
be cciitcd to  PI-oe111ce tra11~lat~i1-7Ic I I I R N . ~ ' ~ .  .l-hcrc arc at ledst three 
pan-ciiiteci (4) cn.ptopcnc\ in ' I i - y ~ ~ ~ ~ i i o ~ ~ i r i i ~ ~  11vrcii.i rnasic~rclr L)NX, 
\\,hiell lack nlorc than 5006 of the l J  1rc5iduc. PI-cxnt  in the matul-c 
ed~tcct trancripts i 13, 14,. Six short  G-rich regions esist in both 
L~~is/iiii~~iii~i t,rictirt1/'7i and 'I 11i1i ic . i .  \vhich m,lv also encode pa -ed i t ed  
KS.Ys, but the gcnc proci~~cts  Jre not !.ct knoi1.n ( 4 , .  R S A  c d i t ~ n g  
of .it Ica5t four mirochoncir~al c n , p t o g c n c  in '1'. 11r.iri-c-i 15 de\,elop- 
~ilcntali!. r c p ~ ~ l ~ l t c d  I 15, 16) and is utili7cd .is 3 transl~tional control 
mech,inism b!. regulating the abunci.incc of  tr,lnslatahlc mRS;\'s. 

.A nc\\ cl.~ss ot'sm.lll kinctopl.ist~d mitochondri'11 RN.4 n~cilcculcs, 
guicic KS.4'5 igKN.-\'\i, 11 '15 I-cccntl!. dc5cribcd r 1-1. The gKN;\'s 
,Ire short K S . 4  mc~lcrulc.~ that can form perfect li!.brids 1% ~ t h  cditcti 

I!. cio\\,nstrc,~ni of  the pl-c-cdltcci r c g l o n  (1'b.K~. 71'l~c gI<.\T,4'5 iio nor 
rct71-rxnt c l d ~ ~ l ~ d l  t c n l p l ~ t ~  f01- edited KN.4 scqucncc. duc to  the 
presence o f  '~h~lnetanr nonc~nonical  C;-L; h ~ { c  pairs. 'l'hc gl<NA'\. 
5omc of  \vhich a p p c ~ r  to rcprcscnt prim,ir-\. tr,lnscrlpts, pos5css 
~ ~ ~ i i c l u c  5 '  eiiiis anci a 3' olipoL1 tail adiicci p ~ s r t r ~ ~ i i s i r i p r ~ o r ~ ~ ~ l l \ .  
\vhich varies in icngtli from 5 to 24 nl1cleotidc5 r 18,. The gRN.4 
gcncs .Ire founil in the m,z\~circlc genome .~~lc l  \\,it11111 tlic \.11-1,1blc 
regions of  the minic~rclcs (19). suggesting a t i~nction for thcsc I)NA 
nlolcc~rlcs. Tlic gRN.4's .Ire specific for c.ich cditcd ml<N.\ .lnd 
encode the acidit~on,~l C 1rc5icl~1cs .IS complcmciir,ln~ .A o r  C; rc\iducs 
I11 the ~ r o ~ o s e d  n~oilcl  i 1;) (Fig .  1 ), '1 h!.bl-id i 5  ti)rmcci t,ct\\.rcn the 
5' cnci of  the pRN.4 ,lnd ,I region o f  the rliRN.4 rhar i 5  .~cij,lccnt 13' I 

to  the PER 13' ,inchor). .4 st,lb~lizinp li!.t>rid then to]-m5 bet\\ ccii tlic 
3' oliguL: t<lil o f t h c  gKS.4 .~ni i  the G.4-rich 1'F.K ( 5 '  . ~ n c h o l - ~  ( 1x1. 
Edltinp occurs b!, specific cndoni~clcasc clc.~\~apc o f  rhc rnKNA 
\\,]thin the 1'EK , ~ t  ,I posltio~l 3 '  t o  the first misrll,itchcd nucicotidc. 
.4dciition o f  U rcsiduo to, or,  more r,u-el!,, dclcrion ti-orn the 
libel-atcd 3 '  h\.dros!.l terminus is ti)llo\vcd hi. hrm,lrroii of ,I I,,~sc 
pair bcn\,ecn the guide A o r  G n~lci the ,lddeii C' 1rcsidlrc5, ,Inti 
religation of  the clca\.cci 1nRN.A molcculc. The put'lti\,c i d i r ~ n g  
enL\,mc complcs then miprato  to  the ncut mismatch ,~nci the c\.clc 1s 

repc.ited. 
The c\ idencc for this model is circumsr,lntial bur Inclllg. i i )  

gRNri'5 for ti\.e cn.ptogcnc5 in L. / t ~ r c ~ t ~ r o / , ~ c ~  csisr t h ~ t  c,in t i ~ r m  
1-7ufcct h>-brids n.ith cditcd mRN,A's. \ \ .~rh  the lrnlquc 5 '  ends o f t h c  
gKNA's loc,~lized close to  the beginning o i t l i c  h\bl-~tl  rcgioil5; i i i )  
rnultit-7lc p.11-tiall\. edited molecules ha\,c bccn dctcctcd in src,lci\.-jt.ltc 
K S A ,  n.hich 5lio\\. the espcctcd 3' t o  5 '  pol,lr~t!. ofp.11-tr.11 eii~ring 
(20, 21 j ;  iiiii cn7ymes t;)r se\,cl-.il of  the predicted . i c r~ \~ t i c j  c\isr In 
p~~r i f i cd  mitochonclria of I > ,  r,~rc~tiri~/~ic c2lj--,l tcrmin.ll ~~rici\.I\.l 
transferasc (TLTTase), an RNA ligase, and ,I cr?rptic, site-5pcc1fic 
endonucle~se (23) ;  And (iv) ilnprccisc editing of  synthetic prc-cd~tcd 

Fig. 1. The gRNA 
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mRNA's has been detected with crude mitochondrial lysates from 
L. tarentolac (23). 

A variant of the gRNA editing model has been proposed to 
account for the presence, in T bmcci mitochondria, of a high 
frequency of partially edited cytochrome oxidase subunit III 
(COIII) and cytochrome b (Ob) R N A \ which exhibit unexpected 
(that is, not precisely 3' to 5') patterns of editing (24). In this 
model, random insertion and deletion of U residues occur between 
even7 nucleotide within editing domains, which are defined by 
specific gRNAY Editing occurs as a result of selection of the 
correctly edited mRNA sequence by the formation of a perfect 
hybrid with the gRNA rather than by a directed unidirectional 
mismatch repair. A fairly high percentage (42%) of unexpected, 
partially edited mRNA's was also observed in L. tarentolac for the 
COIII gene (21). However, the majority' of these patterns may arise 
from correct editing with incorrect gRNA's that may guide the 
editing of yet unidentified crvptogenes (19). It may be that function
al modulation of amino acid sequences of mitochondrial proteins 
occurs through the use of different gRNA\s for editing. 

More compelling support for the gRNA model remains to be 
obtained. For example, isolation of an editing complex that contains 
gRNA, riboendonuclease, TUTase, exonuclease, and RNA ligase is 
crucial. In addition, the following questions are of interest: (i) Are 
gRNA\s complexed with proteins, thus representing the functional 
equivalent of small nuclear ribonucleoproteins in the splicing para
digm? (ii) What is the mechanism for the sequential interaction of 
the multiple g R N A \ proposed to be required for editing of the 
CYb or MURF2 transcripts in L. tarentolac or for editing of the pan-
edited mRNA^s (COIII, ND7, and ATP6) in T. bruccci>. (iii) How 
are the secondary structures of mRNA and gRNA involved in the 
specific binding of an editing complex? (iv) Are ribozymes involved 
in the editing process? 

The recent discovery that kinetoplast minicircle DNA encodes 
gRNA's that function in the editing of maxicircle transcripts remains 
to be investigated, especially in view of the extensive minicircle 
sequence divergence observed between species of kinetoplastids. 
Putative gRNA genes have been identified in T. brucei (14, 25), and 
gRNA-like transcripts have been identified in T. cquiperdum that are 
precisely located between pairs of 18-bp inverted repeats (26) in the 
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variable regions of the minicircles. These inverted repeats could 
represent remnants of transposition events that involved the migra
tion of mobile gRNA genes between maxicircle and minicircle 
DNA. 

One function of RNA editing in kinetoplastids is to provide 
translational regulation of mitochondrial gene expression. However, 
the evolutionary origin of this type of editing and the effect of such 
split genes on the evolution of the mitochondrial genome remain to 
be explored. It is possible that this process originally represented a 
general mechanism for the modification or repair of RNA sequences 
prior to the origin of polymerase enzymes. Perhaps modern mito
chondrial RNA editing in trypanosomes in an atavistic remnant of a 
primitive RNA sequence modification process. It remains to be seen 
if the trypanosome type of RNA editing is present in higher 
eukarvotes. 
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