
REVIEW ARTICLES 
 

CURRENT SCIENCE, VOL. 85, NO. 6, 25 SEPTEMBER 2003 755

*For correspondence. (e-mail: dipankar@mbu.iisc.ernet.in) 

Protein folding activity and the central dogma of  
molecular biology  
 
Pallavi Ghosh and Dipankar Chatterji* 
Molecular Biophysics Unit, Indian Institute of Science, Bangalore 560 012, India and Jawaharlal Nehru Centre for Advanced Scientific Research, 
Bangalore 560 064, India 
 

Biological systems, in general, can function effectively 
when the products of the system are in proper con-
figuration and harmful effects due to misaggregation 
are avoided. Folding of proteins and their functional 
consequences have been a subject of active research 
since several years now. However it is not clear 
whether during protein synthesis from genetic mes-
sage, the same set of rules are employed or participa-
tion of new effectors take place. In this review we 
show that at least in the case of transcription and 
translation, the part of the machinery act on ‘self’ for 
the folding activity. 

 
THE central dogma of molecular biology as enunciated by 
Crick in 1958 forms the keystone of modern biology and 
deals with the detailed residue-by-residue transfer of  
sequential information from DNA to protein. Close to 
fifty years of work on each step of this central dogma1 
i.e., replication, transcription and translation led us to 
some very interesting observations. It appears now that 
the machineries involved in transcribing and translating 
genetic messages themselves have associated protein 
folding activity for self whereas several proteins that take 
part in DNA replications complex are well known chap-
erones for other cellular processes. The reasons for such 
special benefit thrusted onto a particular metabolic path 
is not clear. The present review aims just to consolidate 
several such observations in the background of gene ex-
pression. 

Molecular chaperones in DNA replication 

The first implication of chaperones in DNA replication 
came from the identification of three mutations in dnaK, 
dnaJ and grpE in E. coli that led to an impairment of 
λDNA replication in their host2. These mutations have 
also been shown to lead to similar phenotypes in bacterial 
physiology and regulation implicating the role of their 
gene products in E. coli chromosomal replication. dnaK, 
dnaJ and grpE were later shown to code for molecular 
chaperones that can assist the folding of many proteins 
other than those involved in lambda replication. The 
available literature on the involvement of chaperones in 

the replication machinery in different organisms is dis-
cussed in the following sections.  

λDNA replication  

The involvement of chaperones in DNA replication has 
been most extensively studied in bacteriophage λ replica-
tion. The key molecule in the replication of both phage  
and bacterial DNA is the DnaB protein. The steps in-
volved in directing the DnaB protein on Oriλ are briefly 
outlined below3. 
Step 1: The λO protein recognizes and binds a specific 
sequence in the λ origin sequence (Oriλ)4 causing a de-
stabilization of an AT-rich region of Oriλ leading to the 
formation of an open complex. 
Step 2: The λP recruits the DnaB protein to the Oriλ by 
the formation of specific protein–protein interactions be-
tween λP and λO5. Biochemical evidences indicate that 
λP has a higher affinity for DnaB than DnaC does6. This 
property helps λP to sequester DnaB from the host repli-
cation pathway and direct it to its own origin (Oriλ). The 
strong λP–DnaB interactions, which assured its recruit-
ment to Oriλ, now prevents the helicase activity of 
DnaB; for DnaB to be active, the λP has to dissociate6,7. 
Step 3: The λ-DNA replication can proceed up to this  
stage without the involvement of chaperones. However,  
the activation of DnaB by expulsion of λP requires the  
concerted action of the DnaK, DnaJ and the GrpE pro- 
teins8,9. Using 14C-labelled λP protein, Liberek et al.10 
have shown that (i) the presence of both DnaK and DnaJ 
are required for the release of λP from the preprimosomal 
complex; neither of the proteins alone can carry out this 
function, (ii) the release is dependent on the hydrolysis of 
nucleoside triphosphate, (iii) mutants in DnaK cannot 
cause the release of 14C labelled λP. Subsequently it has 
been shown that the DnaJ protein first binds to the Oriλ–
λO–λP–DnaB complex by virtue of its interaction with 
λP, λO and DnaB8,11. The DnaJ protein, by additional in-
teraction with DnaK, helps in positioning DnaK close to 
the λP protein8. The DnaJ protein also stimulates the  
weak ATPase activity of DnaK by 50-fold in this com- 
plex6. ATP hydrolysis results in the dissociation of λP 
from the preprimosomal complex allowing DnaB to start  
unwinding the DNA at the Oriλ (refs 9, 12). However, 
the released λP can rebind to DnaB at Oriλ and inhibit 
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replication. It is believed that the DnaK protein is  
released along with λP upon ATP hydrolysis; DnaK  
remains bound to λP and sequesters it from rebinding to 
DnaB. Further studies showed that the presence of the 
nucleotide exchange factor GrpE reduces the requirement  
of DnaK in the DNA replication reaction8. The presence  
of GrpE has also been shown to enhance the ATPase ac- 
tivity of DnaK6 and to stimulate the release of ADP from  
DnaK6 suggesting that GrpE might facilitate the  
intracellular cycling of the chaperone DnaK. A hypothe- 
sis to explain the activity of GrpE to appreciably lower  
the concentration of DnaK required for λ replication is  
that GrpE itself sequesters the λP protein following 
DnaK action, thus alleviating the requirement for high 
concentration of DnaK. Purified GrpE also causes the re-
lease of λP protein from DnaK (ref. 13). 
Step 4: DnaB helicase, liberated from λP begins to un-
wind the DNA at Oriλ. DnaG primase recognizes DnaB-
single stranded DNA complex and synthesizes several 
RNA primers, which are extended into DNA by DNA  
polymerase III holoenzyme.  

E. coli chromosomal DNA replication 

The involvement of chaperones in chromosomal DNA 
replication is not as well defined as in the λ replication. 
However, there are scattered reports implicating the in-
volvement of chaperones, which are summarized here. 
 Initiation of replication at the E. coli chromosome be-
gins with the binding of the DnaA protein to a unique se-
quence called the OriC (refs 14, 15). Like the λO 
initiator, the DnaA also binds to four DnaA boxes on 
OriC to form a large complex of 20 or more monomers 
around which the DNA is wrapped16. The DnaA protein 
then causes an unwinding of an AT-rich region near the 
OriC, thereby allowing the entry of the DnaB helicase 
followed by the primase (DnaG) and the DNA poly-
merase III (refs 17, 18). However, unlike the λ-repli-
cation system, chaperones are not required for the 
activation of DnaB helicase activity as these replicons 
use DnaC to transfer DnaB to the origin.  
 One of the first indications that the DnaK/J system is 
involved in chromosomal replication comes from genetic 
studies in which dnaK, dnaJ and grpE mutants show ab-
normalities in cell division, chromosome segregation and 
DNA synthesis18. Subsequent involvement of the DnaK/ 
DnaJ was implicated when a dnaK mutant of E. coli con-
taining the mutation dnaK III was found to be condition-
ally defective in the initiation of DNA replication19. The 
dnaKIII mutant was defective in replication initiation 
when the cells were transferred to high temperatures im-
plicating the dnaK gene in the initiation of E. coli repli-
cation at high temperatures. Replication became 
temperature resistant upon inactivation of the rnh gene 
(encoding Rnase H) suggesting that the DnaK function is 

involved in the dnaA-dependent initiation at the OriC at 
least at high temperatures19. Subsequently, it was demon-
strated that the DnaA initiator protein is very prone to 
aggregation20. Only the DnaA monomer has the ability to 
initiate replication whereas the aggregated form does 
not20. It had been proposed earlier that DnaA protein is 
regulated in the cell by conversion of a membrane-bound 
aggregated form of DnaA to a monomer form. DnaK has 
been shown to be able to activate the DnaA protein in an 
ATP-dependent manner by disassembly of aggregated 
DnaA from phospholipid complexes where phospholipids 
have similar composition as those in the cell mem-
brane20,21. Conversion of inactive DnaA–phospholipid 
complexes to the active form may contribute to the regu-
lation of initiation of chromosomal replication of E. coli. 
The function of GrpE and DnaJ in this process has not 
been unequivocally demonstrated till date but has been 
proposed to be similar to the mechanism used by DnaK 
to disassemble λP from Oriλ20. DnaK has also been pro-
posed to interact with nascent chains of DnaA during its 
synthesis on the ribosome and prevent it from aggrega-
tion until it is properly folded into its native replication 
competent conformation21,22. 
 In addition to DnaK, GroEL and GroES also have the 
ability to inhibit the aggregation of DnaA in the presence 
of ATP21. GroEL and GroES have also been shown to 
overcome the block in E. coli replication initiation 
caused by the dnaA46 mutation which is defective in 
binding to OriC3. Furthermore, mutations in GroEL also 
drastically reduce the rate of DNA synthesis at elevated 
temperature23. Besides these implications, the exact role 
of these chaperones is still not elucidated. 
 Another protein of the replication apparatus that has 
been shown to be affected by chaperones is the epsilon 
(ε) subunit of the DNA polymerase III holoenzyme, en-
coded by dnaQ. Mutations in dnaK, dnaJ and grpE result 
in a dramatic decrease in the levels of the epsilon sub-
unit24. Biochemical studies suggest that these chaperones 
interact with the nascent chain of the epsilon and protect 
it from degradation. 

Molecular chaperones in transcription 

Transcription is the first step in the expression of genetic 
information involving the synthesis of RNA from the 
DNA template and carried out by a single multi-subunit 
protein called the DNA-dependent RNA polymerase 
(RNAP)25. The subunit composition and mechanism of 
action of the E. coli enzyme, which forms a paradigm for 
the study of all RNA polymerases, are described in 
greater detail in several reviews26,27. 
 The first indication of chaperones in the transcription 
machinery came from studies on the dnaK and dnaJ mu-
tants of E. coli which showed a block in RNA synthesis 
at non-permissive temperatures28,29. Skelly et al.30 then 
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showed that the DnaK protein is often associated with 
purified E. coli RNAP preparations. However, the first 
systematic study on the involvement of DnaK and DnaJ 
proteins in the transcription machinery came in 1990 
when it was proposed that DnaK can protect RNAP from 
heat inactivation in an ATP-dependent manner31. In addi-
tion, it can disaggregate preformed aggregates of RNAP 
and reactivate enzyme activity. 
 This was followed by another report which showed 
that the chaperone GroEL could also protect RNA poly-
merase from heat inactivation in an ATP dependent man-
ner, better than any other protein like Dnak32.  
 However, these studies do not elucidate the biological 
significance of the chaperones on RNAP in vivo. Their 
relevance in vivo was first suggested in 1999 by a pulse 
chase experiment carried out on E. coli cells in order to 
determine the set of newly synthesized proteins interact-
ing with GroEL33. At different times of chase, the cells 
were lysed, GroEL–substrate complexes were isolated by 
immunoprecipitation, separated on 2-D PAGE and identi-
fied using mass-spectrometry. The α, β and ω subunits 
were shown, by this method, to be substrates of GroEL in 
vivo. The β and ω subunits interact with GroEL and are 
released during the chase period. However α remains as-
sociated with GroEL even after the chase, implying the 
requirement for GroEL in its initial folding as well as for 
its subsequent maintenance. This implies that GroEL re-
mains associated with RNAP in vivo even after the initial 
folding of individual subunits and their assembly into a 
functional enzyme. This is in agreement with the obser-
vation made decades back that an ATPase, later identi-
fied to be GroEL, co-purified with RNAP preparations 
from E. coli34,35.  
 However, while dissecting the structure–function rela-
tionship in case of individual subunits of RNA poly-
merase we noticed that no clear-cut functional role had 
been ascribed to ω-subunit, a small 10 kDa protein coded 
by rpoZ gene. Deletion of ω-subunit only showed slow 
growth phenotype in E. coli which, however, could also 
be due to the polar effect of a neighbouring gene. Later, 
we observed that ω-subunit helps in the recovery of the 
activity of denatured RNA polymerase36 and thus we 
proposed that the major role of ω is the chaperone-like 
activity for RNA polymerase alone. Crystal structure  
determination of T. acquaticus RNA polymerase37 and 
sequence homology of rpoZ gene across species38 sup-
ported our initial observation further. 
 Subsequently, an omega-less mutant of RNA poly-
merase was shown to accumulate large amounts of 
GroEL, significantly higher than the levels associated 
with wild-type E. coli RNAP39. Removal of GroEL from 
ω-less polymerase led to a completely inactive enzyme 
that even lacked the ability to bind sigma. Addition of ω 
and/or GroEL to the ω-less enzyme could restore the  
activity to that of the wild type. These observations indi-
cated that omega was carrying out a GroEL-like function 

in the folding/maintenance of the structure of RNAP. 
Further studies showed that ω is required to prevent the 
aggregation of the β' subunit (incidentally the only sub-
unit that is not folded by GroEl in vivo33), maintain its 
structure and recruit it to the α2β subassembly to form a 
functional core40. Figure 1 shows a schematic representa-
tion of the reconstitution of RNA polymerase with or 
without ω-subunit. 

Molecular chaperones in translation 

The final step in gene expression is the translation of  
nucleotide sequences in mRNA to a protein sequence.  
Ribosomes are macromolecular assemblies made up of 
proteins and RNA involved in the process of transla-
tion41. Bacterial ribosomes which are the most exten-
sively studied are composed of a small (30S) and a large 
(50S) subunit which associate together to form a com-
plete 70S ribosome. The ribosome accomplishes the 
process of protein synthesis by three distinct steps of ini-
tiation, elongation and termination, each of which require 
accessory factors42,43. The 30S subunit (composed of a 
16S rRNA and ~ 20 ribosomal proteins) is responsible 
for binding mRNA and the anticodon arm of tRNA 
whereas the 50S subunit (consisting of 5S RNA, 23S 
RNA and 31 proteins) contains the peptidyl-transferase 
centre that catalyses the formation of peptide bonds. 
 The broad scheme of translation was worked out many 
decades back. The precise mechanistic details have,  
however, been revealed only in the last decade from 
high-resolution structures of 30S, 50S subunits and 70S 
ribosome44–46. The most startling discovery from these 
structures is that the decoding of information on mRNA 
as well as catalysis of peptide bond formation is the prov-
ince solely of ribosomal RNA. 
 Reconstitution of completely active ribosomal subunits 
in vitro has been achieved with purified ribosomal pro-
teins and RNA indicating that the assembly of a ribosome 
is a self-sufficient process and does not require the pres-
ence of external factors47. Both the ribosomal constitu-
ents, however, have very complicated structures. The 16S 
and 23S RNA have a very intricate secondary structure 
composed of regular double helices connected by single 
stranded loops with numerous stacking interactions be-
tween the helices44,45. The ribosomal proteins contain one 
or more globular domains along with characteristic long 
extensions in the form of α-hairpins, β-hairpins or loops 
and extended carboxy- or amino-terminal tails; some are 
entirely extended lacking tertiary and in many cases even 
secondary structures. 
 Although the requirement for additional factors/ 
chaperones have not been identified in the assembly of 
the subunits, it may well be imagined that chaperones 
could be involved in preventing the aggregation of ribo-
somal proteins after their synthesis as these are disor-
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Figure 1. Depiction of the folding pathway of E. coli RNA polymerase in the presence and absence of omega subunit. 
 
 

 

Figure 2. A generalized scheme for the ribosomal RNA mediated protein folding. 
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dered in the absence of RNA and thereby prone to aggre-
gation. A preliminary analysis also shows that ribosomal 
proteins L7 and L12 require GroEL for their folding33. 
The presence of chaperones have also been implied in the 
case of eukaryotic ribosomal proteins that are assembled 
in the nucleolus, a highly crowded organelle48. The  
assembly process requires the presence of a number of 
non-ribosomal proteins49. One such protein, B23 protein 
has been shown to have properties of molecular chaper-
ones and the B23-ribosomal protein complexes have been 
implicated to serve as a transition phase in the assembly 
of these proteins into ribosomes50. 

The ribosome as a chaperone 

Proteins, synthesized vectorially from their N-termini to 
their C-termini on ribosomes, undergo co-translational 
folding as they extend from the peptidyl-transferase cen-
tre through the ribosome exit tunnel of ~ 100 Å (ref. 51). 
The nascent peptide is sheltered from external proteins 
and proteases and offered a conducive environment for 
folding in this exit tunnel43. Structures higher than a helix 
cannot form inside this tunnel as it has a width of only 
15 Å.  
 In addition to providing a sheltered environment, there 
is evidence to suggest that the ribosome itself can chap-
erone protein folding. In a series of papers, Dasgupta et 
al.52,53, showed ribosome can assist folding of proteins in 
a wide variety of systems very efficiently. This activity 
has finally been attributed to domain V of the 23S RNA, 
which has been shown to assist the renaturation of dena-
tured proteins54,55 suggesting that the peptidyl-transferase 
centre may be acting as a folding modulator as it simu-
ltaneously catalyses the formation of a peptide bond.  
Accessory factors of the ribosome like IF-2, EF-Tu and 
EF-G have also been shown to possess chaperone activi-
ties56,57 and may further assist co-translational folding. It 
has been suggested that translation factors may have been 
ancestral chaperones dedicated to folding of nascent 
polypeptides before the evolution of general chaperones. 
Figure 2 depicts a genaralized scheme for the ribosomal 
RNA-mediated folding of proteins. 
 In summary, not much literature is available on the 
folding of individual subunits of the replication appara-
tus. Only two proteins, DnaA and the ε subunit, have 
been shown to require chaperones for their folding in the 
absence of which they aggregate. Although DnaK/J were 
first discovered in replication, they are not dedicated to 
this machinery but are required to assist the folding of a 
variety of proteins. However, there are a few limitations 
in the chaperone system, such as the DnaK and DnaJ de-
letion strains of E. coli still growing slowly within a nar-
row range of temperature around 30° (ref. 58). GroEL 
assists folding only for a minority of cytosolic proteins 
(5%). Interestingly, there is another protein known as 

trigger factor (TF) which is ribosome-bound59 and is  
associated with nascent polypeptides. This is a ribosome-
associated chaperone and displays functional cooperati-
vity with DnaK60, and prolylisomerase activity59.  
 The components of the transcription and translation 
machineries seem to have evolved both dedicated chap-
erones in addition to utilizing the general chaperones. 
One of the subunits of RNA polymerase, ω, helps in 
maintaining the structure of another subunit β' whereas 
the other components require general chaperones for their 
folding. The ribosome also uses general chaperones for 
preventing the aggregation of the unstable ribosomal pro-
teins until they become associated with RNA which then 
take over the function of these general chaperones in 
maintaining their structure. 
 
 

1. Chatterji, D. and Chander, P., Three dimensional structures at the 
heart of the central dogma of molecular biology: An end of mil-
lennium gift-pack from crystallographers. Curr. Sci., 2000, 78, 
15–18. 

2. Georgopoulous, C. P. and Herskowitz, I., Escherichia coli  
mutants blocked in lambda DNA synthesis. In The Bacteriophage 
Lambda (ed. Hershey, A. D.), Cold Spring Harbor Laboratory 
Press, New York, 1971, p. 553–564. 

3. Zylicz, M., The Escherichia coli chaperones involved in DNA 
replication. Philos. Trans. R. Soc. London, 1993, B339, 271–277. 

4. Tsurimoto, T. and Matsubara, K., Purification of bacteriophage 
lambda O protein that specifically binds to the origin of replica-
tion. Mol. Gen. Genet ., 1981, 181, 325–331. 

5. Zylicz, M. and Georgopoulos, C., Purification and properties of 
the Escherichia coli dnaK replication protein. J. Biol. Chem., 
1984, 259, 8820–8825. 

6. Wickner, S., DNA replication proteins of Escherichia coli and 
phage λ. Cold Spring Harbor Symp. Quant. Biol., 1978, 43, 303–
310. 

7. LeBowitz, J. H. and McMacken, R., The Escherichia coli dnaB 
replication protein is a DNA helicase. J. Biol. Chem., 1986, 261, 
4738–4748. 

8. Zylicz, M., Ang, D., Liberek, K. and Georgopoulos, C., Initiation 
of lambda DNA replication with purified host- and bacteriophage-
encoded proteins: the role of the dnaK, dnaJ and grpE heat shock 
proteins. EMBO J., 1989, 8, 1601–1608. 

9. Alfano, C. and McMacken, R., Heat shock protein-mediated dis-
assembly of nucleoprotein structures is required for the initiation 
of bacteriophage lambda DNA replication. J. Biol. Chem., 1989, 
264, 10709–10718. 

10. Liberek, K., Georgopoulos, C. and Zylicz, M., Role of the Es-
cherichia coli DnaK and DnaJ heat shock proteins in the initiation 
of bacteriophage lambda DNA replication. Proc. Natl. Acad. Sci. 
USA, 1988, 85, 6632–6636. 

11. Liberek, K., Marszalek, J., Ang, D., Georgopoulos, C. and Zylicz, 
M., Escherichia coli DnaJ and GrpE heat shock proteins jointly 
stimulate ATPase activity of DnaK. Proc. Natl. Acad. Sci. USA, 
1991, 88, 2874–2878. 

12. Dodson, M., McMacken, R. and Echols, H., Specialized nucleo-
protein structures at the origin of replication of bacteriophage 
lambda protein association and disassociation reactions responsi-
ble for localized initiation of replication. J. Biol. Chem., 1989, 
264, 10719–10725. 

13. Osipiuk, J., Georgopoulos, C. and Zylicz, M., Initiation of lambda 
DNA replication. The Escherichia coli small heat shock proteins, 
DnaJ and GrpE, increase DnaK’s affinity for the lambda P pro-
tein. J. Biol. Chem. , 1993, 268, 4821–4827. 



REVIEW ARTICLES 
 

CURRENT SCIENCE, VOL. 85, NO. 6, 25 SEPTEMBER 2003 760

14. Skarstad, K. and Boye, E., The initiator protein DnaA: evolution, 
properties and function. Biochim. Biophys. Acta, 1994, 1217, 111–
130. 

15. Cooper, S., Bacterial Growth and Division, Academic Press, San 
Diego, 1991. 

16. Fuller, R. S., Funnell, B. E. and Kornberg, A., The dnaA protein 
complex with the E. coli chromosomal replication origin (oriC) 
and other DNA sites. Cell, 1984, 38 , 889–900. 

17. Bramhill, D. and Kornberg, A., Duplex opening by dnaA protein 
at novel sequences in initiation of replication at the origin of the 
E. coli chromosome. Cell, 1988, 52, 743–755. 

18. Messer, W. and Weigel, C., Initiation of chromosomal replication. 
In Escherichia coli and Salmonella typhimurium: Cellular and 
Molecular Biology (eds Neidhard, F. C. et al.), ASM Press, Wash-
ington DC, 1996, pp. 1579–1601. 

19. Sakakibara, Y., The dnaK gene of Escherichia coli functions in 
initiation of chromosome replication. J. Bacteriol., 1988, 170, 
972–979. 

20. Hwang, D. S., Crooke, E. and Kronberg, A., Aggregated dnaA 
protein is dissociated and activated for DNA replication by phos-
pholipase or dnaK protein. J. BioChem ., 1990, 265, 19244– 
19248. 

21. Banecki, B., Kaguni, J. M. and Marszalek, J., Role of adenine nu-
cleotides, molecular chaperones and chaperonins in stabilization 
of DnaA initiator protein of Escherichia coli. Biochim. Biophys. 
Acta, 1998, 1442, 39–48. 

22. Langer, T., Lu, C., Echols, H., Flanagan, J., Hayer, M. K. and 
Hartl, F. U., Successive action of DnaK, DnaJ and GroEL along 
the pathway of chaperone-mediated protein folding. Nature, 1992, 
356, 683–689. 

23. Wada, M. and Itikawa, H., Participation of Escherichia coli K-12 
groE gene products in the synthesis of cellular DNA and RNA. J. 
Bacteriol., 1984, 157, 694–696. 

24. Foster, P. L. and Marinus, M. G., Levels of epsilon, an essential 
replication subunit of Escherichia coli DNA polymerase III, are 
controlled by heat shock proteins. J. Bacteriol., 1992, 174, 7509–
7516. 

25. Burgess, R. R., RNA polymerase. Annu. Rev. Biochem., 1971, 40, 
711–740. 

26. Ishihama, A., Subunit assembly of E. coli RNA polymerase. Adv. 
Biophys., 1981, 14, 1–35. 

27. Chatterji, D. and Ojha, A. K., Revisiting the stringent response, 
ppGpp and starvation signaling. Curr. Opin. Microbiol., 2001, 4, 
160–165. 

28. Itikawa, H. and Ryu, J., Isolation and characterization of a tem-
perature-sensitive dnaK mutant of Escherichia coli B. J. Bacte-
riol., 1979, 138, 339–344. 

29. Wada, M., Sekine, K. and Itikawa, H., Participation of the dnaK 
and dnaJ gene products in phosphorylation of glutaminyl-tRNA 
synthetase and threonyl-tRNA synthetase of Escherichia coli K-
12. J. Bacteriol., 1986, 168, 213–220. 

30. Skelly, S., Fu, C. F., Dalie, B., Redfield, B., Coleman, T., Brot, N. 
and Weissbach, H., Antibody to sigma 32 cross-reacts with DnaK: 
association of DnaK protein with Escherichia coli RNA poly-
merase. Proc. Natl. Acad. Sci. USA, 1988, 85, 5497–5501. 

31. Skowyra, D., Georgopoulos, C. and Zylicz, M., The E. coli dnaK 
gene product, the hsp70 homolog, can reactivate heat-inactivated 
RNA polymerase in an ATP hydrolysis-dependent manner. Cell , 
1990, 62, 939–944. 

32. Ziemienowicz, A., Skowyra, D., Zeilstra-Ryalls, J., Fayet, O., 
Georgopoulos, C. and Zylicz, M., Both the Escherichia coli chap-
erone systems, GroEL/GroES and DnaK/DnaJ/GrpE, can reacti-
vate heat-treated RNA polymerase. Different mechanisms for the 
same activity. J. Biol. Chem., 1993, 268, 25425–25431. 

33. Houry, W. A., Frishman, D., Eckerskorn, C., Lottspeich, F. and 
Hartl, F. U., Identification of in vivo substrates of the chaperonin 
GroEL. Nature, 1999, 402, 147–154. 

34. Ishihama, A., Ikeuchi, T. and Yura, T., A novel adenosine 
triphosphatase isolated from RNA polymerase preparations of Es-
cherichia coli. I. Copurification and separation. J. Biochem. (To-
kyo), 1976, 79, 917–925. 

35. Ishihama, A., Ikeuchi, T., Matsumoto, A. and Yamamoto, S., A 
novel adenosine triphosphatase isolated from RNA polymerase 
preparations of Escherichia coli. II. Enzymatic properties and mo-
lecular structure. J. Biochem. (Tokyo), 1976, 79, 927–937. 

36. Mukherjee, K. and Chatterji, D., Studies on the ω subunit of E. 
coli RNA polymerase: Its role in the recovery of denatured en-
zyme activity. Eur. J. Biochem., 1997, 247, 884–889. 

37. Zhang, G., Campbell, E. A., Minakhin, L., Richter, C., Severinov, 
K. and Darst, S. A., Crystal structure of Thermus aquaticus core 
RNA polymerase at 3.3 Å resolution. Cell , 1999, 98, 811–824. 

38. Minakhin, L., Bhagat, S., Brunning, A., Cambell, E. A., Darst,  
S. A., Ebright, R. H. and Severinov, K., Bacterial RNA poly-
merase subunit omega and eukaryotic RNA polymerase subunit 
RPB6 are sequence, structural and functional homologs and pro-
mote RNA polymerase assembly. Proc. Natl. Acad. Sci. USA, 
2001, 98, 892–897. 

39. Mukherjee, K., Nagai, H., Shimamoto, N. and Chatterji. D., 
GroEL is involved in the activation of E. coli RNA polymerase 
devoid of the ω subunit in vivo. Eur. J. Biochem., 1999, 266, 228–
235. 

40. Ghosh, P., Ishihama, A. and Chatterji, D., Escherichia coli RNA 
polymerase subunit omega and its N-terminal domain bind full-
depth β′ to facilitate incorporation into the α2β subassembly. Eur. 
J. Biochem., 2001, 268, 4621–4627. 

41. Green, R. and Noller, H. F., Ribosomes and translation. Annu. 
Rev. Biochem., 1997, 66, 679–716. 

42. Hill, W. E., Dahlberg, A., Garrett, R. A., Moore, P. B., Schless-
inger, D. and Warner, J. R. (eds), The Ribosome: Structure, Func-
tion and Evolution, American Society for Microbiology, 
Washington DC, 1990. 

43. Garrett, R. A., Douthwaite, S. R., Liljas, A., Matheson, A. T. and 
Moore, P. B. (eds), The Ribosome: Structure, Function, Antibiot-
ics and Cellular Interactions, American Society for Microbiology, 
Washington DC, 2000. 

44. Wimberly, B. T. et al., Structure of the 30S ribosomal subunit.  
Nature, 2000, 407, 327–339. 

45. Ban, N., Nissen, P., Hansen, J., Moore, P. B. and Steitz, T. A., 
The complete atomic structure of the large ribosomal subunit at 
2.4 Å resolution. Science, 2000, 289, 905–920. 

46. Yusupov, M. M., Yusupova, G. Z., Baucom, A., Lieberman, K., 
Earnest, T. N., Cate, J. H. and Noller, H. F., Crystal structure of 
the ribosome at 5.5 Å resolution. Science, 2001, 292, 883–896. 

47. Traub, P. and Nomura, M., Structure and function of E. coli ri-
bosomes V. Reconstitution of functionally active 30S ribosomal 
particles from RNA and proteins. Proc. Natl. Acad. Sci. USA , 
1968, 59, 777–784. 

48. Hadjiolov, A. A., The Nucleolus and Ribosome Biogenesis, New 
York, Springer-Verlag, 1984. 

49. Olson, M. O. J., The role of proteins in nucleolar structure and 
function. In The Eukaryotic Nucleus: Molecular Biochemistry and 
Macromolecular Assemblies (eds Stranss, P. R. and Wilson, S. 
H.), Telford Press, 1990, vol. 2, p. 541–546. 

50. Szebeni, A. and Olson, M. O. J., Nucleolar protein B23 has mo-
lecular chaperone activities. Protein Sci., 1999, 8, 905–912. 

51. Hardesty, B., Tsalkova, T. and Kramer, G., Co-translational fold-
ing. Curr. Opin. Struct. Biol., 1999, 9, 111–114. 

52. Bera, A. K., Das, B., Chattopadhayay, S. and Dasgupta, C., Reac-
tivation of denatured fungal glucose 6-phosphate dehydrogenase 
and E. coli alkaline phosphatase with E. coli ribosome. Biochem. 
Biophys. Res. Commun., 1992, 183, 774–780. 

53. Chandra, S. S., Bhattacharya, D. and Dasgupta, C., The folding  
of dimeric cytoplasmic malate dehydrogenase: Equilibrium and 
kinetic studies. Eur. J. Biochem., 2002, 269, 3856–3866. 



REVIEW ARTICLES 
 

CURRENT SCIENCE, VOL. 85, NO. 6, 25 SEPTEMBER 2003 761

*For correspondence. (e-mail: salt@csir.res.in) 

54. Chattopadhyay, S., Das, B. and Dasgupta, C., Reactivation of de-
natured proteins by 23S ribosomal RNA: role of domain V. Proc. 
Natl. Acad. Sci. USA, 1996, 93, 8284–8287. 

55. Pal, S., Chandra, S., Chowdhury, S., Sarkar, D., Ghosh, A. N. and 
Dasgupta, C., Complementary role of two fragments of domain V 
of 23S ribosomal RNA in protein folding. J. Biol. Chem., 1999, 
274, 32771–32777. 

56. Caldas, T., Laalami, S. and Richarme, G., Chaperone properties of 
bacterial elongation factor EF-G and initiation factor IF2. J. Biol. 
Chem., 2000, 275, 855–860. 

57. Caldas, T. D., El Yaagoubi, A. and Richarme, G., Chaperone 
properties of bacterial elongation factor EF-Tu. J. Biol. Chem., 
1998, 273, 11478–11482. 

58. Pack, K. H. and Walker, G. C., Escherichia coli dnak null mutants 
are inviable at high temperature. J. Bacteriol., 1987, 169, 283–290. 

59. Hesterkamp, T., Hauser, S., Liitke, H. and Bukau, B., Escherichia 
coli trigger factor is a prolyl isomerase that associates with nas-
cent polypeptide chains. Proc. Natl. Acad. Sci. USA, 1996, 93, 
4437–4441. 

60. Deuerling, E., Schulze-Specking, A. Tomoyasu, T., Mogk, A. and 
Bukau, B., Trigger factor and DnaK cooperate in folding of newly 
synthesized proteins. Nature, 1999, 400, 693–696. 

 
ACKNOWLEGEMENT. We thank the Council of Scientific and In-
dustrial Research (CSIR) for financial support through NMITLI grant. 
P.G. was a recipient of CSIR fellowship. We also thank the anonymous 
reviewer for bringing our attention to the role of Trigger factor and 
DnaK in protein folding. 
 
Received 6 March 2003; revised accepted 3 June 2003 

 

 
 
 

Novel membrane processes for separation of  
organics  
 
U. Razdan, S. V. Joshi* and V. J. Shah 
Reverse Osmosis Division, Central Salt and Marine Chemicals Research Institute, Gijubhai Badheka Marg, Bhavnagar 364 002, India 
 

The article presents membrane processes for separa-
tion of organics listing different types of solvent resis-
tant membranes, their applications, performance, 
advantages over conventional separation techniques 
and theoretical aspects dealing with solvent transport 
mechanisms. Structural requirement for these mem-
branes has been discussed. The membranes should 
fulfil certain requirements with regard to selectivity, 
flux, chemical, thermal and mechanical stability for 
applications as modular elements. Use of speciality 
polymers and suitable manufacturing techniques gives 
desired performance characteristics. 

 
RECENTLY, there is increased focus on using membrane 
technology for separation processes in the chemical  
industry because it overcomes several constraints associ-
ated with conventional techniques. The advantage of hav-
ing membranes is their selective permeation. Such 
membranes have applications in petroleum, electro-
chemical, pharmaceutical and fertilizer industry; treat-
ment of waste stream, effluents and hazardous streams; 
selective permeation for upgradation of aromatic, ali-
phatic or linear over branched substances and vice versa 
using different techniques like pervaporation, hyperfiltra-
tion, perstraction and membrane distillation. To carry out 
most of the non-aqueous applications, solvent-resistant 
polymers and membranes are needed. Separation and 
concentration of non-aqueous systems by permeation 

through polymeric membranes are the most advanced and 
fast-growing areas of industrial membrane technology. 
The membranes required for such applications are pre-
pared from high polymers like polyimide, poly(amide–
imide), polyphosphazene, etc., exhibiting outstanding 
properties like chemical and thermal stability. Such 
membranes are available rarely in the market and at high 
cost. 

Structural requirement for solvent-resistant 
membranes 

Asymmetric membranes are prepared by phase inversion 
or by forming a polymeric ultra-thin layer having semi-
permeable properties on a micro-porous support. The 
thin-film-composite (TFC) membranes have bilayer films 
which comprise an ultra-thin film (0.3–3 µm) deposited 
on a porous support which is subsequently cast on a fab-
ric. The two layers have different composition and di-
verse functions. The top barrier layer is selective for 
solutes while maintaining good flux, whereas the porous 
layer gives support and resistance against compression. 
In a TFC membrane, the top layer and porous layer are 
made of different materials, whereas in an asymmetric 
membrane both the layers are made from same material. 
A schematic representation of TFC membrane is given in 
Figure 1. 
 The current technological challenge is to develop 
membranes from high polymers. The membranes must 
maintain the ability to separate target components while 


