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Carbonic anhydraseI (CAI) is one out of ten CA isoenzymesthat have been identified in humans. X-ray
crystallographic and inhibitor complex studies of human carbonic anhydraseI (HCAI) and related studies
in other CA isoenzymes identified several residues, in particular Thr199, GlulO6, Tyr7, Glull7, HislO7,
with likely involvement in the catalytic activity of HCAI. To further study the role of these residues,we
undertook, site-directed mutagenesisof HCAI. Using a polymerase chain reaction based strategy and altered
oligonucleotide primers, we modified a cloned wild type hCAI gene so as to produce mutant genes encoding
proteins with single amino acid substitutions. Thrl99Val, Thrl99Cys, Thr199Ser, GlulO6Ile, GlulO6Gln,
Tyr7Trp, Glu.117Gln, and His I 07Val mutations were thus generatedand the activity of each measured by
ester hydrolysis. Overproductionof the Glu 117Gln and His I 07Val mutant proteins in Escherichia coli resulted
in a large proportion of the enzyme forming aggregatesprobably due to folding defect. The mutations
Thr199Val, GlulO6Ile and GlulO6Gln gave soluble protein with drastically reduced enzyme activity, while
the Tyr7Trp mutation had only marginal effect on the activity, thus s.uggestingimportant roles for Thr199
and GlulO6 but not for Tyr7 in the catalytic function of HCAI.

It also catalyses the hydrolysis of esters (Pocker and
Stone 1965; Tashain et at 1963, 1964), hydration of
Ever since its discovery by Meldrum and Roughton aldehydes (Pocker and Meany 1965), and is associated
(1933), and Stadie and O'Brien (1933), the zinc enzyme with many important processes such as CO2 transport
carbonic anhydrase (CA) has been studied extensively as HCO;, acid-base homeostasis, ion transport,
becauseof its wide occurrence in living systemsand its formation of aqueous humour and gastric juice, and
role in several physiological processes(Tashian 1989). syntheses of urea, glucose and fatty acids (Maren
This enzyme catalysesthe reversible hydration of carbon 1967, 1991; Coulson and Herbert 1984; Tashian
dioxide to bicarbonate with production of a proton 1989; Swenson 1991; Henry 1996). Ten genetically
(Meldrum and Roughton 1933; Collman 1967; Lindskog distinct isoenzymes designated as CAI-CAX have
been identified in mammals differing in their
et at 1984; Silverman and Lindskog 1988).
kinetics, tissue distribution and sub-cellular locaCO2+ ~o H HCO; + H+,
(1) lization (Tashian 1989; Bergenhem et at 1995;

1. Introduction

Abbreviations used: For genes: hCAI, Human carbonic anhydraseI; ehCAI, erythrocyte humancarbonic anhydraseI;
rhCAI, recombinant human carbonic anhydraseI. For proteins: CAI, Carbonic anhydraseI; eHCAI, erythrocyte
human carbonic anhydraseI; rHCAI, recombinanthumancarbonic anhydraseI; HCAI, human carbonic anhydraseI;
HCAII, human carbonic anhydraseII.
Keywords. Carbonic anhydraseI; site-directed mutagenesis;gene expression; protein aggregation; proton shuttle
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Opavsky et al 1996; Hewett-Emmett and Tashian
1996).
The 3-dimensional structures of erythrocyte human
carbonic anhydraseI (eHCAI) and recombinantwild type
HCAI (rHCAI) protein have been determined (Kannan
et al 1975, 1984; Mohanty et al 1997). The enzyme is
approximately ellipsoidal in shape and the active site
comprises a funnel shapedcavity about 12 A deepwhere
a catalytically obligatory zinc ion resides at the bottom
of the cavity. The zinc ion is co-ordinated to three
histidines (His94, His96 and His 119) and also to a
H2OIOH- ion (Kannan et al 1975, 1984). The zinc
co-ordinatedhydroxide ion is hydrogenbondedto Thr199
which is then hydrogen bonded to Glu106 to form a
Zn2+-OH--Thr199-Glu106 hydrogen bond network
(figure 1) (Kannan et al 1975). These two residues
(Thr199 and Glu106) are conserved in all known mammalian carbonic anhydraseisoenzymes (Hewett-Emmett
et al 1984; Hewett-Emmettand Tashian 1991) and form
a similar Zn2+-OH--Thr199-GluI06 hydrogen bond network in various carbonic anhydraseisoenzymessuch as
HCAII (Kannan et al 1971; Liljas et al 1972; Hakansson
et al 1992), the Indian buffalo CAlI (Vinay Kumar et
al 1989), and the bovine CAlli (Eriksson and Liljas
1993). In HCAI, this hydrogen bond network is extended
to His200 through Tyr7, His64, His67 and intervening
solvent molecules (Kannan et al 1984; Chakravarty et
al 1985; Kannan 1991; Chakravarty and Kannan 1994)
as depicted in figure I.

The catalytic mechanismfor the hydration of CO2 has
been studied extensively and is believed to consist of
three distinct steps (Lindskog et al 1984; Silverman and
Lindskog 1988).
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Figure 1. Activity linked hydrogen bond network in HCAI.
H-bonds are shown in doted lines.

Step I

E-Zn2+-OH- + CO2 ~

E-Zw+ -HCO- 3

Step II~

E-Zn2+
-~O + HCO)

(2)

Step 111

E-Zn2+-H2O ~

E-Zn2+-OH- + H+,

3)

The first two steps (eq. 2) involve interconversion of
CO2 and HCO; via an interm~diate comprising an
enzyme-substrate complex. During the forward reaction
the substrate CO2 binds as a distant fifth coordination
site of the metal ion (Kannan et al1977; Pullman ]98];
Merz et al ]989). The Zn2+ bound OH- effects a
nucleophilic attack on CO2 (Coleman ]967) and forms
the metal bound HCO; which is then replaced by an
H2O molecule. In the third step (eq. 3) the zinc bound
OH- is regenerated from the zinc bound H2O by a proton
transfer process. This proton transfer process is complex
and may comprise an intramolecular proton transfer from
a zinc bound H2O to a "proton shuttle group" (Steiner
et al ]975; Silverman and Lindskog 1988) from which
it is transferred to the reaction medium.
From the crystal structure and inhibitor complex studies
of HCAI (Kannan et al 1977, 1984; Chakravarty et al
]985; Kannan ]991; Chakravarty and Kannan 1994;
Vinay Kumar and Kannan 1994), it has been proposed
that the weil organized hydrogen bond network involving
zinc bound H2O/OH- ion and the residues Thr199, Glul06,
Tyr7, His64, His67 and His200 could mediate the efficient
transfer of the proton from the active site of the enzyme
to the reaction medium.
Kannan et al (]975) had also found another hydrogen
bond network comprising the residues His]] 9, Glu 117,
His I 07, Tyr] 94, Ser29 and Trp209 (figure])
which,
together with the zinc ion, was conjectured to be important
in the structural stability, or in charge distribution (Kannan
et al ]975; Notstrand et al ]975). Glu]]7, which has
been referred to as an "indirect zinc ligand" (Huang et
(/[ ] 996), was proposed in conjunction with His]] 9, to
fine-tune the ionicity of the Zn2+ and activity of the
protein (Krauss and Garmer ]991; Christianson 199] ;
Vinay Kumar et al ]994).
With a view to checking some of the above ideas
in HCAI, we have examined the effect of specific
substitution mutations
at five
residues (Thr] 99,
Glu] 06, Tyr7, Glu] 17 and His 107) on the activity of
this enzyme. For this, two variants of the wild
type hCAI gene, earlier cloned and expressed in
Escherichia coli (Mohanty et a[ ] 997), were subjected to site-specific mutagenesis in vitro by a PCR
based strategy, and the activity of the purified protein
product was determined in each case. Here the results
of these experiments are described and their implications
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2.4 Polymerasechain reaction

vis-a-vis the above models based on structural studies

are discussed.
Polymerase chain reaction (PCR) (Mullis and Fallona
1987) was performed in a 0.5 ml Eppendorf tube. The
2. Materials and methods
PCR mixtures contained I III (10 pmol) of each primer,
2 III of mix of four deoxynucleoside triphosphates
2. Chemicals
(200 Ilmol each in final concentration), I III (5-10 ng)
template DNA, 10 III of lOX Vent DNA polymerase
Restriction endonucleasesand T4 DNA ligase were
buffer (200 mM Tris-HCI, pH 8.8, 100 mM KCI, 100
obtained from New England Biolabs, USA, or Bangalore
mM (NH4)2S04' 20 mM MgSO 4' I % Triton X -100) and
Genei Pvt. Ltd, Bangalore, or Gibco-BRL. Taq DNA
I III (2 U) of Vent DNA polymerase in a total volume
polymerase was from Boehringer Mannheim and
of 100 Ill. The thermal profile involved a denaturing
Bangalore Genei. Vent DNA polymerase was from New
step at 94°C for 5 min, followed by 25 cycles of primer
England Biolabs. All enzymes were used according to
annealing at 60°C for I min, extension at 72°C for I min
the manufacturersprotocols. Spin column 200, nucleic
and strand denaturation at 94°C for I min. At the end
acid purification (NAP) column, and DEAE-Sephadex
of the 25 cycles the reaction mixture was incubated at
A50 were obtained from Pharmacia Biotech. Growth
72°C for 5 min.

media were from Difco Labs and chemicals for oligonucleotide synthesiswere from PharmaciaBiotech and from
Bangalore Genei. Other chemicals used were obtained
from different commercial sourcesand were used without
further purification.

2.5 Site-directed mutagenesis

Site-specific mutations were introduced into the hCAI
gene by PCR using appropriatelyaltered oligonucleotide
primers (table 2) and the plasmids pAKM-l or pAKM-2
Bacterial strains and plasmids
(table I) as the template. To introduce mutations at
positions close to 5' or 3' ends of the gene (for example,
The E. coli strain MD2130 [r, thr-l, thi-l, leuB6 the Tyr7Trp substitution), site-directed mutagenesiswas
A(gpt-proA)62, his4, argE3, ara-14, lacYI, galK2, xyl-5, carried out by performing PCR with appropriatelyaltered
mtl-l, rpsl3l, kdgK-5l, tsx-33, supE44, recAl3, hsdR terminal oligonucleotides. For mutations away from the
(r-, m+»)was used for propagation of recombinantplas- 5' or 3' ends of the gene (ThrI99Val, Thrl99Cys,
mids and BL21(DE3)pLysS (r ompT [Ion] hsdSB Thrl99Ser, Glul06Gln, Glul061le, Hisl07Val and
(r; m;) DE3) (Studier et a11990) was used for expression Glu 117Gln), a two step PCR was performed using the
of recombinant plasmids. Plasmids used in this study
four primer method (Horton and Pease1991). Figure 2
are described in table I.
depicts the strategy for Thr199Val substitution.
2.6

Oligonucleotides
Oligonucleotides (table 2) for PCR-mediated cloning,
mutagenesis and sequencing were synthesized on a
Pharmacia LKB-Gene Assembler Plus on the O.2!lmol
scale using standard procedure.

Cloning and sequencing

The DNA fragments (of lengths 809 or 810 bps) harbouring the mutated hCAI genes obtained at the end of
the mutagenesis reactions were digested with BamHI and
NdeI restriction enzymes, and ligated into the BamHI

Table 1. Plasmids used for this work.
Plasmids

Relevantcharacteristics

.

Reference

Apr, 2.9 kb

Stratagene@

pET -3a

Apr, 4.6 kb

pAKM-l

Apr, 5.4 kb, hCAI gene under T7 promoter on pET-3a. Translated
product differed from the published eHCAI sequence (Tashain
et al 1980) in four places: two N-terminal Met additions, Ile31
and Ala218

Novagen
Mohanty et at
1997(see table 3)

pAKM-2

Apr, 5.4 kb, hCAI gene under T7 promoter on pET-3a. Translated
product was similar to that from eHCAI except two additional
N-terminus Met residues

pBluscript

SK+

Mohanty et al
1997(see table 3)
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and NdeI sites of the expression vector pET-3a. The absorbance of protein solutions at 280 nm taking
ligated DNA molecules were transformed into MD2130 A~~J= 16.3 (Armstrong et al1966; Verpoorte et alI967).
and Amp' transformantswere selected on LB agar plates SDS-PAGE was performed on 12% polyacrylamide slab
containing 100 ~g/ ml ampicillin. Screening of the re- gels according to Laemmli (1970). Soluble proteins
combinant plasmids was performed by the method of present in the lysates were directly used for analysis.
However. to analyse the proteins in the cell debris. they
colony PCR (Friedhoff et at ]994).
DNA sequencingwas carried out using Sanger's dide- were separated from the protein lysate by centrifugation
oxy method (Sangeret at 1977). The fragmentwas PCR and then washed 4 times with 50 mM Tris-HCl, pH 8.7
amplified from the plasmid DNA and then sequenced buffer to remove any contaminating soluble proteins.
either on a manual sequencerusing the SequenaseTMThe proteins in the cell debris were solubilized in 50 mM
V2.0 sequencing kit or by an ABI automated DNA Tris-HCl containing 2% SDS and after centrifugation the
supernatant was analysed by SDS-PAGE.
sequencer.
2.7 Gene expression and protein analysis
The recombinant plasmids were transformed into the
E. coli strain BL21(DE3)pLysS which has the gene of
1'7 RNA polymerase under lacUV control (Studier et a.l
1990). This strain also lacks the Ion protease which
degrades foreign proteins. The purified single transformed
colonies were grown and then induced by addition of
IPTG and ZnSO 4 to a final concentrations of 0.4 mM
and 1 mM respectively at 29°C in 500 ml culture medium
as described (Mohanty et al 1997). The induced cells
were lysed in 20 ml of lysis buffer (Mohanty et al 1997)
and the protein was precipitated from the cell Iysates
by adding ammonium sulphate (to a saturation of 80%).
The protein was further purified on a DEAE-Sephadex
A50 anion exchanger column (Armstrong et al 1966).
Protein concentrations were determined from the

Immunodiffusion technique was also used to detect
the carbonic anhydrase I in the ceillysates. The polyclonal
antibodies were prepared in rabbit by immunising eHCAI
protein. Immunodiffusion was carried out in 1.5% agarose
gel prepared on a glass slide and the precipitins were
then visualized by staining the gel with Coomassie
brilliant blue dye.
The activity of the purified protein was determined
spectrophotometrically from the rate of hydrolysis of
0.4 mM p-nitrophenyl acetate at 25°C in 50 mM Tris-HCl
(pH 7.6) buffer at 400 nm (Whitney et al 1967).

3. Results
Construction and cloning of the hCAI mutants
Our earlier study (Mohanty et al 1997) had revealed
two variants of the recombinanthCAI gene. One variant

Table 2. Oligonucleotides used for PCR mediatedgene cloning and site-directedmutagenesis.
Name

Length (nt)
27
29
30
25

prSKM-I
prSKM-I A
prSKM-2
prSKM-7
prSKM-3'
prSKM-17
prSKM-18
prSKM-19
prSKM-20
prSKM-8
prSKM-4
prSKM-9
prSKM-IO
prSKM-II

29
30
49

prSKM-13
prSKM-14
prSKM-15
prSKM-16

29
30
25
26

27
31
31
31

28
26

27

Sequences
5'-atcgtcCA T A TGA TGGCAAGTCCAGAC-3'
5'-tcaagcttCA T ATGGCAAGTCCAGACTGG-3'
5'-atcGGA TCCTCA TT AAAA TGAAGCTCTCAC-3'
5'-CCTGGCTCTCTGgtTCA TCCTCCTC-3'
5'-AAGAGGAGGA TGAacCAGAGAGCCAGG-3'
5'-CCTGGCTCTCTGAgcCA TCCTCCTCTTT A TG-3'
5'-AAGAGGAGGA TGgcTCAGAGAGCCA GGG-TAG-3'
5' -CCTGG CTCTCTG tgcCA TCCTCCTCTTT A TG- 3'
5'-AAAG AGGA GGA TGgcaCAGAGAGCCAGG-3'
5'- TGAGCA TGGTTCAcAACA TACAGTGG-3'
5'- TCCACTGT A TGTTgTGAACCA TGCTCA-3'
5'-GAGCA TGGTTCAatcCA T ACAGTGGA TGG-3'
5'-A TCCACTGT A TGgatTGAACCA TGCTCA TT -3'
5'-atcaagcttCA T A TGGCAAGTCCAGACTGG
GGA TggGA TGACAAAAA TG-3'
5'-CA TGGTTCAGAAgtgACAGTGGA
TGGAGT -3'
5'- TCCA TCCACfG TcacTTCTGA ACCA TGCTC-3'
5'-AAA T A TTCTGCCtAGCTTCACGT AG-3'
5'-CT ACGTGAAGCTgGGCAGAA T ATTTG-3'

Relevant features
Primes near the ATG start codon
Primes near the A TG start codon
Primes near the stop codon

Thrl99Vai (forward)
Thrl99Vai (reverse)
Thrl99Ser (forward)
Thrl99Ser (reverse)
Thrl99Cys (forward)ihrl99Cys
(reverse)
GlulO6Gln (forward)
GlulO6Gln (reverse)
GlulO61le (forward)
GlulO61le (reverse)
Tyr7Trp
HislO7Val
HislO7Val
Glul 17Gln
Glul 17Gln

(forward)
(reverse)
(forward)
(reverse)

In primers prSKM-l, prSKM-l A and prSKM-ll
the underlined sequences are the NdeI restriction sites. In primer
underlined sequence is the BamHI restriction site. The primer prSKM-1 harbours an extra ATG sequence (marked
small letter nucleotides upstream of the restriction sites are put to ensure efficient cutting of the amplified gene
BamHI New England Biolabs Catalogue 1993/94. The small letter nucleotides in the middle of the primers denote
incorporated to introduce the desired mutations in the amplified gene.

prSKM-2 the
in bold). The
by NdeI and
altered bases

'v
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(cloned in plasmid pAKM-l) had codons for lIe (AlT)
and Ala (GCC) at positions 31 and 218 respectively,
whereasthe other (cloned in plasmid pAKM-2) had those
for Val (nucleotides GTf and GTC respectively) at both
these sites, as reported for erythrocyte human carbonic
anhydraseI (eHCAI) (Tashian et at 1980; Barlow et at
1987) (table 3). Thrl99Val mutation was made in botb
pAKM-l and pAKM-2 whereas all other mutants were
made only with the latter plasmid as the amino acid
sequenceof hCAI in this plasmid tallies with the sequence
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of eHCAI. The plasmids pAKM-l and pAKM-2 had an
extra ATG sequencein the beginping of the open reading
frame (ORF) and three silent nucleotide substitutions at
codons 28, 65 and 95 compared to the eHCAI gene
sequence.CAA of eHCAI (at codon 28) was replaced
with CAG, TCT (codon 65) with TCC, and TTI' (codon
95) with lTC. Thus besides specific site mutations, all
mutants bore these changes except the extra ATG
which was pres~nt only in the mutant generated from
pAKM-l.

PCR
PCRt

PCR2

with
prSKM-l andprSKM-35'

,

with
STEP I
prSKM- 7 andprSKM-2
3'

3'

5'

-5'

3.'

5'

'\
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5'

!

-3'

3'
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andrenatured
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STEP III
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3'
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PCR

after 30 cycles

+-

3'
5'

STEP IV

Figure 2. Strategy for site-directedmutagenesisfor Thrl 99Val substitution.
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Table 3. Difterences in the nucleotide/aminoacid sequencesof the two wild type
recombinanthCAI (rhCAI) clones used in this study and the previously published
sequenceof ehCAI (Barlow et at 1987; Tashian et at 1980).

Source
Residue numbers

-2

Nucleotide(nt)
, aminoacid (aa)sequences
1
2"
28 'II 31 " 65 " 93 "

218

*This Met residue is not present in the matured eHCAI protein. **The extra ATG arose
during the cloning of the hCAI gene. Altered nucleotides are marked in bold face. Nucleotides
which change amino acid codons and thereby alter the protein sequences are underlined.
Microsequencing of the purified protein showed that the underlined Met residues are not
cleaved from the rHCAl proteins. This is consistent with the proposal of Hirel et al (1989)
that the removal of the initiator Met residue depends primarily on the size of the second
amino acid residue. SmaIl residues at second position favour the removal of the first Met
residue by methionyl-aminopeptidase. The pre.~ence of a rather bulky second residue (Met)
in the recombinant protein may account tor the retention of both the terminal Met's.

The hCAI mutants were directly cloned into the expression vector pET -3a and the corresponding constructs
were named pAKM2- T199V, pAKM2- T199C, pAKM2T199S, pAKM2-EIO6Q, pAKM2-E106I, pAKM2-Y7W,
pAKM2-HI07V
and pAKM2-EI17Q
respectively. However, the Thr 199V al substituted hCAI gene generated
from the plasmid pAKM-l
was first cloned by blunt
end ligation into the HinclI site of the plasmid pBluescript
SK+ to constt:uct pMBP-2. From pMBP-2, the gene was
sub-cloned into the BamHI and NdeI site of the expression
vector pET -3a and the final construct was named
pAKM2- T199V. This two step cloning procedure was
necessitated because the NdeI site present in prSKM-l
(unlike the primers prSKM-IA and prSKM-II) had only
6 flanking bases at the 5' end while efficient cleavage
of the DNA by NdeI requires the site to be at least 7

bases away from the end (New England Biolabs
1993/1994).
3.2

Expression mid analysis of the protein

2

3

4

5

6

7

8

9 10 11 12

Figure 3. SOS-PAGE of the expressed proteins. Induced cells
were lysed in denatured conditftJn by boiling for 3 min with
SOS gel loading buffer (50 mM Tris-HCI, pH 6.8, 200 mM

OTT, 2% SOS, 0.1% bromophenol blue, 10% glycerol) and
then the total cell extracts loaded to the gel. Lane 1, standard
Mr proteins. Lanes 2-12, extracts from BL21(OE3)pLysS cells
containing the plasmids pAKM-I,
pAKM-2, pAKMI- T199V,
pA KM2-T 199V, pAKM2-TI99C,
pAKM2-EI06Q,
pAKM2EI06t, pAKM2-Y7W,
pAKM2-TI99S,
pAKM2-HI07V
and
pAKM2-EI17Q respectively.

Analysis of the total cellular protein from small aliquot
of the induced cells revealed (figure 3) that the recombinant plasmids expressedwell in the BL21 (DE3)pLysS that except in cells bearing plasmids pAKM2-HI07V
cells. As seen from the SDS-PAGE (figure 4) the and pAKM2-EI17Q, the amount of 29 kDa protein was
supernatantof the Iysates from induced cells bearing the very little (figure 5, lanes 2-10). However, in the debris
from the cells with these two plasmids (figure 5, lanes
plasmids pAKM-I, pAKM-2, pAKMI-TI99V, pAKM2T199V, pAKM2-T199C, pAKM2-E106Q, pAKM2-E106I, 11 and 12) this protein was very prominent. Similar
pAKM2- Y7W, pAKM2- T199S had overexpressedprotein observations were made when the proteins from the
of Mr 29 kDa (figure 4, lanes 2-10). However, the supernatants of the Iysates were analysed by immunosupernatant from pAKM2-H107V cells had very low diffusion using antibodies raised against eHCAI. Clear
level of this protein (lane 11), and in pAKM2-E117Q bands of antigen-antibody (Ag-Ab) precipitins were
this concentration was nearly zero (lane 12). Analysis observed in all the induced cells except in the cells with
of proteins from the debris of the respective induced the plasmid pAKM2-EI17Q where no precipitin was
cells on a SDS-PAGE after solubilising with SDS,showed detected (figure 6).
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The above results suggest that the His I.07V al and
Glu 1.1.
7Gln mutant proteins are less soluble than the
other mutant and wild type proteins. This could be due
to formation of aggregates in the expressed proteins as
reported in many other recombinant proteins in E. coli
(Marston 1.986 for a review). It is known that the
formation of soluble recombinant proteins in E. coli is
favoured by lower growth temperature (Schein and
Noteborn I.988). In order to see the effect of temperature
on solubility of the expressed proteins, the genes from
the plasmids pAKM2-HI.07V and pAKM2-ElI.7Q were
induced at 29°C, 20°C and I.O°C. The wild type and
mutant genes from pAKM-2 and pAKM2- TI. 99V respectively were used as parallel controls. At 29°C the results
described above were reproduced (figures 7 and 8).
However, at 20°C the amount of the soluble protein
increased in the cell.s containing the plasmid pAKM2HI.07V (figure 7, lane 9) but there was no change in
the solubility of the protein from the cell containing the
plasmid pAKM2-EI17Q (figure 7, lane 1.0).No detectable
recombinant proteins were produced at I.O°C (figure 7,
lanes 1.1-1.4). Similar results were obtained in immunodiffusion assays (data not shown). No Ag-Ab precipitins
were detected in the lysates prepared from the cells
containing pAKM2-EI.1.7Q and induced at 20°C or I.O°C,
whereas in the case of pAKM2-HI.07V containing cells
the intensity of the precipitin was higher at 20°C than
at 29°C. No Ag-Ab precipitin was detected in the lysates
when the genes were induced at I.DoC.
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The recombinantproteins were purified using DEAESephadexA50 ion exchangecolumns (Armstrong et al
1966). Thr199Val, Thrl99Cys, Thrl99Ser, Glul06Gln,
Glul06IIe, Tyr7Trp proteins could be eluted with 0.05
M Tris-HCI pH 8.7 as for the eHCAI. However, soluble
fraction of Hisl07Val protein could be eluted only with
0.1 M Tris-HCI pH 8.7. Protein of Glu117Gln mutation
could not be purified this way as there was no soluble
expressedprotein in the supernatantof the cell lysate.
The purified proteins were found to migrate as a single
band of M, 29 kDa on SDS-PAGE and were used for
further analysis (figure 9).
As seenin table 4 the specific activities (enzyme units
per mg of the purified protein) of the unmodified proteins
from the plasmids pAKM- 1 and pAKM-2 were found
to be 65 and 61 respectively, comparable to that of
eHCAI. However, the specific activities for the
Thrl99Val, Glul06Gln and Glul06IIe mutants were
between three to seven. Thr199Cys and Hisl07Val
mutants showed the specific activities of 11 and 17
respectively, whereas, Thrl 99Ser, Tyr7Trp mutants
showed the specific activities of 30 and 47 respectively.

4. Discussion
We undertook the site-directed mutagenesis of hCAI at
positions Thr199, Glul06, Tyr7, Glu117 and HislO7 to
investigate .the roles of these residues in activity or

structure of HCAI. In most cases the primers were

1 2

3

4

5

6

7

8

9 10 11 12

66
45

36
29
24

designed in such a way that at the site of mutagenesis
the more frequently used codons in E. coli (Wada et al
1992) were introduced. The mutated hCAI genes in
recombinant plasmids were expressed efficiently upon
IPTG induction in BL21(DE3)pLysS
cells and the
expressed protein migrated as a band of Mr 29 kDa on
SDS-PAGE as expected (figure 3). The levels of the
expression were also similar in all the mutants including
the wild type genes in the plasmids pAKM-l and pAKM2. However, the solubilities of the expressed proteins
were found to be different. In particular, the Glu 117Gln
and Hisl07Vai mutants formed insoluble aggregates
which centrifuged with the cell debris. The extent of
aggregation was more in the Glu 117Gln mutant than in
the Hisl07Val mutant.
Although the exact mechanism(s) of aggregate formation are not known several contributing factors have

been reported. These include: high growth temperature,
Figure 4. SDS-PAGE of the soluble proteins from the cell
extracts. Cells were lysed in native condition using the lysis
buffer as described in the text and the soluble proteins from
the Iysates were analysed. Lane 1, standard M, proteins. Lanes'
2-12, supernatant of the extracts from BL21(DE3)pLysS cells
containing the plasmids pAKM-l,
pAKM-2, pAKMI-TI99V,
pAKM2-TI99V,
pAKM2-TI99C,
pAKM2-EIO6Q,
pAKM2EI06I, pAKM2-Y7W,
pAKM2-TI99S,
pAKM2-HIO7V
and
pAKM2-EI17Q
respectively.

high rate of protein production which increases the local
protein concentration, lack of post-translational modification, and lack of cellular compartmentalization (see
reviews Schein 1989; Marston 1986; Mitraki and King
1989). However, the propensity to form insoluble
aggregates in the case of Glul17Gln and Hisl07VaI
mutants is unlikely due to these factors alone because
other mutants and wild type proteins do not form these
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aggregatesunder otherwise identical conditions. The only
plausible pathway to aggregateformation in these cases
seems to be a reduced possibility to fold properly or
instability of the 3-D structure of the enzyme. Presumably,
in the case of Hisl07Vai the folding defect is much
more pronounced at 29°C than at lower temperatures
whereas in the Glu 117Gln even the lower temperature
cannot reverse this defect.
Dramatic effects of single residue replacements on
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levels of protein aggregation have been reported for
interleukin-l of human, the tail-spike protein of the
Salmonellaphage P22,and severalother proteins (Truong
et a11991; Wetzel et al 1991; Rinas et a11992; Chrunyk
et al 1993). Many mutants of D-lactate dehydrogenase
of E. coli and the t~l-spike protein of phage P22 were
also found to aggregatewhen induced at a slightly higher
temperature. These mutants are characterized by the
production of a functional form of the affected protein
at permissive temperatures but not at higher, nonpermissive temperatures. They have been, therefore,
referred to as temperature-sensitive-foldingmutants. The
induction temperature of 29°C in the His 107Val may
not be conducive for proper folding of this mutant
protein, leading to its aggregation. When this gene was
induced at 20°C, the solubility of the protein increased
to some extent. The role for His 107 in the production
of active enzyme has also been reported in the case of
hCAII by Venta et al (1991) and Roth et al (1992) in
patients of a BelgJanand an American family. In both
the casesC-to-T transition which produced a His107Tyr
mutation led to aggregateformation at 37°C in E. coli.
Both thesegroupshave arguedthat active HCAII requires
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Figure 5. SDS-PAGE of the proteins from the cell debris.
Cell debris from the natively lysed induced cells were treated
with SDS and then analysed on gel. Lane I, standard M,.
proteins. Lanes 2-12, extracts from the debris of
BL21 (DE3)pLysS cells containing the plasmids pAKM-l,
pAKM-2, pAKMI-TI99V,
pAKM2-TI99V, pAKM2-TI99C,
pAKM2-EI06Q, pAKM2-EIO6I, pAKM2-Y7W, pAKM2-TI99S,
pAKM2-H 107V and pAKM2-EI17Q respectively.
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pAKM-2

pAKM1-T199V

pAKM2- T199C

pAKM2-T199S

pAKM2-E1060

pAKM2-E1061

pAKM2-Y7W

pAKM2-H107V

pAKM2-E1170

pET -3a

pAKM-1

pAKM2-T199V

}'igure 6. Immuno reactivity of the eHCAI antibody with
protein from the supernatants of the Iysates of the induced
BL21(DE3)pLysS
cells containing the plasmids pAKM-I,
pAKM-2,
pAKMI-TI99V,
pAKM2-TI99V,
pAKM2-T199C,
pAKM2-T199S, pAKM2-EIO6Q, pAKM2-EIO6I, pAKM2-Y7W,
pAKM2-HIO7V,
pAKM2-El17Q,
and pET-3a.

20.
Figure 7. SDS-PAGE of the soluble proteins trom the cells
induced at 29°C, 20°C, and 10°C. Cells were lysed in native
condition using the lysis buffer as described in the text and
the soluble proteins from the lysates were analysed. Lane I,
BL21(DE3)pLysS containing pET-3a and induced at 29°C.
Lanes 2 and 15, SDS-7 as the protein M, markers. Lanes 3-6,
proteins from the cells containing the plasmids pAKM-2,
pAKM2-TI99V, pAKM2-HI07V, pAKM2-El17Q respectively
and induced at 29°C. Lanes 7-10, proteins from the cells
containing the plasmids pAKM-2, pAKM2-TI99V, pAKM2HI07V, pAKM2-El17Q respectivelyand induced at20°C. LaneS"
11-14, proteinsfrom the cells containing the plasrnidspAKM-2,
pAKM2-TI99V, pAKM2-HI07V, and pAKM2-EI17Q respectively and induced at 10°C.
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H-bond formation of Hisl07 with Try194 and Glul17
and thus the mutation destabilises the active site by
affecting this H-bond. A similar explanation may also
apply in the case of our Hisl07Vai mutant.
It has beenproposedthat the H-bond network involving
Hisl19, Glu117, Hisl07 Tyr197, Ser29, and Trp209
stabilises the structure of human carbonic anhydrase
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10°C
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910111213

(Kannan et al 1975, Notstrand et al 1975). Crystal
structure analysis of Glu 117Gln substituted HCAII
(Huang et al 1996) revealed that the H-bond between
Gln117 and His119 is maintained,probably with a change
in the directionality. Glu 117 is known to act as a
hydrogen bond acceptor from the first shell of Zn2+
ligand His 119 (figure 1). Substitution of this hydrogen
bond acceptor Glu with a hydrogen donor GIn would
cause the reversal of H-bond link to His 119 thereby
disturbing the electrostatic environment (Notstrand et al
1975; Christianson1991;Krauss and Garmer 1991; Vi nay

I
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Figure 8. SDS-PAGE of the proteins from debris of the cells
induced at 29°C, 20°C, and 10°C. Debris from the lysed induced
cells were treated with SDS and then analysed on gel. Lanes
1 and 14, standard Mr markers. Lanes 2-5, proteins from the
cells containing the plasmids pAKM-2, pAKM2- T199V,
pAKM2-HIO7V, pAKM2-E 117Q respectively and induced at
29°C. Lanes 6-9, proteins from the cells containing the plasmids
pAKM-2, pAKM2-TI99V, pAKM2-HIO7V, pAKM2-EI17Q respectively and induced at 20°C. Lanes 10-13, proteins from
the cells containing the plasmids pAKM-2, pAKM2-TI99V,
pAKM2-HIO7V, .and pAKM2-EI17Q respectivelyand induced
at 10°C.

Figure 9. SDS-PAGE of the purified proteins. Lanes 1 and
12, standard Mr markers. Lanes 2-11, purified proteins from
the induced cell containing the plasmids pAKM-1, pAKM-2,
pAKM1-T199V, pAKM2-T199V, pAKM2-T199C, pAKM2E106Q, pAKM2-E106I, pAKM2-Y7W, pAKM2-T199S and
pAKM2-H107V respectively.

Table 4. Esteraseactivities of the purified proteins from E. coli strain BL21(DE3)pLysS
carrying various plasrnids.

Source

Specific activity
(enzyme units/mg protein)

Specific activity (%)
with respectto eHCAI

eHCAI

66

pAKM-l
pAKM-2
pAKMl- Thr199Val
pAKM2-Thr199Val
pAKM2- Thr199Cys

65.35:!: 2.5
61 :!: 1.0
3.5:!: 1.3
5.5 :!:0.12
11.3:!: 1.4
30.39 f 0.8
6.86:!: 1.6
3.5 :!:O.J
46.8:!: 0.5

100

17.3:!:0.2

26
Not puri fied

pAKM2-Thr199Ser
pAKM2-GlulO6Gln
pAKM2-GlulO6Ile
pAKM2- Tyr7Trp
pAKM2-HislO7Val
pAKM2-Glu 117Gln

95

5
8
17
47
10
5
72
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Kumar and Kannan 1994). This disturbance could reduce
Zn2+ binding affinity of the protein and also change the
protein folding kinetics. Huang et at (1996) have shown
that Glu 117Gln substitution in HCAII reduces the Zn2+
binding affinity of the protein 1000-fold. Replacement
of Glu 117 by Ala in HCAII also reduces the zinc affinity
10-fold (Kiefer et at 1995). It is therefore, likely that
the Glu 117Gln mutant of HCAI also has lost the Zn2+
binding ability. Metal ion mediated protein folding has
been reported in liver alcohol dehydrogenase (Rudolf et
at 1978; Jaenicke 1991), where the folding of denatured
protein in the absence of Zn2+ ion led to 100% aggregate
formation. This, however, is unlikely to be the cause of
the aggregate formation in Glu I 17Gln mutant of HCAI
in view of the following. It is known that the denatured
bovine carbonic anhydrase I folds in the same way in
the presence or absence of Zn2+ ion in the solution
though without the Zw+ ion the folding rate is very
slow (Yazgan and Nenkens 1972; Wong and Hamlin
1975). In our experiments (unpublished data) when wild
type hCAI was expressed in E. coti in the absence of
Zn2+ in the growth medium, the enzyme had no activity."
However, the enzyme activity was restored immediately
when Zw+ was added to the assay mixture indicating
that wild type HCAI protein is folded properly even in
the absence of Zn2+. Lindskog and Malmstrom (1960)
observed that removal of Zn2+ from bovine carbonic
anhydrase resulted in loss of enzyme activity. On addition
of Zn2+ to the Zn2+-depleted enzyme, the activity was
completely restored. Further, the structure of Zn2+ free
HCAII is virtually identical with that of the native
enzyme (Hakansson et at 1992). It is, therefore, more
likely that the aggregation of the Glu 117Gln mutant
protein is due to improper folding of the mutant protein
rather than a requced Zn2+ binding ability. Thus, it
appears that His 107 and Glu 117 are important for proper
folding and or the stability of the 3-D structure of HCAI.
Purification of the mutants Thr199Val and Glu106Gln
proteins was initiaJly attempted by affinity chromatogra-

protein (table 4). The mutants, Glul06Gln, Thr199Cys
and His107Val, also showed considerably lower specific
activity, 10%, 17%, and 26% respectively of the wild
type level, whereas the corresponding values for Tyr7Trp
and Thr199Ser were 72% and 47% respectively. These
results support an important functional role for the Thr] 99
and Glu106 but not for Tyr7.
Several suggestions have been made about the roles
of Thr]99 and Glu106 in enzymes catalytic mechanism
mentioned in the reactions 2 and 3. These include step
I, proper orientation of Zn2+-bound OH- for nucleophilic
attack on CO2 (Merz 1990; Kannan 199]); step II,
dissociation of HCO; from Zn2+-HCO; (Liang and
Lipscomb 1989; Vinay Kumar and Kannan ]994); and
step III, intramolecular proton transfer process from
Zw+-bound water to a proton shuttle group (Kannan et
at 1977, 1984; Chakravarty et at 1985; Kannan ]99]).
Our data do not permit us to distinguish between these
possibilities. They however, support a role for these
residues in modulating the catalytic activity of the enzyme
but argue against their participation in the proton shuttle
which requires Tyr7 to be a crucial participant. .It would
appears that any extension of the proton shuttle pathway
from Zw+-OH-- ThrI99-Glu] 06 to His200, if this indeed
is the proton transfer pathway, would need to invoke
alternate groups of the protein or water molecules to
take the role of OH of Tyr7. Alternatively, there could
also be an entirely different pathway for the proton
transfer process which is not possible to discern from
the present study or from presently available crystal
structures of carbonic anhydrases.
In conclusion, our mutational analyses suggest important roles for Glu 106 and Thr199 in enzyme activity.
However, Tyr7 does not seem to be indispensable for
enzyme activity. These studies also indicate that Glu 117
and His107 are probably important for proper folding
of the enzyme or stabilizing its structure.

phy using p-aminomethane benzenesulphonamide coupled
to agarose (Khalifah et at 1977) (results not shown).
However, unlike the wild type protein these mutant
proteins did not bind to the affinity material. Subsequently
the Thr199Val, .Thr199Cys, Thr199Set, Glu106Gln,
Glu1061Ie, Tyr7Trp, Hisl07Val proteins were purified
by anion exchange chromatography. The unmodified proteins were also purified by anion exchanger chromatography to keep all conditions similar to the mutated
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proteins.
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