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Abstract

Modification of specific cultivation conditions, the choice of promoters, host strains and temperatures used for expression
have often been exploited to optimize protein folding for soluble production. However, such overexpression of foreign
proteins, especially in Escherichia coli, often results in inclusion body formation. Besides, when a protein’s primary
sequence is altered by substitutions at certain amino acid sites, the expressed protein may be rendered insoluble. At present,
the mechanism by which such replacements affect solubility is not entirely clear. In this review, it is observed that protein
insolubility is not totally dependent on parameters such as hydrophobicity, charge and identity of the amino acid
substitutions. Neither is it plainly related to the biophysical properties of the mutated proteins, such as hydropathicity scores
and pI values. However, a survey of reported data on ten proteins suggests that increasing the hydrophilicity of
solvent-exposed residues could increase solubility and vice versa. In addition, results obtained from computational analysis

Ž .and expression studies of isopenicillin N synthase IPNS mutants indicate an apparent causal relationship between
secondary structure predictions and expression of soluble proteins. Hence, specific amino acid substitutions affecting
secondary structure predictions and thereby protein folding, are expected to have a greater influence on protein solubility
than a trivial assessment of other biophysical parameters. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The need to provide new and more potent
antibiotics to combat emerging resistant or ‘new’
pathogens depends, to a large extent, on the

) Corresponding author.
1 Dedicated to Professor Hideaki Yamada in honor of his 70th

birthday.

genetic engineering of enzymes involved in the
b-lactams biosynthesis. Such pursuits include
expanding the substrate range and improving
the biological activity of key enzymes with the
implicit requirement of achieving high level
expression of soluble enzymes.

To this end, the enzyme in the b-lactam
biosynthetic pathway that has been extensively

Ž .studied is isopenicillin N synthase IPNS . The

1381-1177r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S1381-1177 98 00072-1
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intense focus on IPNS stems from its impor-
tance as the key enzyme found in all
cephalosporin and penicillin producers that cat-
alyze the oxidative cyclization of the tripeptide
Ž . Ž .d- L-a-aminoadipyl -L-cysteinyl-D-valine ACV

w x1 . With its unusually relaxed substrate speci-
ficity, IPNS demonstrates great potential to be
exploited via protein engineering to produce
new potent b-lactam antibiotics. So far, IPNS
genes have been cloned from various fungal and

w xbacterial sources 2 to investigate the possibil-
ity of producing a large amount of protein nec-
essary for enzyme characterization via expres-
sion in Escherichia coli.

It is commonly reported that high level ex-
pression of foreign proteins in E. coli results in
the accumulation of the product as insoluble
aggregates in the cytoplasm or periplasm of the
producing bacteria in the form of ‘inclusion

Ž . w xbodies’ IBs 3 . Although many proteins have
been purified from IBs and some have yielded

w xcrystal structures 4 , IB formation is often con-
sidered undesirable, as there are still some in-
tractable problems associated with IB protein

Ž w x.purification schemes reviewed in Refs. 3,5,6 .
Thus, it would be important to develop strate-
gies for efficient production of soluble proteins
in E. coli for enzymatic study.

Thus far, there have been numerous reports
on the expression of IPNS isozymes in the
heterologous host E. coli. From the analysis of

w xthe gene expression studies 7,8 , it is noted that
fungal IPNS is generally reported to be more
soluble than the bacterial IPNS. Nevertheless,
overproduction of recombinant IPNS isozymes
made possible via manipulation of the expres-
sion systems and cultivation conditions for
transformed E. coli has facilitated purification
of IPNS proteins to near homogeneity using

w xrelatively simple procedures 8–10 . These have
provided the means for biochemical and bio-
physical analyses of IPNS. In the numerous
site-directed mutagenesis experiments designed
specifically to locate the active site residues
w x10–14 , numerous IPNS mutants from both
fungal and bacterial sources have been gener-

ated. However, there was no emphasis on
whether the site changes introduced into the
wild type IPNS sequence has affected the pro-
tein folding and solubility of the mutants in the
various reports.

Up to the present, mutations that affect ag-
gregate formation or soluble protein production

w xhave been observed in many systems 15,16 .
However, the genetic code of how a specific
amino acid sequence is first directed to fold into
protein intermediates and finally into the well-
defined three-dimensional native conformation
in split seconds remains an unfathomable mys-
tery.

Therefore, this paper aims to investigate the
amino acid sites that contribute to the efficiency
of the folding process, and thereby the solubility
in different proteins. Included in this analysis is
a study on mutants of Streptomyces claÕuligerus

Ž .IPNS scIPNS obtained from site-directed and
random mutagenesis. There appears to be a
close relationship between the predicted sec-
ondary structures of proteins and the tendency
to form soluble proteins.

2. Amino acid substitutions influencing pro-
tein solubility

Protein solubility has been defined by the
ability of soluble, polar residues to interact with
water such that the rest of the protein could fold
properly to give a well-defined active conforma-

w xtion 17 . Such stable interactions could most
probably have been disrupted in several mutant
proteins reported, where small changes in the
primary sequence have caused dramatic changes
in wild type solubility. Despite numerous at-
tempts to correlate mutations with changes in

w xsolubility 15–17 , the mechanism by which
how amino acid substitutions alter solubility is
still poorly understood.

Comparative studies of altered sequences in
other mutated proteins showed that identical
replacements at different amino acid positions
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do not always affect inclusion body formation
to the same extent, suggesting that insolubility
does not invariably depend on parameters such
as hydrophobicity or charge, but may be more

w ximportantly related to protein structure 18,19 .
Thus, to analyze the relationship between the
nature of amino acid substitutions, the spatial
location of the residues altered and the solubil-
ity pattern, point mutations in 10 recombinant

proteins that have altered solubility are divided
Ž .into two groups Table 1 based on the struc-

tural location of the replacements.

2.1. Substitution of solÕent-exposed residues

In an extensive analysis of the evolution of
globin sequences from many species, Perutz and
co-workers found that there exists strong dispo-

Table 1
Amino acid substitutions influencing protein solubility

Substitutions at surface exposed residues
a bName of enzyme Amino acid residues mutated Hydrophobicity Solubility References

w xS1 dihydrofolate reductase from Asn48Glu No change ≠ 18
Staphylococcus aureus Asn130Asp No change ≠

Asn48GlurAsn130Asp No change ≠
w xCatalytic core domain of HIV Val65Lys ≠ ≠ 20

type 1 integrase Phe185Lys ≠ ≠
w xHuman a1-proteinase inhibitor Met358ArgrMet351GLu ≠r≠ ≠ 21

Met358ArgrThr345Leu ≠rx x

Met358Leu x x
w xHuman interleukin-1b Lys97Arg ≠ ≠ 22

Lys97Gly x x

Lys97Val x x
w xHuman thymidylate synthase Cys13Glu ≠ ≠ 23

Pro139Asp ≠ ≠

Leu140Lys ≠ ≠
w xHuman medium-chain acyl-CoA Lys329Glu No change x 19

cdehydrogenase
d w xE. coli UMP-kinase Asn159Asp No change x 24

e w xE. coli maltose-binding protein Gly32AsprIle33Pro ≠r≠ x 25

Substitutions at core of protein
aName of enzyme Amino acid residues mutated Hydrophobicity Solubility Stability References

w xColicin A Trp140Lys ≠ x x 26
Trp140Leu x x x

Trp140Cys x x x

Trp140LysrLys113Phe ≠rx ≠ ≠

Trp140LeurLys113Phe xrx ≠ ≠

Trp140CysrLys113Phe xrx ≠ ≠
w xHuman interleukin 1-b Leu10Asn ≠ x x 22

Leu10Asp ≠ x x

Leu10Thr ≠ x x

a w xHydrophobic indices are obtained from Kyte and Doolittle 27 . Substitutions that increase, decrease or do not alter the hydro-philicity of
the sites are denoted by ‘≠’,‘x’, and ‘no change’ respectively.
b Increased or reduced solubility of the respective mutants constructed compared to wild type are designated by symbols ≠ and x,
respectively.
c Lys329 of human MCAD is involved in making intersubunit contacts, thus mutation at this site may lead to aggregation.
dAsn159 of E. coli UMP-kinase is involved in the formation of salt-bridges; disruption of this salt bridge would cause conformational
changes that might result in insolubility.
e Ž .The authors proposed that a proline residue at position 33 located in a turn of maltose-binding protein could introduce a conformation
strain in the folded state.
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sition against large patches of hydrophobic
w xresidues on the surface of globin sequences 28 .

This may reflect evolutionary constraints im-
posed by protein solubility as surface-exposed
hydrophobic residues may interact unfavorably
with aqueous solvents, presumably leading to
aggregation. On the other hand, it has been
suggested that replacement of surface residues
to increase hydrophilicity could increase the

w xsolubility 17 . However, collective analysis of
experimental examples to affirm this proposi-
tion was not done. Therefore, it would be useful
to investigate how amino acid substitutions at
sites experimentally determined to be located at
the surface of eight proteins can influence the
solubility of the mutated proteins.

In accordance to what is observed in nature
for globin proteins, increasing the distribution
of surface charges of four of the proteins ana-
lyzed, i.e., replacing solvent exposed hydropho-
bic residues in contact with the solvent to more
hydrophilic ones, has successfully improved the
solubility of the specifically constructed mutants
and vice versa. The four proteins are, namely,
the catalytic core domain of HIV type 1 inte-

w x w xgrase 20 , human a1-proteinase inhibitor 21 ,
w xhuman interleukin-1b 22 and human thimidy-

w xlate synthase 23 . For instance, separate substi-
tution of hydrophobic residues, Val65 and
Phe185, of catalytic core domain of HIV inte-
grase by the hydrophilic lysine amino acid has
improved the solubility of the wild type protein.
The reverse is also true, as replacement of
hydrophilic lysine residue at position 97 on the
surface of human interleukin-1b by hydropho-
bic residues, glycine and valine, has decreased
the level of soluble protein made. In the case of

Ž . w xS1 dihydrofolate reductase DHFR 18 , ex-
ploitation of surface residue replacement to im-
prove solubility was carried out by substitution
of asparagine residue at positions 48 and 130 by
the negatively charged glutamine and aspartate
amino acids, respectively. The authors have re-
ported success in enhancing soluble protein pro-
duction by increasing the negative charge distri-
bution on the surface of S1 DHFR.

However, this notion was not applicable to
three of the examples analyzed, viz., medium-

Ž . w xchain acyl-CoA dehydrogenase MCAD 19 ,
w xUMP-kinase 24 and maltose-binding protein

w x25 , where mutations were engineered at sur-
face residues proposed to be responsible for

Žstructure formation or stability refer to legend
.of Table 1 . For example, when the positively

charged lysine residue located at position 329 of
MCAD was mutated to the negatively charged
glutamine with the same hydrophobic index val-
ues, it is assumed that the solubility of the
mutant protein would either be improved or
remain the same as the wild type level. Unex-
pectedly, the amino acid substitution has re-
sulted in a drastic reduction in the level of
soluble protein made probably because this site
change may interfere with the assembly of the
native tetrameric form, thus leading to aggrega-
tion.

In conclusion, it seems that a practical ap-
proach to improve the solubility of the recombi-
nant protein expressed could be achieved by
selective engineering of solvent-exposed
residues to less hydrophobic or negatively
charged ones. However, replacement of surface
residues with an intrinsic function, e.g., those
involved in maintaining the stability of loops
Ž .especially proline in turns , hydrophobic pack-
ing, formation of pertinent hydrogen bonding
and salt bridges, should be avoided.

2.2. Substitution of core residues

With rare exceptions, the core of proteins
must be efficiently packed and remain hy-

w xdrophobic 29–31 . Cavities are rare in the hy-
drophobic center of most natural proteins, and
only small volume changes are tolerated, as
certain packing density are mandatory to main-
tain the stability of the native structure. Besides,
substitutions of the core residues with polar and
charged residues usually have deleterious effect
on the protein structure unless complementary
packing could still be maintained without as-
suming a strained conformation.
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Although the above observations relate more
to the stability of protein, however, we would
like to examine whether destabilization muta-
tions of the hydrophobic core would also simul-
taneously affect the solubility of the mutant
protein. In the analysis of the human inter-

w xleukin-1b mutants 22 , it was reported that
when three polar residues, asparagine, aspartate
and threonine, were separately introduced into
the buried site at Leu10, the respective single
mutants constructed have reduced stability and
are also expressed in lower levels in the soluble
fraction as compared to the wild type protein. In

w xanother study 26 , unfavorable substitution at
position 140 of colicin A has created a hy-
drophobic cavity that has concomitantly resulted
in a reduction in the level of the soluble protein
produced. A single mutation, substitution of
lysine 113 with phenyalanine, can fill up the
cavity created previously, thereby restoring the
solubility of the various mutants.

Although analysis of the mutagenesis studies
of the above two proteins revealed that amino
acid substitutions that interfere with the proper
packing of the core of the native protein, i.e.,
reduction in stability, would invariably decrease
the solubility of the resultant protein, more ex-
amples are needed to validate that the observa-
tion is a norm rather than an exception.

3. Amino acid substitutions that alter S.
clazuligerus IPNS solubility

Previous studies have reported that although
Ž .bacterial scIPNS S. claÕuligerus IPNS was

expressed predominantly in the insoluble form
Žat 378C, soluble form ;29% of total soluble

.protein could be obtained when the cultivation
w xtemperature was lowered to 258C 8 . However,

we have isolated mutants of scIPNS obtained
from site-directed and random mutagenesis that
showed reduced production of soluble protein

Ž .even at 258C unpublished . Sequencing analy-
sis was carried out to ascertain that the site
changes have occurred in the primary structure.

This was followed up by computational analysis
to predict the structural locations of the muta-
tions in the IPNS variants.

3.1. Expression studies and sequence analysis

In the functional analysis of two site-directed
Ž . Ž .mutants Asp214Ala and Gln328Leu Table 2 ,

it was observed that single site change intro-
duced at amino acid residue 214 of scIPNS gene
resulted in a reduced level of expression of the
mutant protein in the soluble fraction, whereas
the Gln328Leu mutant appears to have the same

w xsolubility as the wild type protein 8 .
In addition, we have also isolated seven

scIPNS clones that showed variable solubility
Žwhen expressed under the same condition Ta-

.ble 2 . These clones were generated in an at-
tempt to subclone scIPNS genes, amplified us-
ing low fidelity Taq polymerase, for high level

w xexpression in E. coli 8 . As it is well-docu-
mented that Taq polymerase exhibits a high

w xnucleotide misincorporation rate 34–36 , the
full IPNS sequences of each of the seven clones
were determined to identify whether any misin-
corporations have been introduced into the wild
type gene sequence during polymerase chain

Ž .reaction PCR which could account for the
altered phenotypes. Sequencing results showed
that the mutants were found to harbor, in addi-
tion to the intended change at the fourth nu-
cleotide position, nucleotide misincorporations
at different positions throughout the entire gene.

The nucleotide positions where scIPNS gene
has been mutated, the corresponding amino acid
residue changes and the expression levels in the
soluble fraction of the various clones are listed
in Table 2. It appears that these clones with
altered solubility all possess distinct mutations.
In clones 36, 43, 48 and D214A, mutations at
no more than three positions of scIPNS protein
Ž .;329 amino acid residues have caused the
mutant enzyme to become predominantly aggre-
gated in the inclusion bodies. This observation
unveils the fragile relationship between protein
sequence and structure, such that a slight change
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Table 2
Amino acid substitutions that can affect the solubility of scIPNS

cMutant Nucleotide Corresponding Solvent accessibility Hydrophilicity Predicted Number of sites GRAVY pI of Expression level
f Žsubstituted amino acid profile of mutated secondary structure where secondary score of mutant expressed as %

a fresidue changed residue predictedy element of mutated structure elements mutant of total soluble
b d e g.by PHDacc site are altered protein

SOPM nnPred

52 C4G Pro2Ala = x coil 3 0 y3.249 5.18 22
34 A932G Tyr311Cys = x a-helix 12 2 y3.134 5.18 26
36 C389T Pro130Leu = x coil 22 11 y3.116 5.25 5

A680G Gln227Arg = ≠ a-helix
42 A596G Lys199Arg = ≠ coil 6 0 y3.365 5.25 23
43 C194G Ala65Gly Exposed ≠ a-helix 19 3 y3.222 5.24 7

A536G Asp179Gly Exposed x coil
47 A598G Thr200Ala = x coil 17 0 y3.216 5.18 17

G871T Val291Phe = ≠ b-sheets
48 A689T Gln230Leu = x b-sheets 29 12 y3.191 5.18 6

T965C Leu322Pro Buried ≠ b-sheets
D214A A641G Asp214Ala Exposed x coil 18 7 y3.191 5.24 3
Q328L A983T Gln328Leu Exposed x coil 1 0 y3.131 5.18 23

a Ž .By purportedly changing the fourth nucleotide by PCR, the second amino acid residue would be changed from proline to alanine. All random mutants 34, 36, 42, 43, 47, 48 contain
Pro2Ala in addition to the mutations listed in the table.
b
= means that no prediction is made for the solvent accessibility for that particular mutated residue as the reliability index of prediction is too low.

c w xHydrophobicity indices are obtained from Kyte and Doolittle 27 . Substitutions that increase or decrease the hydrophilicity of the mutated site are denoted by ≠ and x respectively.
d w xThe secondary structure elements stated for all the mutated residues are predicted from SOPM 32 .
eThe numbers in the table were obtained by enumerating the number of secondary structure elements in the respective mutants that are different from that of the wild type secondary

w x w xstructure predicted by SOPM 32 and nnPred 33 .
f Ž .GRAVY and pI of the various mutants are predicted from ProtParam tool. website: http:rrexpasy.hcuge.chrcgi-binr
g Ž .The percentage of various scIPNS mutants expressed in the soluble fraction was obtained via densitometric scanning of the SDS-PAGE analysis gel not shown .
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in the primary structure could topple the scale
between folding and unfolding, resulting in ag-
gregate formation. Thus, it would be interesting
to determine if there is any rule governing the
insolubility of scIPNS, such that a specific amino
acid sequence composition could be translated
to a measurable property of the protein which
would in turn define the solubility profile.

3.2. Characterization of IPNS Õariants Õia com-
putational analysis

To date, only the crystal structure of IPNS
from the fungal species, Aspergillus nidulans
Ž . w xaIPNS , has been elucidated 37,38 . However,
the coordinates of the resolved structure may
not be readily accessible from Protein Data

Ž .Bank PDB , an archive of experimentally de-
termined three-dimensional structure of biologi-
cal structures. Therefore, the lack of such struc-
tural information precludes the use of homology
modeling methods to build a model for the
closely related bacterial S. claÕuligerus IPNS.
Thus, to gain insight into how specific site
alterations in the various scIPNS mutants have
caused the protein to aggregate, protein analysis
programs are used initially to study whether the
mutated residues are buried or exposed in
scIPNS and the effect of mutations on the sec-
ondary structures of the enzyme.

3.2.1. SolÕent accessibility profiles
A computer program based on neural net-

Ž . w xwork system PHDacc 39 was used to predict
the relative solvent accessibility profile of the
mutated residues in scIPNS variants. These pre-
dictions were then used to study whether the
generally observed reduced solubility in the mu-
tants was due to unfavorable substitutions at the
surface or core of IPNS in compliance with the
‘general rules’ defined earlier after examination
of the mutations in other recombinant proteins.

The changes in solvent accessibility and hy-
drophilicity profiles of 13 mutations are listed in
Table 2. Complete analysis was impeded by the

Ž .relatively small number 5 out of 13 of mutated

sites that was predicted with high confidence by
the program. Nevertheless, analysis results re-
veal that the ‘general rule’ proposed in Section
2 could not explain the changes in the solubility
profile of scIPNS mutants. For example, substi-
tution of exposed hydrophilic aspartate and glu-
tamine residues at positions 214 and 328 respec-
tively with a more hydrophobic residue resulted
in increased aggregation in D214A mutant, but
the solubility of Q328L mutant was unaffected.
It is possible that a larger set of data points is
needed to make the results obtained from this
kind of analysis statistically more significant.

3.2.2. Secondary structure analysis
Two protein secondary structure prediction

programs, self-optimized prediction method
Ž . w xSOPM 32 and neural network prediction pro-

Ž . w xgram nnPred 33 , were used in the prelimi-
nary analysis of secondary structures of the
scIPNS mutants. To validate that the high accu-
racy claimed by the two methods to predict
secondary structure would also apply to the
predictions of IPNS structure, a control analysis
was done. The secondary structure of aIPNS
was determined separately using SOPM and
nnPred and subsequently aligned with the sec-
ondary structure determined experimentally from
the crystal structure of aIPNS. Comparative
analysis showed that the two programs could
indeed correctly predict at least 65% of the
secondary structure elements.

The secondary structure elements of the mu-
tated sites have been listed in Table 2. However,
due to the lack of information on the mutated

Ž .residue s responsible for the decreased solubil-
Žity in some scIPNS triple mutants 36, 43, 47

.and 48 , it is not possible at present to deter-
mine whether specific mutations that result in
insolubility are associated with a particular sec-
ondary structure element.

SOPM and nnPred generated structures
showed that for mutants that had a secondary
structure profile different from that of the wild
type, the changes in the profiles are not local-
ized in a specific region of the protein. There-
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fore, the number of residue sites where sec-
ondary structure elements were changed with
respect to wild type was enumerated, and the
values obtained plotted against solubility data
for all the mutants. From Fig. 1, there appears
to be an inverse relationship between predicted
secondary structure perturbations and solubility.
D214A mutant showed a very interesting pro-
file. A single site change at position 214 has
caused the mutant protein to have large changes
in the secondary structure at many positions
Ž .predicted by both SOPM and nnPred and the
data obtained fit into the graph at a position
where the protein would be insoluble. This pre-
dicted solubility agrees with the experimented
expression profile of D214A.

3.2.3. GRAVY and pI scores
ŽThe GRAVY grand average of hydropathic-

.ity scores and pI values obtained for each
mutant showed no obvious correlation with the
expression in the soluble fraction. In the study

w xof human thymidylate synthase 23 , it was re-
ported that the increased solubility observed in

Fig. 1. The graph of percentage pf scIPNS expressed in the
soluble fraction vs. number of changes in the secondary structure
elements predicted by SOPM and nnPred.

some of the mutants was not related to the pI of
these enzymes. However, another group noted
that the pI values are related to the solubility of

w xdihydrofolate reductase 18 . The reason for the
varied relationship between isoelectric points
and solubility in different proteins is unknown.

4. Discussion

High level expression of both prokaryotic as
well as eukaryotic proteins in E. coli often
leads to the formation of insoluble aggregates
containing the denatured proteins in inclusion

Ž . w xbodies IB 3 . Moreover, many soluble pro-
teins become insoluble after their primary se-
quences are altered specifically by site-directed
mutagenesis. Although comparative studies
w x9,11 have shown that the enzyme activities of
solubilized IPNS are similar to the soluble form
and either one can be used for characterization,
it has been reported that solubilization proce-
dures could affect the integrity of refolded IPNS
structure, thereby interfering with the interpreta-
tion of enzymatic studies. For instance, the cir-

Ž .cular dichroism CD spectra obtained for a
solubilized triple mutant constructed during the
functional analysis of conserved cysteines in
scIPNS, showed lack of ordered structure, indi-
cating that the conformation of the mutant is

w xdifferent from the wild type 12 . Thus, the
authors concluded that the reduced activity seen
in this triple mutant may be due to inability of
the denatured protein to refold properly to give
the native structure following solubilization
rather than to specific effects of mutation on the
active site. In view of the practical problems
associated with the biochemical analysis of res-
olubilized proteins, it appears that soluble pro-
tein, with correctly folded native structure, is a
better choice not only for characterization of
IPNS specific mutants but also for other pro-
teins.

It was mentioned earlier that although scIPNS
is predominantly associated with the inclusion

w xbodies when produced at 378C 40,41 , success-
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ful overproduction of soluble scIPNS is possible
w xby lowering the cultivation temperature 8,9 .

However, in the analysis of the scIPNS mutants,
it is observed that slight changes at specific

Žpositions of scIPNS gene which do not affect
.the total level of IPNS expressed have rendered

the protein insoluble even when the expression
was done at 258C. This observation indicates
that these specific site changes appear to have
overridden the temperature effect to produce
soluble protein, probably by affecting the nor-
mal folding pathway of native IPNS.

Point mutations that decreased the solubility
of proteins are not novel and are commonly
observed in many systems. Mutations that can
improve the solubility are more interesting, es-
pecially if they can be used as a benchmark for
protein engineers to design recombinant pro-
teins that are soluble. Besides, two other param-
eters, i.e., stability and activity, are also impor-
tant key factors to consider in producing robust
enzymes with altered specificity. However, the
relationship between mutation, solubility, stabil-
ity and activity of proteins in general has not
been thoroughly examined and poorly under-
stood.

Although there are extensive experimental
Žstudies probing the determinants of stability re-

w x.viewed in Refs. 42–44 , an initial effort to
obtain a larger collection of examples in this
study to analyze the relationship between muta-
tions and solubility have been futile, as there are
relatively less investigations studying the latter
two parameters. Many reports usually show the
effect of amino acid substitutions on stability
without simultaneous investigation of the effect
on solubility. Although some studies have shown
that mutations that increased inclusion body
formation had also decreased the stability of the

w xspecific mutants 25,26 , a few reports had sug-
gested that there exists no strong correlation
between the two parameters in relation to muta-

w xtions 22,45 . Thus, it is possible that the code
through which amino acid sequences direct the
solubility of polypeptide chains and that of sta-
bility in different proteins is not the same. Nev-

ertheless, it would be useful to set up a database
consisting of how mutations in various proteins
affect properties such as solubility, stability and
activity, providing guidelines for protein engi-
neering.

Using only mutations that are explicitly stated
in different systems to affect solubility for our
analysis, some general rules of thumb have been
derived, which could serve as a guideline and
not hardcore principles that would be applicable
to all proteins. Selective replacements of surface
residues with more hydrophilic or negatively
charged residue could improve the solubility of
proteins and vice versa. However, core residues
should only be mutated when detailed structural
information is available for the protein in ques-
tion, as site changes in the core of protein are
usually deleterious unless the stability is pre-
served.

Initial analysis of amino acid substitutions in
IPNS variants by considering their solvent ex-
posure profile predicted by PHDacc program in
relation to net hydrophobicity index change and
the solubility pattern could make no generaliza-
tion. It is likely that accurate analysis is not
possible because in this prediction, the fraction
of correctly predicted residue states is only 58%.
Information on the solvent exposure pattern of
individual amino acids in any protein is most
explicitly extrapolated from the crystallographic
structure or extensive nuclear magnetic reso-

Ž .nance NMR study. However, these two meth-
ods are technically demanding and require so-
phisticated machinery implementation. To our
knowledge, there are few easy-to-run experi-
ments to investigate this property. Nevertheless,
this approach to study amino acid substitutions
using computer predictions can still be useful,
especially in cases where the crystal structure is
not available, or that a 3-D structure is not
easily predicted by homology modeling.

Preliminary analysis of the secondary struc-
tures of scIPNS mutants using biocomputing
programs yield a putative ‘model’ which dic-
tates an inverse relationship between solubility
and the extent of change in the secondary struc-
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ture predicted. This is interesting, as in vitro
protein folding experiments have indicated that
stable secondary structure is formed in an early
step that provide a framework for subsequent

w xfolding 46 . Thus, it is possible that mutations
in primary structure, predicted to cause major
changes in the number of secondary structure
elements, could have affected the formation of
the native secondary structure in vivo, and even-
tually affecting the distribution of the expressed
mutant in the soluble and insoluble forms.

Although both prediction programs, SOPM
and nnPred, predict the same structural profiles
for the various mutants that proposed the same
relationship between predicted structures and
solubility, experimental evidence is required to
support the putative model. For example, site-
directed mutagenesis experiments could be done
to create mutants with specific site changes to
test whether alterations in secondary structure
complement changes in biophysical properties.

All the scIPNS mutants analyzed either pro-
duced the same or reduced level of soluble
protein compared to the wild type at 258C,
indicating that mutations that can increase the
solubility of scIPNS are perhaps rare. Although

Ž .precise amino acid residue s responsible for the
decreased solubility in some of the mutants has
not been defined, there appears to be discrete
regions of the primary sequence that codes for
solubility or inclusion body formation. For ex-
ample, amino acid residues 2, 199, 311 and 328
probably do not play a part in soluble protein
formation, as substitutions at these locations
have not altered the percentage of scIPNS ex-
pressed in the soluble fraction. However, aspar-
tate residue at position 214 seems to be impor-
tant for maintaining the native structure such
that mutation at this site has caused D214A to
be aggregated. Therefore, such mutants studied
could be used as a framework to design experi-
ments to specifically locate sites important for
enzyme solubility.

Perhaps one approach to do so would be to
generate a larger library of mutants by a re-
peated PCR random mutagenesis using Taq

polymerase. However, this method is labor-in-
tensive and time-consuming, as mutants with
more than one substitution need to be character-
ized further. Another option would be to exploit
the evolution of enzymes in nature. For exam-
ple, in the family of IPNS isozymes, fungal
IPNS appears to have evolved to possess higher
solubility than bacterial IPNS when expressed
in E. coli. Since the percentage relatedness
between the fungal and bacterial IPNS at the
nucleotide level is 62–79% and 57–63% at the

w xamino acid level 2 , it is possible that the
remaining part of the genes or proteins that are
not homologous may hypothetically provide the
discerning factors responsible for the solubility
of expressed proteins. Such regions could be
targeted for mutagenesis to determine experi-
mentally, regions important for the proper fold-
ing of IPNS.

In mutagenesis experiment to improve cat-
alytic activityrsubstrate specificity of enzymes,
amino acid residues that are critical for proper
folding to produce native, soluble protein with
correct three-dimensional structure should not
be replaced. Therefore, breaking the code for
how primary sequence of proteins defines solu-
bility is very important, as it would be a sine
qua don for successful engineering of enzymes.

5. Conclusion

Approaches used in this study to analyze
mutations in scIPNS would also be useful for
other proteins. Systematic replacement of sur-
facercore residues by biocomputational and ex-
perimental techniques may be a useful strategy
to improve the solubility of proteins to facilitate
further structural and biochemical studies.
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