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Abstract 

Protem-protem mteractlons among nearest ne~ghbours or between two dlstant protelns play major role In the develop 
ment and spatiation of an organism To understand the basic rules thdt govern these interactions vanous physlcal ap- 
proaches are taken whlch are Inadequate to descnbe the m-vwo smatlon Generation of a phenotypic mutation In a 
protem and then looking for ~ t s  suppressor may allow to map the lnteractmg partners w~thout perturbing the system 
very much from ~ t s  onginal phenotype Th~s review alms to list various such stud~es and addresses the future course 
that cdn be persued 

Keywords Contact sltes, protein-protein Interactions, crosslinlung spectroscopy genettc suppression 

Spec~fic protem-protein and protein-DNA interactlans govern the regulation of all cellular 
processes which constitute a living cell The basis of all essential b~ological functions is the 
ability of the cell to elicit the required cellular response by specific molecular interactions For 
exiimple, replication apparatus, transcription machinery, translation complexes, enzyme as- 
semblies, receptor-ligand lntelactlons and transport pathways all med~ate thelr respective func- 
tlons by crosstalk between spec~fic macromolecules Protein-protein ~nteractlon is an impor- 
tant subset of a variety of interactions constituting b~ological processes 

The transcriptlon apparatus in Escherzchza colr consists of a DNA-dependent RNA poly- 
merase (RNAP) which is a multi-subunit enzyme with subunit cornpositlon of a2pp wo Inter- 
actions within and between the subunits result In the formation of catalytically competent en- 
zyme capable of promoter-specific interaction of transcription Moreover, specific interactions 
between RNAP and transcription activators or DNA finetune the transcriptlon apparatus to 
meet the myriad cellular needs Thus, an might into protein-protein interactions p1ovlde.l a 
bas~s for understandmg the hlghly ordered and regulated process of transcnptlon In E colz 

2 Methods to study protein-protem interactions 

A number of biochemical approaches have been used to study interactions between pro- 
teins Many interactions in multi-subunit complexes have been elucidated using methods like 

"Text of lecture delivered at the Annual Faculty meeting of the Jawaharlal Nehru Centre for Advanced Sc~entific Re- 
search at Bangalore on October 21, 1999 
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crosslinlung, protein footprinting, protease sensitivity profiles and mutagenesis These rneth- 
ods, m combination with m-vlvo approaches like suppression analysis have paved the way in 
understanding the functional relevance of protein-protein interactions in a multitude of cellular 
processes 

Chemical crosslinlung has been one of the oldest methods to probe direct contact between 
two proteins using a large number of reagents ' The E colr nbosome is a complex multi- 
protein assembly comprising 52 proteins and t h e e  RNA molecules Chang and ~ l a k e j  used a 
group of bifunctional sulfhydryl reagents, the phenylene dimaleirnides which crosslink a pair 
of 30s ribosomal proteins with remarkable selectlvlty Results of the~r  study indicated specific 
crosslinking between proteins 518 and 521 and that the crosslinlung mvolves specific sulfhy- 
dry1 groups located on each of these proteins They also found that crosslmking occurred only 
In 30s subunit and not with the two proteins free in solution Thelr studies suggested that S 18 
and S21 are probably located adjacent to each other and possibly on the surface of 30s subunlt 
as the crosslmnking of the two proteins was found to occur through exposed sulfhydryl groups 
Chem~cal crosslmking using bifunctional reagents was also used to elucidate the subunit inter- 
actions with the E colt RNAP Their investigation showed crosslinked product to be the 
major band on anaIysis by SDS-polyacrylam~de electrophores~s thus suggestmg the area of 
contact between the two subunits to be large McMahan and ~ u r g e q s ~  opt~mised the use of aryl 
ande cross linker^ to study mterdctions within the subunits of E colz RNAP and showed a-0 
mteraction and that iontact legion on a-subunit is the C-termma1 domaln Chen er al ' used 
proteln-protein photo croc;sllnhng to dete~mine direct contact between the E toll RNAP and 
the actlvatlon reglon of catabolite gene activator protein (CAP) A photoactivable crosslinkrng 
agent was targeted to a speclfic residue of CAP followed by UV inadlation of the ternary 
complex The trmsfer of the rad~olabel from the crossl~nker to the pomt of contact on the ter- 
nary complex followed by subsequent cleavage was used to identlfy CAP-RNAP contact re- 
gion Results suggested tr-subunlt C-ter mlnal domaln to be In dlrect contact wlth the activation 
reglon of CAP 2' interaction with d rranscript~onal actlvatol C4-dicarboxylic acid trmsport 
protern D (DCTD) from Rhlzobrziirz rnelztotz and RNAP was eluc~dated using bifunctional 
crossl~nlung reagents Their lnvestigatlon mdlcated that dl-dependent activator DCTD may 
engage both 3- and Psubun~t ot RNAP to activate transcription Dlrect protein-protein intei- 
actions can also be monitored by a method analogous to DNA footprinting, a technique 
wherein the DNA substrate is end-labelled with 3$ and subjected to chemical cleavage or 
enzymatic digestion The resulting fragments can then be resolved by electrophoresis In the 
presence of a protein molecule which can Interact with the DNA substrate, a 'footpnnt' or 
'shadow' results 1n the region of DNA-protein contact as this area is occluded from cleavage 
The same principle can be extended to study interacting regions between two proteins In 
this 'protein footpnntmg' method, end-labelling of the protein is achieved by placmg a short 
linker sequence encoding a peptide whlch is a substrate for a protein kinase at one end of 
the gene and subsequently the protein is end-labelled with "P ATP The labelled protein, after 
being mixed wlth an interacting protein, is subjected to limited proteolysis The products 
are then analysed by SDS-polyacrylamide gel electrophores~s and autoradlography Zhong 
et a1 have illustrated the efficacy of the~r method by demonstrating the interaction of rnyoglo- 
bin and an antimyoglobin monoclonal antlbody using the same technique Nagai and 
~hirnamoto'~ lnvest~gated the E colz 070-core RNAP mteractions and their studies indicated 
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that subdomains 2 2 and 2 4 are clearly protected in holoenzyme, suggesting thelr direct 
interaction with core RNAP Besides these regions, domain 1 1 and segment of domain 3 
also were found to diiectly interact wlth core RNAP Interaction of segments of the T4 
late genes a factor, gp55, with E colz RNAP was analysed using protein footpnnting and re- 
gions corresponding to subdoma~ns 2 1 and 2 2 were found to form the 0-core enzyme inter- 
face " 

The protein complexes m a protein footprinting reaction can also be cleavedt2 by radicals 
generated by metalIH202 and is more versatile than proteolytic enzymes as the latter cleave 
only a limited number of sites in the protein Moreover, proteolytlc resistance vanes from pro- 
tein to protein Fe-EDTA probes were found to be nonspec~fic chemical p~oteases" and replac- 
mg proteolytic enzymes with them has greatly enhanced the resolut~on of the footpnnts Fe- 
BABE [Fe(S)-1-(p-brornoacetam~dobenzyl)EDTA], one such Fe-EDTA probe, can be tethered 
to the Cys residues and it can cleave within 12 A of its attachment site l4  The mode of cleavage 
IS illustrated in Fig 1 T h ~ s  method of probmg protein-protein interactions has a much h~gher 
resolution as the pattern of cleaved fragments gives a footpiint which represents the ~nterface 
between the two protelns Resolution of crosslmking studres is llrnited to studying the prox- 
~mlty of two proteins with respect to each other and does not extend to mapping the regions of 
contact Fe-BABE has been effectively used as a chemical protease after conjugation with E 
coil do to map do-core RNAP contact sites On the /?-subunit, the do contact sites have been 
mapped onto two regions, (I) between amino ac~ds 383 and 584, ~ncluding conserved reglon C 
and Rif region, and (11) between residues 854 and 1022, including conserved region G which 
mcludes ppGpp-binding site and the segment folmlng the catalytic centre On the p-subunit, 
the a70 contact sites have been mapped to conserved regions C and D l 5  

Mutagenesls is another powerful tool which has been employed to identify cntical amino- 
acid residues constituting interacting surfaces between proteins Preliminary identification of 
functionally relevant segments of a polypeptide can be achieved by deletion analysis In thls 
method, a small number of amino acids is progressively deleted from C- or N-terminal legions 
(or even Internal fragments) and the mutants can then be assayed zn vztro for their ability to 
mediate protein-protein interaction Alternatively, functional relevance of the mutation can be 
assessed by its phenotype Site-dlrected mutagenesls can then be employed to pinpoint func- 
tionally important amino ac~ds Regions in N-terminal domain of a-subunit of E colt RNAP 
interacting with p- and pl-subunits were identified using insertion mutagenesis and amino-acid 
substitut~ons w~thin the a-subunlt '' l7  Mapping of a+? subunit contact sites in E coh RNAP 
was also facilitated by the use of truncated fragments of p-subunit and proteolysis of a2p com- 
plex and free &subunit 

3 Genet~c suppresston 

Suppressor mutations are those which occur at a second slte, at a distance from the ongmal 
mutation and by themselves may not have a phenotype but in the presence of the onginal 
mutation can restore the phenotype to that of wlld type and hence the term 'suppressor' Thus, 
suppressor mutants are those that dmeliorate the pnmary mutant phenotype Broadly, genetlc 
suppressors can be intragenic wherein the second-srte mutation is within the same gene where 
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FIG 1 An outllne of cleavage of the peptide bond by Fe-BABE 
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FIG 2 A schematic representation of different mechanisms by which genetic suppress;ion cauld occur 

the ongmal mutation is present or extragenic (also called mtergenic) wherein the second muta- 
tion resldes in a locus distmct from the onginal mutatmn l9 20 An outlrne of the mechanisms of 
genetic suppression is illustrated in Fig 2 

An intragenic suppressor balances the effect of an onginal mutation by occumng within the 
same gene The suppressor may be a true revertant or change in the same codon as the pnmary 
mutation thus resulting in a less detrimental residue in that posxtion or by a change in another 
codon w ~ t h ~ n  the polypeptxde Intragen~c suppressors can be distinguished from extragemc 
ones by linkage analysis lntragenic suppressors restore the pnmary defect through a number 
of mechanisms 

3 1 1 Actzve conformatzon 

Helinsky and yanofsky2' described a mutation in E coh tryptophan synthase A protein at posi- 
tion 210 where a Gly to Glu substitution inactivated the enzyme Reversion analysls of t h ~ s  
mutant revealed a second-site mutation withln the same gene, a Try to Cys substitution at 
position 174 which had the ability to restore enzymatic activity to the previously inactive mu- 
tant Neither rnutat~on, in isolation, was able to confer enzymatic activity L~kewise, a muta- 
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FIG 3 Poss~ble contact regions within the tiyptophm synthn5e A lnolecule as suggested by genetic evldence (Yanof- 
sky et a1 ") 

1 
NH2 

tion at position 176 was compensated by a mutatlon at positlon 212 " Thls led Yanofsky and 
coworkers to speculate that region 2 10-2 3 2 of the protein may interact with reglon 174-176 of 
the same pratem The llkely mode of suppression IS through compensation of a second muta- 
tion in the mteracting region thus restonng wild-type activity to the enzyme (Fig 3) Slmllarly, 
 inks" isolated suppreasor mutations in T4 bacteriophage geneh which encodes a plotein in- 
volved in phage adsorption, mapping v a y  close to the site of original mutation Here too, the 
rnechan~sm of suppression could be siinilar to that of tryptophan synthase A Apart from pro- 
telns, tRNA molecules can also undergo second-s~te reversions thus providing an Insight into 
the conformation and interaction of tRNA molecules with other molecules, In vzvo, as de- 
scrzbed below 

173 174 175 176 177 
eu - Leu - Ser I 

The tyrosrne tRNA molecule can be mutated in its anticodon reglon such that it now pos- 
c;esses the ab~lity to recognise the nonsense triplet UAG and can msert a tyrosine there Muta- 
t~ons that abolish the wppression activity of the tRNA can now be isolated Second-s~te muta- 
tions of these nonfunctiond tRNA suppreq5ors which enable them to regain the~r  suppressoi 
phenotype were isolated and an analysls of the mutants revealed that bases 2 and 80 of the 
tRNA molecule are in contact ar was pred~cted by the clover leaf model '4 l5 The TnlO- 
encoded metal-tetracycline1H' antipolter of E colr (tetA gene product) has a critical Asp resi- 
due at position 285 wh~ch is essentral for its antiporter activity Mutation of this residue renders 
it lnactlve and ~ t s  actlvity was restored by a second-site mutation, A220D The acidlc residue at 
position 285 was compensated for by an acid~c amino acid at postlon 220 " Bowers and Dom- 
brosla2' isolated a suppressor of do (the vegetative sigma factor of E colr RNAP) mutant 
whlch was profic~ent ln holoenzyrne fonnatlon but was severely impaired in inihatron of pro- 
moter-specific transcnption The primary mutation, I53A, resides in the 1 1 subdomain which 
modulates DNA-binding by domains 2 and 4 when a'' is in the free form I53A phenotype, as 
a result of ~ t s  inability to undergo crrtical confonnationa1 change necessary to expose the 
DNA-bmd~ng domains, thus confenmg promoter specificity, was suppressible by a five- 
amino-acid truncation at the C-terminal region of a'' The suppressor functions by loosening 
the ~ntramolccular contact between the N- and C-termmal domains, after association with the 
core enzyme, thus exposmg the DNA-bmding reg~ons of the proteln accessible in order to mi- 
tiate promoter-speclfic transcnption 
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The add~ t~on  or delet~on of bases in mult~ples other than three will result in the alteiation of 
readmg frame of the genetic code, thus leadmg to the formation of prematurely terminated or 
an altered plotein durlng translation In princ~ple, a second compensatory mutation m the same 
gene can restore the readmg frame, thus rendering the protem actlve For example, A-1 
fiamesh~ft mutation which IS deletion of a smgle bdse can be compensated by the add~tron of a 
base not too far away from the slte of deletion, thu$ restoring the reading frame It IS rmpera- 
twe that the addition of a base be close to the -1 frameshift as t h ~ s  would minlmlse the number 
of ies~dues wh~ch have been altered If the small number of residues so altered does not he in a 
crrtical segment of the protein, then the activity of the mutant plotein could be resto~ed Such a 
case has been observed In phage T4 lysozyme A-1 frameshift was compensated by a +1 
framesh~lt and the resultant protein was actlve as ~t d~ffered in the sequence of only five 
amino-acid res~due from the wild-type protein before the correct readmg frame was ~estored '* 
The major contribution of this ~ tudy was ver~ticittion of the proposal by crick" that translation 
of genetic message is rnrtiated at a given point and proceeds by sequential readmg of defined 
group of nucleot~des Thus, the lntragen~c second-srte revertants provrded a tool to confim a 
fundamental characterist~c of the genetic code 

A second possib~lity of obtalnrng a suppressor is that the ~estormg mutation IS In a genetically 
distinct locus from the original mutation Such second-site mutatlons wh~ch are p~esent in a 
distinct second functional unit of genetlc mater~al can be genetically separated by recombina- 
tion from the original mutation that they suppress and are termed '~nter-' or 'extragenlc' sup- 
plesjois They use a number of mechdn~sms to restore or compensate for the oiiginal defect 

In this form, the mRNA contalnmg the defect is mistranslated at the region of the mutation by 
the translatron apparatus A mutatloll in any of the components of- the translation apparatus 
which decreases the fidel~ty of the system will tend to misread the original defect, thus render- 
Ing the protem actrve agam Depend~ng on the nature of the prlmary rnutatlon, the mechanism 
of suppression karies One mode of direct suppresslon wh~cb is more spec~fic than the kind 
executed by the ribosomal protein mutations is by suppressol tRNAs These molecules harbour 
a mutation In the anticodon reglon thus enablmg them to m~siead Consequently, these tRNAs 
can no longer translate then origlnal codons However, normal translatron of the orig~nal 
codons remalns unimpaired as most codons have multiple tRNAs or mult~ple rdent~cal copies 
of the tRNAs Nonsense codons are chain-teiminating triplets whlch are of t h ~ e e  krnds UAG 
(amber), UAA (ochre) and UGA (opal), amber suppressors have an anticodon CUA 'O Alterna- 
trvely, mutatlons In reglons other than the ant~codons of the tRNAs can also lead to supples- 
slon '' An lnterestlng case of ~nformat~onal suppression was reported by Riddle and Catbon " 
They observed that strains of Sal~zzonelln typhzrnut turn carrying a frameshift suppressor sup 
encoded a glycine tRNA hav~ng a quadruplet CCCC as its anticodon Such an antrcodon en- 
abled the s u p  to effectively lecognlse +1 framesh~fts near or In CCC codon in histidm01 de- 
hydrogenase gene and restore the correct readmg frame An alternat~ve means of restoration of 
framesh~fts was d~scovered xn the yeast mitochondria1 serine tRNA where the slnt~codon loop 
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was unaltered but its stem harboured a base subst~tutlon This altered conformation of tRNA as 
a result of the mutation enabled it to read a four-base codon thus restonng the frameshift z2-34 

Besides suppression by tRNA molecules, the protem components of the ribosomes and an- 
t~btotics llke streptomycin can amellorate mutatlons In mRNA during the process of transla- 
tion The strA mutant5 of E colz are streptomycin resistant and the mutat~on maps to one of the 
structural genes of the 30s ribosomal subunlt protem In the presence of t h ~ s  mutation, a hlgh 
measure of restnctlon of nonsense mutations as well as mssense mutations was observed The 
additlon of streptomycm alleviated this restrxtlon by enhancing the ambiguity intrinsic to the 
code Thus, strA mutations and streptomycin are mutually antagonist~c It was proposed that 
the antibiotic produces an alteration at the codon-anticodon recognition step Effects of muta- 
t~ons m another locus lam (nbosomal ambiguity) definmg a 30s component were found to be 
similar to that of addit~on of streptomycin I n  rwo, t h~s  mutation was able to restoie the sup- 
pressor actmty of nonsense and rnissense suppressors " 

Another ~nechanirm of suppresqion of mutatlons in proteins which could be envisaged is that 
which alteis the intracellulai enbironment such that now the mutant protein IS rendered func- 
tional In the new rnllleu These wpprelsols provide valuable information on the effect of cellu- 
la env~ion~nent on the enzymatic function of a protein Osmotic remedlal mutants" lesulted m 
a mutation rtli-1' in Nenro~porn whlch had mult~ple phenotypes Thls mutant was ethionine 
(dn unnaturd muno-acld analog) resistant, was unable to glow In minimal medlum at 36'C 
dnd showed repression of several enzymes by methlonine T h ~ s  mutant phenotype was sup- 
pre5sed by i~~ele ly  growing the strain in a h~gh  osmolar medium Remediation of this pheno- 
type wac; belt explamd by the hypothesis that the nonfunctional proteins can be rendered ac- 
tive by h ~ g h  osmotlc pressure 

Reconstruction of enzyme conformation to iestore activlty has proved to be an impoltant 
mems of genetic suppression Complex structures like ribosomes contam a large number of 
protein-protein intemctlons which are cntical for the translation mxhinery Compensatoxy 
mutatlons restoring functionality of or~ginal mutations ale seen in the ribosoinal assembly 37 

Similar compensatory mutatlons in the lac-repressor gene in response to mutations in the lm- 
operator reglon hdve been used to delineate regions of the suppressor wh~ch are involved In 
interactions wlth the opelator legion " Ohash1 et nl " Isolated a suppressor of a temperatuie- 
sensltlve c f  (the sporulation sigma factor of B a c i l l ~ ~ ~  ~ubtzlis) mapping in the psubunit of 
RNAP and the11 studies revealed that this lnteractlon with fl-subunit prevented the degradat~on 
of 8 at the nonpermiss~ve temperature 

3 2 3 A Eternute protem actwit)) 

Recombination in E coli involves a large number of genes Mutation in two genes ~ e c B  and 
jecC results in Impairment of an ATP-dependent DNase activity and hence in the recombma- 
tlon Second-site revertants of r e d  confers an ATP-independent DNase actlvxty unlike the one 
associated with ?PCB gene product Thus, the suppressor mutation is in a locus which has effec- 
tively increased the expression of a DNase whlch is pre-existing, thus compensating for the 
deficiency in red3 - stram 40 Many such compensatory mutants have prov~ded an alternative 
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mechanism to restore the defect of the original mutation '(I E ~ o l l  has three single-stranded 
DNA-specific exonucleases RecJ, exonuclease I and VII A tnple mutant of these enzymes IS 

h~ghly UV-sens~tive probably because of their ~nabil~ty to repair lesions that block DNA repll- 
cation Multi-copy suppression analysis of this triple mutant yrelded a slngle gene encodmg 
RNase T, whose normal function is removal of terminal adenme res~due fiom 3'-end of Imma- 
ture tRNA This study revealed an alternative DNase activity of RNdse T in the tnple mutant 
background thus compensating for their activity " 

3 3 Szlppr esszon annlyszs as a tool to pt obe protezn-pr etezn mter nctzom 

A second-site mutation, be it intra- oi mteigenic, can restoie f.unctiona11ty to a dysfunctional 
gene As alieady described, a number of mechanrsms are operational and have contributed sub- 
stantially to the understanding of gene structure and funct~on Genetic suppress~on has been a 
powerful tool in exploirng protein-protein interactions between components rn multi-protein 
assemblies and between domains of the same protein The~e are two ways in which a mutant 
phenotype can be restored to a wild-type phenotype First, mutations rendering a piotein dys- 
functional by virtue of its inability to now interact with another proteln are restored by a corre- 
spondmg mutation on the lnteractlng suiface of the second protein whrch is now able to dc- 
commodate the orxginal mutation Secondly, the restoring mutation on the second proteln may 
not be located in the Interacting surface, but in a region which alters the confo~mat~on of the 
protein in a mannei whrch enables it now to interact with the first mutmt protein Most often, 
former class oi suppressors, be they inter- or intragenic, are allele-speclfic That is, the sup- 
plessor mutation wrll be able to suppress only the orlginal mutant allele and no other allele of 
that gene Adjunct to this is that suppressors, indicat~ve of dliect physical contact between two 
proteins or between two region3 wlthin the same protein, tend to cluster In ;r s~nall region rather 
than be d~stributed in a number of segment$ Hence, allele-specific suppressron has been used 
to define contacting regions in a wide variety of proteln-protein interactions Howevei, sup- 
presslon andysis may not aiways indicate d~stance geometry " 

Wu et nl" studied the bacteriophage lambda-encoded integrate, a s~te-specific recombi- 
ndse using second-qlte reversion andysis Suppiesso~ of the primary mutation P 243L resulted 
in dn intlagenic suppressor E218K This secondary mutant was not allele-specific as it could 
suppress T270I E218K probably acts by improving the ~nherent act~vlty of the mtergrase 
lather than by a direct compensation for the defect caused by the primary mutation The glu- 
tamic ac~d-to-lysine substitutton lnciedsed the net positive charge on the protein and the com- 
pensatory action of this suppressor may be by mpiovlng the interaction of the integrase with 
DNA The dzeC gene of E colz encodes a protern which is involved in regulating the flagellar 
iotation during chemotactic response cheC gene product may be a structural component of the 
flagellum In an effort to identify the interaction of cheC with other components of chemotactic 
behaviour, Parkinson and pasker4 used second-site reversion analysis of cheC mutants The 
Intergenic suppressors of clzeC are allele-specific and were localised to cheZ gene Mutations 
in cheZ increase the tumbling frequency of the bacterium while those in cheC have the oppo- 
s ~ t e  effect It is the interaction between these two gene products that sets the spontaneous tum- 
bllng rate of the cell The euka~yotic cytoskeleton IS a complex, dynamic structure consisting 
of a large number of mteractions Although rndrv~dual components of the cytoskeleton have 
been identified, functional associations and their relevance have not been easy to demonstrate 
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II~-wtro methods usrng drugs and mlcrolnjected ant~bod~es have proved useful but lim~ted in 
understandmg the functional ~nteractlons w~thin the cytoskeleton Genet~c analys~s usmg sec- 
ond-site revertants was used as an alternatrve way Adams et a1 45 used temperature-sensitrve 
mutations of an essential actm gene of Saccha~ornrlces cetevwae to isolate suppressors of the 
temperature-sens~t~ve phenotype The t ~ u e  second-s~te mutant? were mapped onto a locus sac6 
Ne~ the~  mutation in ~solat~on had wild-type phenotype sac6 was shown onto encode an actm- 
brnding protein A compensatory change rn s a d ,  in response to the prlmary temperature- 
sen~l t~ve  mutdtron In actm gene, was able to restore noma1 cytoskeleton organlsat~on mdicat- 
mg that these two protems do mteract ln 17rvo 

Genetic suppress~on has proved to be a very etf~caciou~ tool In undeistanding and dissect- 
Ing functional ~nte~actions 111 multl-wbun~t complexes E colt Fo-Fl ATP synthase syntheslses 
ATP coupled with an electrochemical gladlent of plotons FI unit is a rnultl-complex assembly 
mrnpmrng a, P, y, 6 dnd E subunits and the FO, of a, b and c subunits Mlssense mutations ln a- 
subunit Irnp~ilrs proton translocatrons Workmg on the plemse that if two or more sites m a 
plotein partupate In cnt~cal ~nteraction, rnutat~ons In one mteractrng reglon can be compen- 
sated tor by a corresponding change in the other position Hartzog and ~a~n'%solated in- 
tragenlc suppressors oi a-subunit In order to plnpomt the determinants mvolved In plotem- 
plotern interdct~ons The a-subun~t mutdtron G218K 1nhlbit5 Fo-FI ATP rynthase actlvlty to 
below detect1011 l m r t  dnd I(; suppressed by HXSG Thlr suggests that the\e two segments ot a- 
subun~l ,ire \pdtr,llly in  close proxlmlty In a s ~ n ~ l a ~  study of Fo-FI ATP synthase, intergen~c 
suppreswr of J t ~ m e s l ~ t t  mutation 111 the ysubunit wele 15ol~ted by Beuhelaer et nl" in 01- 

der to rtudy the confoi~natrond t~an\mlsuon between the P- m d  y-subun~ts The prlmaly mutd- 
t~on  wd\  y-trsmesh~ft resulting In dtermg the last 16 am~no-acrd res~dues at the ca~boxyl tel- 
mmus Such s mutmt bds unable to glow by ox~dat~ve phosphorylat~on and exhlblted very low 
ATPa5e dct~v~ty This defect was suppressed by either R52C wlth or without a second rnutatron 
V77A In the P-subun~t or by G150D in the P-subunlt oi the enzyme The caiboxyl telrnlnus ol 
wild-type y-subun~t 15 dn 0-helix while the framesh~ft mutatlon is a /%sheet and earl~el work 
suggested mtetact~ons between t h~s  region of P-md y-subunits The P-ballel domam of /3- 
subun~t contclins the suppressor inut'tt~on R52C and hence con~pensated for the alte~ed b y  
rnterxtions in the prlmaly mutant The mutant G150D may be suppressing through d drfferent 
mechmsm wh~ch affects coniormat~onal transmission, rather that by direct compensation of 
the pnrnay mutant 

The transciipt~on apparatus is a multl-complex system complisrng a multl-subun~t RNAP 
and In eukaryotes, a mult~tude of t~ansciiption factors Th~ee  foolms of RNAP exrst In eu- 
karyot~c cells, namely, RNAP A, B and C (also called I, I1 and 111) and each transci~bes a dis- 
tinct set of genes RNAP I catalyses the synthesis of rRNA, RNAP I1 tlanscribes mRNAs and 
RNAP III syntheslses tRNAs and 5s RNAs " Genetic analysis has provlded much lns~ght into 
the structural and functional organisatron of this complex machinery Suppression analysiz; hds 
been used extensively to study protem-protem lnteractron between the subun~ts of Saccha~o- 
rwces Lerevisrae RNAP I1 Nonet and ~ o u n ~ ' ~  employed suppressor ailalys~s to investigate the 
role of a heptapept~de repeat found in the C-temnal domain (CTD) of the largest subunit 
(RPBI) of RNAP I1 This repeat can be phosphorylated and its phospho~ylation status tegu- 
lates the transition from inltlatlon to elongation complex 50 Mutations in thls repeat lesults in 
temperature- or cold-sensltlve phenotypes These condit~onal mutants wele used by Nonet and 
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youngiq to isolate the second-site revertants A class of intragenic suppressors mapplng to a 
conseived region, homology box H of RPB1 indicated that this reglon interacts w~ th  the hep- 
tapept~de consisting of pro-thr-ser-pro-ser-tyr-ser repeats in the C-terminal domain Allele- 
c,pecific extragenic suppressors led to the identification of a new locus SRB2 gene wh~ch en- 
codes a component of the transcriptron apparatus Mart~n et al 51  used a s~milar strategy to de- 
fine lnteractlve domains of the two large subunits of Snccharomzres cerel r5lae RNAP I1 A 
tenlpe~ature-sensitive allele of RPB 1 was used as a startlng pomt to rsolate second-site rever- 
tant% on RPB2 gene Two features of RPB2 suppressas, allele-speclficlty and clustellng of 
mutations in legion I, provlde ev~dence of local interactions between legion I of RPBl and 
region H of RPB2 Likewise, extragenic allele-specific ruppresso~\ of a ternperatu~e-sensitive 

~nutatron in RPA 190 encoding the largest subunit of RNAP I of Sacchmo~~zvces celevzme 
wds found to map onto the second largest subunit A135, in a reglon encompassing a putative 
zinc-binding domain The prlmary mutation in RPA19O also localises wlthln a putative zlnc- 
bmdlng d o m m  " From the above study, the authors plopose d~rect mteraction of the two puta- 
trve nnc-binding domains Martin et nl 5'  isolated suppressorb of ,I conditional lethal mutat~on 
In the la~gest subunit of RNAP I1 of DI osophdn In an effort to Identity the components of tian- 
scr~ptron inachrnery In this screen, suppres5ors mapped to a locus encoding the second largest 
subunit of RNAP which was hltheito unidentified Allele-specrfic nature of t h ~ s  second-site 
nlutatrons suggested d~iect  interaction of this gene product w~ th  the laigest subunrt of RNAPII 

The E colr RNAP has also been an attlact~ve multi-subunit sy~tem amenable to genetic 
andysls whlch ha< prov~ded new insxghts into functiondl inter actions w~thin the subunit5 of the 
enzyme and with factors interacting wlth polyineiase The NusA piotein IS a modulnto~ of ti an- 
scrlptlon termination and ant~termmatron and exe~ts ~ t s  effects thiough inte~nct~on., with 
RNAP Conditional lethal m1sA allele, G181D, was used as prlrnary inutant to Isolate second- 
s ~ t e  teveltants Sequence analys~s of ~ntragenlc suppIessors levealed a DS4Y substltut~on In the 
NusA protein, suggesting the close proximity ot D84 to GI81 in its the tertia~y structure Ex- 
trdgenic suppressors mapped onto rpoC which encode the p-subunlt of RNAP indicat~ng ge- 
n e t i ~  mteraction of NusA with ,@-subunit In this cdse, however, direct lnteraction may not be 
the mode of supprewon as ev~denced by antibody against thls region of NusA which does not 
plevent PY-NusA dssociation i3 

Interactions withm the P-subun~t of E colz RNAP have been of great Interest as the 1342 
amino acids contaming the polypeptide habour the wbstrate-binding slte '' Singer et R I  '"IS- 

sected the r ~fampicm-bindlng slte on P-subunit usrng genetic suppression (Fig 1 outlines the 
conserved domains of the two lage  subunits of E coh RNAP) Tlus site compiises two re- 
glons, clusters I and 111, and a slngle primary mutat~on In cluster I11 confers lifamplcm resis- 
tance and is both cold as well as temperature-sensitive Using these propertm, second-slte in- 
tragenic suppressors In cluster I region wele ~solated and characteri5ed to be allele-speclfic 
Functional restoratmn by the cluster I mutants mdlcates that these two reglons mteract and 
cont~ibute to the formation of rifarnpicin-bindmg s ~ t e  In a continued effort to understand re- 
gions of interaction withln the p-subunit, intragenic allele-specific suppressors of elongation- 
defic~ent lnvrable rpoB alleles were isolated 56 One of the pnmary rnutatlons conferring severe 
elongation and termination defects is located m region Rif cluster 11, a part of a highly con- 
served segment, region D The correspondmg suppressors mapped onto region B The second 
primary P-subunit mutant used as a starting polnt was A676V, located In conserved region E 
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The allele-speclfic suppressors of t h ~ s  mutant fall within the conserved reglon H Neither oi  the 
primary mutants nor thelr suppressors, in isolation, could support growth, thus augmenting the 
hypothesis that interactions among regon B-region D and region E-region H wlth~n the P- 
subunit are necessaly for funct~onal integrity of the polypeptide 

4 Conclusions 

Genet~c suppression has been used extenswely to understand protein-protein interactions and 
thelr functional relevance In a wide variety of cellular processes However, this method is not 
mfall~ble as demonstrated by Meunler and Rich " The authois lsoldted assembly- and activity- 
defic~ent mutants of yeast cytochrome c oxidase subun~ts I and I1 and their revertant9 to assess 
the prediction of distances between them Thelr study indicates that second-site mutations 
could occur at distances as far as 30A from the primary mutations Hence, a combinat~on of 
b~ochemical and genetic evidences could prove to be more ~llustrat~ve in correlating structu~e 
wlth function than either method In isolation 
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