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ABSTRACT: The functional role of the highly conserved active site Arg 59 in the prototype of theγ-class
carbonic anhydrase Cam (carbonic anhydrase fromMethanosarcina thermophila) was investigated. Variants
(R59A, -C, -E, -H, -K, -M, and -Q) were prepared by site-directed mutagenesis and characterized by size
exclusion chromatography (SEC), circular dichroism (CD) spectroscopy, and stopped-flow kinetic analyses.
CD spectra indicated similar secondary structures for the wild type and the R59A and -K variants,
independent of nondenaturing concentrations of guanidine hydrochloride (GdnHCl). SEC indicated that
all variants purified as homotrimers like the wild type. SEC also revealed that the R59A and -K variants
unfolded atg1.5 M GdnHCl, compared to 3.0 M GdnHCl for the wild type. These results indicate that
Arg 59 contributes to the thermodynamic stability of the Cam trimer. The R59K variant hadkcat and
kcat/Km values that were 8 and 5% of the wild-type values, respectively, while all other variants hadkcat

andkcat/Km values 10-100-fold lower than those of the wild type. The R59A, -C, -E, -M, and -Q variants
exhibited 4-63-fold increases inkcatand 9-120-fold increases inkcat/Km upon addition of 100 mM GdnHCl,
with the largest increases observed for the R59A variant, which was comparable to the R59K variant.
The kinetic results indicate that a positive charge at position 59 is essential for the CO2 hydration step of
the overall catalytic mechanism.

There are three independently evolved classes of carbonic
anhydrases (R, â, andγ) known which all catalyze the same
CO2 hydration reaction (eq 1).

The carbonic anhydrase (Cam)1 from the archaeonMetha-
nosarcina thermophilais the prototype and only member of
the γ-class that has been structurally and kinetically char-
acterized. Cam is a homotrimeric zinc enzyme primarily
composed of a left-handedâ-helical fold, the sequence of
which is significantly similar to that of a larger family of
left-handedâ-helical acyltransferases (1). The active site of
Cam is located at the interface between adjacent monomers
and contains a zinc coordinated by three histidine residues,

two of which are donated by one monomer (His 81-A and
His 122-A), while the third histidine is donated from an
adjacent monomer (His 117-B). Inspection of the crystal
structure indicates an active site Arg 59 that is hypothesized
to be important in subunit association (2, 3). The Arg 59
guanido side chain forms electrostatic interactions with
negatively charged carboxylate side chains of Asp 61-A from
the same monomer and Asp 76-B from the adjoining
monomer. Thus, Arg 59 has been proposed to fulfill an
important “salt-bridge” structural role in stabilization of the
Cam trimer (2). However, other features of the crystal
structure also suggest a potential role for Arg 59 in catalysis.
The Arg 59 side chain guanido group is partially solvent-
exposed and 6 Å from the metal ion (2, 3). Preliminary
crystallographic evidence in a more recent high-resolution
crystal structure of Cam cocrystallized with bicarbonate
indicated an oblong nonaqueous electron density adjacent
to Arg 59 which could be tentatively modeled as low-
occupancy bicarbonate binding (T. Iverson, personal com-
munication). There are also many examples of arginine
residues that bind to substrate carboxylate groups in enzyme
active sites, including carboxypeptidase A (4-6) and other
enzymes (7-19).

The functional roles of most active site residues inR-class
carbonic anhydrases are well-defined; however, no functional
role has been assigned for arginine (20). The relatively slow
R-class carbonic anhydrase III has a nonconserved, solvent-
exposed arginine residue located approximately 9 Å from
the active site zinc ion (21). This arginine can be substituted
with asparagine to obtain enhanced rates of CO2 hydration
(22), indicating that it is not essential for catalysis. In contrast
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- (1)
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to R-class carbonic anhydrases, the importance and function
of most Cam active site residues are unknown. Other than
the presence of three histidines coordinating the zinc ion,
there are few obvious similarities between theR- andγ-class
active sites. Two active site glutamate residues (Glu 62 and
Glu 84) have been shown to be important for catalysis and
proton transport in Cam (23), while other residues remain
to be investigated. Arg 59 in Cam is conserved in all 35
Cam homologues identified in the databases (24). Several
recent plant and prokaryoticâ-class carbonic anhydrase
crystal structures show a conserved, active site arginine,
although no role has been proposed for this residue (25-
27). The influence of Arg 59 on the trimer stability and
catalysis of Cam was investigated by CD spectroscopy, SEC,
and kinetic analysis of Arg 59 substitution variants. Here,
we demonstrate that Arg 59 contributes to the thermodynamic
stability of the Cam trimer, addressing the previously
hypothesized salt-bridge role in stabilizing monomer inter-
actions. We also present evidence that the positive charge
at the position of this residue is essential for the CO2

hydration step of catalysis.

MATERIALS AND METHODS

Mutagenesis and Expression.A plasmid encoding the
sequence of a putative mature or soluble form of Cam,
termed pCAM-AC, was used as the starting plasmid for all
site-directed mutagenesis experiments. This is a modified
version of plasmid pBA1416NB (28) that contains two
uniqueBanII andBsrGI restriction sites (23), and is derived
from plasmid pT7-7 (29). The encoded form of Cam has a
34-amino acid deletion from the N-terminal sequence, which
has properties characteristic of a secretory signal peptide
leader sequence. Mutations were introduced at amino acid
position 59 by use of the QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). Mutations were confirmed
by DNA sequencing of the entire region encoding the Cam
protein in the plasmids.Escherichia colistrain BL21(DE3)
or BL21(DE3) Gold was transformed with pCAM-AC or
derivative mutated plasmids, and used to inoculate Luria-
Bertani broth containing 100µg/mL ampicillin and 500µM
ZnSO4. Cells were grown at 37°C to anA600 of 0.4-0.8,
and induced to overproduce Cam variants by addition of
IPTG to a final concentration of 0.8 mM, followed by
continued growth at 37°C for 3 h. Cells were then harvested
by centrifugation and stored frozen at-80 °C until lysis
was performed. Molecular biology procedures were per-
formed according to Sambrook et al. (30).

Protein Purification. All chromatography columns and
resins were from Amersham Pharmacia Biotech (Piscataway,
NJ). Cells were lysed by resuspension in 50 mM MOPS
buffer (pH 7.5) to anA600 of 2-10, followed by two passes
through a chilled French press at a pressure of 1000 lb/in.2

(1 lb/in.2 ) 6.9 kPa). The cell lysate was centrifuged at
20000-50000g for 20 min, followed by filtration of the
supernatant through a 0.45µm filter. The soluble cell extract
solution was then loaded onto a Q-Sepharose fast flow anion
exchange column and washed with 2 column volumes of 50
mM MOPS buffer (pH 7.5). A gradient of 0 to 1.0 M NaCl
was then applied over 10 bed volumes to the column to elute
the Cam fractions, which typically eluted at a NaCl concen-
tration of 0.5 M. The Cam fractions were then pooled and
diluted 1-fold with 3.0 M (NH4)2SO4 previously equilibrated

with Chelex resin (Bio-Rad, Hercules, CA) to remove
contaminating iron, to give a final (NH4)2SO4 concentration
of 1.5 M. This solution was then loaded onto a Phenyl-
Sepharose high-performance HIC column previously equili-
brated with 50 mM MOPS (pH 7.5) containing 1.5 M
(NH4)2SO4. The column was washed with several bed
volumes of equilibration buffer, and then Cam was eluted
by applying a decreasing gradient of buffer containing 1.5
to 0 M (NH4)2SO4. Cam fractions were then pooled, dialyzed
against 50 mM MOPS buffer (pH 7.5), aliquoted and frozen
in liquid nitrogen, and stored at-80 °C until further use.
Freezing and thawing resulted in formation of aggregates of
the purified R59E, -M, and -Q variants, as determined by
SEC. Thus, following HIC purification, these three variants
were immediately exchanged into 50 mM MOPS buffer (pH
7.5) with a PD-10 desalting column and the kinetics constants
determined. Concentrations of the purified wild type and all
Arg 59 variants were determined by measuring theA280

values of protein solutions using a theoretical molar absor-
bance value of 15 990 M-1 cm-1 and a computed monomer
molecular mass of 22 873 Da.

Size Exclusion Chromatography.A Superose-12 high-
resolution SEC column was equilibrated with 50 mM MOPS
buffer (pH 7.5) containing 50 mM Na2SO4. A volume of
200 µL of each Cam variant at a concentration of 20µM
was injected onto the column and eluted at a flow rate of
0.5 mL/min. Eluting protein was detected by measuring the
absorbance at 280 nm. Molecular masses were estimated
from a calibration curve established from the retention times
of purified bovine serum albumin, cytochromec, hen
lysozyme, bovine carbonic anhydrase II, alcohol dehydro-
genase, andâ-amylase proteins, and the column void volume
was determined with blue dextran, all obtained from Sigma
Chemical Co. (St. Louis, MO). For SEC studies with
GdnHCl, each protein was incubated for 2 h at 25°C in 50
mM MOPS buffer (pH 7.5) with the indicated concentration
of GdnHCl, and the ionic strength was adjusted to a
minimum of 0.2 M with Na2SO4. A volume of 200µL of
each sample at a concentration of 20µM was then loaded
onto and eluted from a SEC column pre-equilibrated with
the same buffer.

Circular Dichroism Spectroscopy. CD spectra were col-
lected on an AVIV (Lakewood, NJ) model 62 DS circular
dichroism spectrophotometer at 25°C, using a 2 mmpath
length quartz cuvette, at a protein monomer concentration
of 10µM, in 50 mM MOPS buffer (pH 7.5) containing either
50 mM Na2SO4 or 100 mM GdnHCl and 16.7 mM Na2SO4.
Protein solutions were scanned over the wavelength range
of 200-260 nm, using a bandwidth of 2.0 nm, with an
averaging time of 5 s for each data point.

Steady-State Kinetic Measurements. Wild-type Cam and
variants of interest were assayed for carbonic anhydrase
activity by the method of Khalifah (31), using a KinTek
model SF-2001 stopped-flow instrument (KinTek Corp.,
Austin, TX). Enzyme monomer concentrations ranged from
200 nM to 20µM. Buffer-indicator dye pairs that were used
were as follows: at pH 6.0-6.5, MES and chlorophenol red
measured at 574 nm; at pH 7.0-7.5, MOPS and 4-nitro-
phenol measured at 400 nm; and at pH 7.7-9.1, TAPS and
m-cresol purple measured at 578 nm. MOPS, MES, and
TAPS buffer concentrations were always 50 mM, and the
ionic strength of each buffer solution was adjusted to a
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minimum of 0.2 M with Na2SO4. Each rescue agent (100
mM) was used in comparative assays involving chemical
rescue of R59A and R59C variants by various amino and
guanido compounds, and the initial pH of all rescue assay
buffers was 7.5. The hydrochloride salt of guanidine, the
chloride salt of methylguanidine, and the sulfate salt of
ethylguanidine were used in these rescue experiments.
GdnHCl (100 mM) was present in the buffers used to
measure the pH-dependent CO2 hydration rate of the R59A
variant. Final pH indicator concentrations ranged from 2 to
100µM. Saturated solutions of CO2 (32.9 mM in H2O) were
prepared by bubbling CO2 gas into deionized water at 25
°C. The experimental CO2 concentrations were varied from
4.7 to 24 mM in H2O. Only the initial 5-10% of the data
was used for kinetic analysis, using the average of 5-10
reaction traces per experiment. The initial rate data were fit
to the Michaelis-Menten equation to obtain experimental
values forkcat and Km. The pH-independent values ofkcat

and pKa for CO2 hydration of the wild type and the R59A
and -K variants were determined by fitting the experimental
pH-dependent Michaelis-Menten parameterkcat to eq 2.

The pH-independent values forkcat/Km
I, kcat/Km

II, pKa
I, and

pKa
II for CO2 hydration of R59A and -K variants were

determined by fitting the pH-dependent Michaelis-Menten
parameterkcat/Km to eq 3.

All data fits were performed with the Kaleidagraph software
package (Synergy Software, Reading, PA).

18O Exchange Experiments.The R59A variant was char-
acterized with respect to its ability to catalyze the exchange
of 18O between water and CO2 at chemical equilibrium as a
function of GdnHCl concentration, using pH 7.9, 100 mM
HEPES buffer at 0-250 mM GdnHCl. This method has been

previously described in detail (32, 33). An Extrel EXM-200
mass spectrometer with a membrane-inlet probe was used
to monitor the isotopic content of CO2. The interconversion
of 18O-labeled bicarbonate to18O-labeled H2O via a CO2

intermediate is described by eqs 4 and 5.

The kinetic equations for the redistribution of18O from the
CO2-HCO3

- system to water were solved to obtainR1, the
rate of exchange of CO2 and HCO3

- at chemical equilibrium,
andRH2O, the rate of release of18O-labeled water from the
enzyme (32).

RESULTS

Initial Characterization of Arg 59 Variants. At least 35
deduced prokaryotic protein sequences (30 bacterial, 5
archaeal) and one eukaryotic sequence, which was signifi-
cantly identical to Cam, have been identified in the databases
(24). Cam active site residues Gln 75 and Asp 76 are highly
conserved, whereas Arg 59, Asp 61, and the ligands to the
active site zinc (His 81, His 117, and His 122) are perfectly
conserved among all 35 homologues. A partial alignment
of Cam with representative Cam homologues is shown in
Figure 1. Cam Arg 59 is indirectly hydrogen-bonded to the
active site zinc through a network that includes Asp 61, Asp
76, His 81, and His 117 (Figure 2). The strict conservation
of Arg 59 in Cam homologues and the proximity to the active
site zinc in Cam suggest this residue may play a role in
catalysis in addition to the previously hypothesized role in
subunit interactions contributing to trimer stability (2). Thus,

FIGURE 1: Partial sequence alignment of Cam with representative Cam homologues from diverse organisms. The conserved arginine (Arg
59 in Cam) is shown in reverse boldface. Asterisks (*) denote conserved Asp 61 and Asp 76 residues that interact with Arg 59. Pound
symbols (#) denote the three conserved histidines (His 81, His 117, and His 122) that coordinate the active site transition metal ion. Legend
(GenBank accession numbers in parentheses): Mst(Cam),M. thermophilaγ-class carbonic anhydrase (1827571); Sco7002,Synechococcus
PCC7002 carbon dioxide-concentrating mechanism protein (2331052); Sco7942,SynechococcusPCC7942 carbon dioxide-concentrating
mechanism protein CcmM (416775); Scy6803,Synechocystissp. strain PCC 6803 carbon dioxide-concentrating mechanism protein CcmM
(7469276); Pa5540,Pseudomonas aeruginosastrain PAO1 hypothetical protein PA5540 (11350492); Acb,Acinetobactersp. ADP1 carbonic
anhydrase homologue (6127222); Xf,Xylella fastidiosastrain 9a5c carbonic anhydrase XF2095 (11360537); Mbt,Mycobacterium tuberculosis
hypothetical protein Rv3525c (7447198); AzePaay,Azoarcus eVansii gene product PaaY involved in aerobic phenyl acetate metabolism
(11072184); Pa0066,P. aeruginosastrain PAO1 conserved hypothetical protein PA0066 (11347610); Dr,Deinococcus radiodurans
ferripyochelin binding protein (7471892); Paup,P. aeruginosaunknown protein (151224); Ec,E. coli O157:H7 possible synthesis of cofactor
for carnitine racemase and dehydratase (12512722); and At,Arabidopsis thalianaunknown protein (9795586).

HCOO18O- + EZnH2O H

EZnHCOO18O- + H2O H

COO+ EZn18OH- + H2O (4)

EZn18OH- + BH+ + H2O H

EZnH2
18O + B + H2O H

EZnH2O + H2
18O + B (5)

kcat
obs) kcat/(1 + 10pKa-pH) (2)

kcat/Km
obs) [(kcat/Km

I) × 10pKa
II-pH + kcat/Km

II]/

(1 + 10pKa
II+pKa

I-2pH + 10pKa
I-pH + 10pKa

II-pH) (3)
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Cam variants R59A, -C, -E, -H, -K, -M, and -Q were
obtained by site-directed mutagenesis to provide substitutions
at position 59 with different side chain size, polarity, or
charge. All seven variants were expressed in a soluble form
in E. coli, with final yields of 20-50 mg of the purified
variant/L of cell culture, similar to the yield of the wild type.
These variants also exhibited elution profiles similar to that
of the wild type during the Q-Sepharose anion exchange and
HIC purification steps. SDS-PAGE indicated a purity of at
least 95% for all the variants. The molecular mass of each
variant was characterized by SEC with a Superose 12 column
immediately following purification. Each freshly purified
variant eluted as a single symmetric peak with a native
molecular mass of approximately 80 kDa, identical to that
of the trimeric wild type.

Role of Arg 59 in Stabilization of the Cam Trimer. SEC
indicated that the freshly purified R59A, -C, -H, and -K
variants remained trimeric in 0 M, 100 mM, and 1.0 M
GdnHCl. Thus, these four variants did not dissociate into
monomers under the initial (350 mM) and final (100 mM)
GdnHCl conditions used in chemical rescue stopped-flow
experiments discussed below. Freshly purified wild type and
R59A, -C, -H, and -K variants remained trimeric when stored
for 1 week at 4°C. Conversely, SEC showed that the freshly
purified trimeric R59E, -M, and -Q variants converted to
multimeric mixtures ranging in molecular mass from 30 to
200 kDa within 24 h when stored in solution in MOPS buffer
at 4 °C; thus, the association state of the freshly purified
trimeric R59E, -M, and -Q variants in 100 mM or 1.0 M
GdnHCl was not determined. SEC indicated that the freshly
purified R59A, -C, -H, and -K variants remained trimeric
after one freeze-thaw cycle while the R59E, -M, and -Q
variants were converted to a mixture of monomers, trimers,
hexamers, and multimeric aggregates larger than 2× 106

Da. These multimeric forms of the R59E, -M, and -Q variants
obtained after freezing and thawing were insoluble in 1.5 M
(NH4)2SO4, unlike the wild type and freshly purified trimeric
forms of all seven Arg 59 variants.

The extent to which Arg 59 contributes to the stability of
the Cam trimer was investigated in further detail by gauging
the effect of increasing GdnHCl concentrations on the

molecular mass of the wild type compared to the masses of
the R59A and -K variants as monitored by SEC. Wild-type
Cam eluted as a single symmetric peak indicative of an∼80
kDa trimer at∼12.8-13.2 mL in 0-3 M GdnHCl (Figure
3A), while the R59A variant eluted as a trimer in 0-1.5 M
GdnHCl (Figure 3B). Some minor variation was apparent
in both the wild-type and variant trimer elution volumes.
This variation resulted from changes in the porosity of the
SEC resin associated with the high ionic strength effects at
g1 M GdnHCl, and does not reflect the dissociation of the
trimer into monomers. Metal-free forms of the wild type and
the R59A variant separate into a mixture of monomers and
trimers which elute as two separate peaks, with the easily

FIGURE 2: Stereoview of Arg 59, neighboring residues, and water molecules in the active site of Cam. The image was produced using
SwissPDBviewer software (48) with the Protein Data Bank structure 1QRG and rendered with the POV-Ray software package.

FIGURE 3: Size exclusion chromatography (SEC) elution profiles
of wild type Cam and the R59A variant as a function of the
guanidine hydrochloride concentration: (A) wild type Cam and (B)
R59A Cam. Each protein was equilibrated with buffer containing
the indicated concentration of guanidine hydrochloride for 2 h prior
to SEC (see Materials and Methods).
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distinguished∼30 kDa monomer species eluting 1.1 mL after
the trimer species (data not shown). Thus, the SEC data
indicate that the wild type and the R59A variant did not
dissociate into monomers or unfold until>3 and>1.5 M
GdnHCl, respectively.

Proteins unfolded by high concentrations of chemical
denaturants such as GdnHCl and urea have detectably larger
hydrodynamic radii than their native conformations (34-
36). The different random-coil forms of an unfolded protein
can be resolved from well-folded globular conformations of
the same protein by SEC with a Superose 12 column, which
is not significantly affected by the presence of high concen-
trations of chemical denaturants such as GdnHCl or urea (34).
In this type of experiment, larger unfolded forms of proteins
elute earlier from the SEC column than the smaller folded
forms. The wild type and the R59A variant eluted as
significantly larger molecular mass species at>3.0 and>1.5
M GdnHCl, indicative of unfolded protein at these higher
GdnHCl concentrations (Figure 3). The R59K variant also
eluted as a trimer in 0-1.5 M GdnHCl, followed by apparent
unfolding at>2 M GdnHCl (data not shown).

Kinetic Characterization of Arg 59 Variants. The R59A,
-C, -E, -H, -K, -M, and -Q variants were kinetically
characterized by steady-state stopped-flow measurements
(Table 1). Only the conservative R59K variant exhibited
significant activity in the absence of GdnHCl withkcat and
kcat/Km values that were 7.5 and 4.9% of that of the wild
type, respectively. The R59A, -C, -E, -H, -M, and -Q variants
had kcat and kcat/Km values that were<1% of those of the
wild type.

CD spectra were compared for the trimeric wild type and
the R59A and -K variants to rule out changes in secondary
structure that might contribute to the loss of activity. The
mean residue ellipticities at a wavelength of 222 nm
(MRE222) for the wild type and the R59A and -K variants
are listed in Table 2. The CD spectra for the wild type and
the R59A and -K variants were very similar in shape (data
not shown), with only a 0.93% difference in MRE222 for the
R59A variant and the wild type and a 3.1% difference in
MRE222 between the R59K variant and wild type. The wild
type exhibited a 1.8% lower (more negative) MRE222 in the

presence of GdnHCl, while the R59A and -K variants
exhibited 5.4 and 6.3% higher (less negative) MRE222 values,
respectively, in the presence of 100 mM GdnHCl (Table 2).
These results indicate that the trimeric R59A and -K variants
have secondary structures similar to that of the wild type,
and that these secondary structures are not significantly
altered by the presence of 100 mM GdnHCl.

Chemical Rescue of Arg 59 Variants. There is precedent
for chemical rescue of catalytic activity of arginine deletion
variants by guanido compounds (37-41). Thus, an initial
stopped-flow kinetic experiment was performed to determine
the catalytic activity of the R59A variant in the presence
and absence of nondenaturing concentrations of GdnHCl.
The presence of GdnHCl significantly increased thekcat and
kcat/Km values of the R59A variant. The highestkcat andkcat/
Km values for the R59A variant were obtained with 100 mM
GdnHCl (Table 1); thus, all further chemical rescue stopped-
flow experiments were performed with 100 mM rescue
agents.

Other compounds were screened for their relative abilities
to rescuekcat andkcat/Km of the R59A variant (Table 1). The
ethyl-, methyl-, and aminoguanidine derivatives increased
thekcat andkcat/Km values. 1,3-Diaminoguanidine, uncharged
urea, and the weak base imidazole failed to significantly
rescue the R59A variant. The relative order of rescuedkcat

and kcat/Km values for the R59A variant was as follows:
ethylguanidine> methylguanidine> guanidine. ami-
noguanidine> ethylamine. The R59C variant exhibited the
second highestkcat and kcat/Km values of all the Arg 59

Table 1: Apparent pH-Dependent Stopped-Flow Michaelis-Menten Kinetic Parameters for Chemical Rescue of Cam Variants R59A and R59C
by Guanido Compounds, Urea, Imidazole, and Ethylamine

varianta rescue agentb kcat (×10-3 s-1)
Km

(×103 M)
kcat/Km

(×10-5 M-1 s-1)

R59A none 0.070( 0.010 15.7( 4.6 0.045( 0.020
guanidine (50 mM) 2.71( 0.10 14.5( 1.1 1.87( 0.22
guanidine (100 mM) 3.27( 0.29 17.1( 2.9 1.92( 0.49
guanidine (150 mM) 2.25( 0.97 11.7( 1.1 1.93( 0.27
methylguanidine 5.69( 0.29 12.2( 1.37 4.68( 0.77
ethylguanidine 7.14( 0.53 16.2( 2.36 4.41( 0.98
aminoguanidine 0.35( 0.02 9.45( 1.27 0.37( 0.070
ethylamine 0.16( 0.02 25.4( 5.34 0.064( 0.022
imidazole 0.11( 0.04 34.0( 20.3 0.031( 0.031
urea 0.028( 0.010 26.2( 14.1 0.011( 0.010
1,3-diaminoguanidine 0.012( 0.024 12.8( 50.5 0.010( 0.056

R59C none 0.52( 0.02 34.2( 1.9 0.15( 0.014
guanidine 2.17( 0.15 13.6( 2.0 1.59( 0.34
methylguanidine 0.99( 0.07 17.3( 2.2 0.57( 0.11
ethylguanidine 0.31( 0.03 6.5( 1.7 0.48( 0.16
aminoguanidine 0.32( 0.31 47.6( 62.4 0.068( 0.154

a Experimental conditions are described in Materials and Methods.b The concentration of each rescue agent was 100 mM except where indicated
in parentheses.

Table 2: Mean Residue Ellipticities for Wild-Type Cam and
Arginine 59 Cam Variants

MRE222
a (deg cm-2 dmol-1)

without GdnHClb with GdnHClc

wild type -7981.2 -8125.8
R59A -7907.3 -7484.1
R59K -8227.8 -7708.0

a MRE222 (mean residue ellipticity at 222 nm) determined by circular
dichroism spectroscopy as described in Materials and Methods using
3.3µM Cam trimer.b In 50 mM MOPS (pH 7.5) and 50 mM Na2SO4.
c In 50 mM MOPS (pH 7.5), 100 mM GdnHCl, and 16.7 mM Na2SO4.
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variants rescued with GdnHCl (Table 3). Thus, a similar
comparative rescue study was also performed with the R59C
variant and the four guanido compounds that were most
effective in rescuing the R59A variant (Table 1). Ami-
noguanidine failed to rescue the R59C variant, and the order
of relative effectiveness of chemical rescue was reversed
relative to the R59A variant for guanidine, methylguanidine,
and ethylguanidine.

Steady-state stopped-flow kinetic analyses of the wild type
and the R59C, -E, -H, -K, -M, and -Q variants were
determined in the presence of nondenaturing 100 mM
GdnHCl to investigate guanidine rescue of catalysis (Table
3) as a function of side chain substitution. The initial rescue
studies with the R59A and R59C variants did not indicate a
clearly superior guanido compound, as guanidine was more
effective at rescuing the R59C variant while ethylguanidine
yielded the greatest increase and largest rescued value of
kcat andkcat/Km for the R59A variant. Thus, all further rescue
experiments were performed using GdnHCl, based on purity
and cost relative to the other rescue agents that were tested.

TheKm values of the wild type and all the variants changed
little in the presence of 100 mM GdnHCl (Table 3). The
wild-type kcat and kcat/Km values decreased 54 and 39%,
respectively, in the presence of GdnHCl. In contrast to the
wild type, the R59A, -C, -E, -M, and -Q variants exhibited
significant increases inkcat andkcat/Km values in the presence
of GdnHCl. Rescue of the R59A variant showed the highest
kcat andkcat/Km values that were 11.2 and 11.0% of the wild-
type values, respectively, also obtained in the presence of
GdnHCl. Thekcat andkcat/Km values for the R59A, -C, -E,
-M, and -Q variants exhibited an inverse dependence on the
substituted side chain volume when rescued by GdnHCl
(Figure 4). The changes in the R59A variantkcat andkcat/Km

values were similar; however, the R59C, -E, -M, and -Q
variants exhibited greater increases inkcat/Km than forkcat in
GdnHCl (Table 4).

The rate of18O-labeled H2O exchange as a function of
GdnHCl concentration was also measured for the R59A
variant (Figure 5). The rate of interconversion of CO2 and
HCO3

- at chemical equilibrium by the R59A variant
exhibited a strong hyperbolic concentration dependence on
GdnHCl as reflected in theR1/[E] parameter, with maximum
values observed at 150-250 mM GdnHCl. These data were
fit to a form of the Michaelis-Menten equation given by
R1/[E] ) kcat

ex[GdnHCl]/(Keff
GdnHCl + [GdnHCl]), which

yielded fitted values forkcat
ex of 511( 13 s-1 andKeff

GdnHCl

of 35.3( 2.4 mM GdnHCl. The rate of release of18O-labeled

H2O, RH2O, exhibited a minimal dependence on the GdnHCl
concentration (data not shown).

The activities of the R59K variant and the GdnHCl-rescued
R59A variant were high enough to measure the steady-state
kinetic parameters by the stopped-flow method as a function
of pH over the range of 6.0-9.3 (Figure 6). Thekcat and
kcat/Km values of the R59K variant and the R59A variant in
the presence of GdnHCl were both approximately 10-fold
lower than the reported wild-type values (23, 42) over the
entire experimental pH range. Thekcat/Km values followed
the same general trend as that reported for the wild type (23,
42), increasing from pH 6 to 9. Thekcat values of both
variants also follow the same trend as that of the wild type
at lower pH values, increasing from pH 6-7, and exhibited

Table 3: Apparent pH-Dependent Stopped-Flow Michaelis-Menten Kinetic Parameters for Wild-Type Cam and Cam Variants in the Absence
and Presence of Guanidine Hydrochloride

kcat (×10-3 s-1) Km (×103 M) kcat/Km (×10-5 M-1 s-1)

variant without GdnHCla with GdnHClb without GdnHCl with GdnHCl without GdnHCl with GdnHCl

wild type 62.9( 3.7 29.2( 4.0 21.8( 2.2 16.7( 4.4 28.9( 4.7 17.5( 7.1
R59A 0.070( 0.010 3.27( 0.29 15.7( 4.6 17.1( 2.9 0.045( 0.020 1.92( 0.49
R59C 0.52( 0.02 2.17( 0.15 34.2( 1.9 13.6( 2.0 0.15( 0.014 1.59( 0.34
R59E 0.019( 0.067 0.067( 0.019 51.4( 239 19.3( 10.2 0.004( 0.031 0.035( 0.028
R59H 0.042( 0.014 0.012( 0.006 25.0( 14.0 6.09( 8.92 0.017( 0.015 0.020( 0.038
R59K 4.72( 0.21 2.74( 0.18 33.4( 2.24 19.1( 2.30 1.41( 0.16 1.43( 0.27
R59M 0.013( 0.033 0.159( 0.011 43.3( 152 16.3( 2.3 0.003( 0.018 0.098( 0.021
R59Q 0.010( 0.014 0.627( 0.038 33.9( 71.8 17.3( 2.0 0.003( 0.011 0.363( 0.063
a Experimental conditions described in Materials and Methods.b In 100 mM GdnHCl.

FIGURE 4: Plot of guanidine-rescuedkcat values as a function of
amino acid side chain volume for the R59A, -C, -E, -M, and -Q
variants. Assay conditions: 50 mM MOPS (pH 7.5) containing 16.7
mM Na2SO4 and 100 mM GdnHCl buffer. Amino acid side chain
molecular volumes were estimated by subtracting the published
glycine volume (60.1 Å3) from other published amino acid volumes
(49).

Table 4: Effect of Guanidine Hydrochloride on Michaelis-Menten
Kinetic Parameters

ratio of change
in kcat

a
ratio of change

in Km
a

ratio of change
in kcat/Km

a

wild type 0.46 0.77 0.61
R59A 46.7 1.09 42.7
R59C 4.17 0.40 10.6
R59E 3.53 0.38 8.75
R59H 0.29 0.24 1.18
R59K 0.58 0.57 1.01
R59M 12.2 0.38 32.7
R59Q 62.7 0.51 121.0

a Values are derived from parameters in Table 3. Ratio of the increase
or decrease inkcat, Km, or kcat/Km in the presence of 100 mM GdnHCl
relative to the parameter value in the absence of GdnHCl.
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little increase over the pH range of 7-9. Thekcat data for
both variants were fitted to a single-pKa model (eq 2), while
thekcat/Km data were fitted to a two-pKa model (eq 3) (Table
5). The pH-independentkcat value for the R59A variant was
slightly lower than the value for the R59K variant; however,
both values are in the range reported for the wild type. The
fit of the R59A variantkcat/Km data yielded pKa

I and pKa
II

values similar to those of the R59K variant. Thekcat/Km pH-
independent pKa values of the R59A and -K variants were
also similar to that of the wild type; however, the error
associated with the pKa

I values precluded comparison with
the wild type. The steady-state kinetic parameters were also
determined for the R59A variant in the absence of GdnHCl
at pH 6.6, 7.6, and 8.6 (data not shown). The same general
trend of increasingkcat and kcat/Km values with increasing

pH was also observed for the R59A variant in the absence
of GdnHCl, although the large error inherent in thekcat and
kcat/Km values precluded accurate determination of pKa values,
even at high enzyme concentrations.

DISCUSSION

Role of Arg 59 in the Thermodynamic Stability of the Cam
Trimer. On the basis of the crystal structure, it was
hypothesized that Arg 59 may play a role in the association
of Cam monomers in the native trimer (2). Here we show
that the R59A, -C, -H, and -K variants are trimeric and that
the trimers are stable to freezing and thawing and 1.0 M
GdnHCl, like the wild type. Although the freshly purified
R59E, -M, and -Q variants were initially trimeric, they
converted to multimeric species upon storage for several days
at 4°C or were converted to multimeric species by freezing
and thawing. SEC indicated that a lower GdnHCl concentra-
tion was required to unfold the R59A and R59K variants
than the wild type. These results indicate that Arg 59
contributes to the thermodynamic stability of the Cam trimer.

Importance of Arg 59 in Catalysis. The lowerkcat andkcat/
Km values for the R59A, -C, -H, and -K variants compared
to those of the wild type indicate that Arg 59 is essential for
catalysis, a functional role not previously predicted for this
residue. Several lines of evidence indicated that structural
changes in the R59A and R59K variants were not the major
contributor to the loss of activity. First, all of the variants
were purified as trimers with yields similar to that of the
wild type, and the CD spectra of the R59A and R59K
variants were also similar to that of the wild type. Further-
more, theKm values of the variants did not change signifi-
cantly with respect to that of the wild type. Finally, GdnHCl
rescued the variants in a manner indicating rescue of
functionality and not structure (see below).

The kcat- andkcat/Km-pH profiles for the R59K variant
indicated pH-independent pKa values similar to that of the
wild type, indicating that the mechanism of the R59K variant
is similar to that for the wild type. Variant R59K had 8%
and all other variants<1% of the wild-typekcat in the absence
of GdnHCl, consistent with the importance of a positive
charge at position 59. Although histidine could potentially
provide the positive charge at position 59, the R59H variant
had very lowkcat andkcat/Km values relative to those of the
wild type and the R59K variant. The histidine side chain
has a much lower intrinsic pKa value of 6-7 and is shorter
and less flexible than the side chains of lysine (pKa ) 10)
or arginine (pKa ) 12). Thus, histidine may not have the

FIGURE 5: Effect of the guanidine hydrochloride concentration on
the rate of18O exchange by the R59A variant.

FIGURE 6: pH-dependent steady-state kinetic parameters for the
R59K Cam variant and the R59A Cam variant in the presence of
100 mM guanidine hydrochloride. (A) (9) kcat of R59A with 100
mM guanidine hydrochloride and (2) kcat/Km of R59A with 100
mM guanidine hydrochloride. (B) (b) kcat of R59K and (1) kcat/Km
of R59K.

Table 5: pH-Independent Michaelis-Menten Kinetic Parameters
Derived from the pH Dependence of CO2 Hydration Catalyzed by
Wild Type Cam and the R59A and R59K Cam Variantsa

parameter wild typeb R59A R59K

kcat (×10-3 s-1) 7.1( 0.6 1.7( 0.1 4.8( 0.4
pKa (kcat) 6.9 6.2( 0.2 6.6( 0.2
pKa

I (kcat/Km
I) 6.5( 0.3 6.3( 1.4 6.5( 1.0

pKa
II (kcat/Km

II) 8.5( 0.4 9.0( 0.3 9.1( 0.3
kcat/Km

I (×10-5 M-1 s-1) 17 ( 4 0.67( 0.53 1.3( 0.9
kcat/Km

II (×10-5 M-1 s-1) 39 ( 4 8.6( 3.1 17.3( 4.8
a pH-independent steady-state kinetic parameters and pKa values for

CO2 hydration were determined by fitting pH-dependentkcat andkcat/
Km data obtained over the pH range of 6.0-8.6 to eqs 2 and 3, as
described in Materials and Methods.b Values from ref23.
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necessary positive charge at pH 7.5 and may not be
accessible to solvent and substrates in the active site region,
either reason resulting in the failure of histidine to replace
arginine in catalysis.

(i) Chemical Rescue of Arg 59 Variants. Chemical rescue
by positively charged guanido compounds has been observed
for several enzymes containing substitutions of arginines
essential for catalysis (37-41). Substantial increases were
observed inkcat andkcat/Km for the R59A, -C, -E, -M, and
-Q variants in the presence of 100 mM GdnHCl. The ability
of GdnHCl to rescue activity was confirmed by18O-labeled
H2O exchange experiments with the R59A variant.

Although direct evidence of such as a crystal structure is
necessary to draw firm conclusions, several additional lines
of evidence presented here are consistent with binding of
rescue agents in the active site, replacing the functionality
of Arg 59 and not from other nonspecific effects. First,
kinetic results indicate that the GdnHCl-rescued R59A
variant operates by a catalytic mechanism similar to that of
the wild type. TheKm values for the GdnHCl-rescued variants
were not significantly different from that of the wild type,
and thekcat- and kcat/Km-pH profiles for the GdnHCl-
rescued R59A variant indicated pH-independent pKa values
similar to that of the wild type. Furthermore, rescue of R59A
by GdnHCl occurs in a concentration-dependent manner, as
indicated by both stopped-flow kinetic and18O equilibrium
exchange experiments, implying that the guanido ion acts
as a catalytic cofactor. The18O equilibrium exchange data
also indicated that the guanidinium ion binds the R59A
variant in a saturable manner, with a binding constant
(Keff

GdnHCl) of 35 mM. Second, the results suggest that
GdnHCl does not simply restore a perturbed native active
site conformation leading to the increased rate of catalysis.
The CD spectra of the R59A variant indicate secondary
structures similar to that of the wild type, independent of
the presence of GdnHCl. The SEC results showed that the
R59A variant is trimeric, indicating that GdnHCl does not
rescue activity by converting inactive monomers into active
trimers. Only positively charged guanidine and guanido
compounds rescued R59A; uncharged or weakly ionized
amino compounds such as urea and imidazole failed to rescue
kcat and kcat/Km values of the R59A variant. Third, the
chemical rescue results are consistent with steric effects
expected for binding of the rescue agents in the Arg 59
position.2 The larger ethylguanidine and methylguanidine
were more effective in rescuing the shorter side chain R59A
variant, while the smaller guanidine was more effective in
rescuing the larger side chain R59C variant than larger
methylguanidine and ethylguanidine. These steric effects
have also been observed in the relative ability of alkylguanido
compounds to rescue arginine substitution variants of other
enzymes, including the R127A variant of carboxypeptidase
A (37), the R57G variant of ornithine transcarbamylase (39),
and the R108Q variant of halorhodopsin (38). Furthermore,
the kcat and kcat/Km values for the five R59A, -C, -E, -M,
and -Q variants exhibited an inverse dependence on the
substituted side chain volume when rescued by GdnHCl.

(ii) Mechanistic Implications. Cam employs a two-step
“ping-pong” catalytic mechanism similar to that ofR-class
carbonic anhydrases (23, 42, 43). The first step involves
nucleophilic attack on a bound CO2 molecule by zinc-
coordinated OH-, and is reflected by the catalytic efficiency,
kcat/Km. The second step involves ionization of a zinc-bound
water molecule for regeneration of the active site OH-

species and subsequent proton transport from the active site
to external solvent or buffer which is reflected bykcat.
Previous studies showed one pKa for kcat and two distinct
pKa values forkcat/Km. At least one of the pKa values for
kcat/Km reflects ionization of the zinc-bound water molecule.
In fast carbonic anhydrases withkcat values of>104 s-1 (Cam,
R-carbonic anhydrase II), the rate-limiting step in catalysis
is proton transfer from the active site, which is assisted by
a flexible proton shuttle residue located approximately 8 Å
from the active site zinc ion. Glu 84 is a primary proton
shuttle residue in Cam (23), and His 64 is a primary proton
shuttle residue in the fastestR-class carbonic anhydrases (II,
IV, and VII). Basic lysine and tyrosine residues more distant
from the active site also function as secondary proton shuttle
residues inR-class carbonic anhydrases (44). Substitutions
of proton shuttle residues with residues having no proton
transfer capability typically result in 10-fold decreases inkcat

and minimal changes inkcat/Km, and the variant enzymes are
rescued by imidazole (23, 43). The 10- to >100-fold
decreases relative to those of the wild type for bothkcat and
kcat/Km values of the R59A, -C, -E, -H, -M, and -Q variants
in the absence of GdnHCl indicate that the CO2 hydration
step is significantly affected by these substitutions; however,
the parallel decreases inkcat and kcat/Km preclude any
conclusions regarding a role for Arg 59 in the proton transfer
step. The failure of imidazole to rescue R59A could be due
to several reasons, including the fact that the proton transfer
step is no longer rate-limiting in this variant.

The positive charge of Arg 59 may have an indirect role
in catalysis. Arg 59 is the only cationic residue in the Cam
active site, as the three zinc-coordinating histidines are
presumably uncharged. The positive charge of Arg 59 may
partially neutralize the negative charges of Asp 61, Asp 76,
and Glu 62 carboxylates and the zinc-bound OH- ion,
making bicarbonate formation more thermodynamically
favorable. Kiefer et al. (45) previously demonstrated the
importance of secondary ligands in modulating the zinc
affinity and the pKa of the zinc-bound water molecule in
R-class carbonic anhydrase II. The Arg 59 side chain may
also influence the pKa of the zinc-bound water molecule
essential for the CO2 hydration step through various hydrogen-
bonded networks formed with Asp 61-His 81, Asp 76-
His 117, active site water molecules, and Glu 62, which
coordinates one of two zinc-bound water molecules. How-
ever, the large error in the fitted R59A pKa

I value forkcat/
Km may have masked any changes resulting from this
substitution.

Arg 59 may also function indirectly in catalysis by binding
bicarbonate. There are numerous examples of enzymes with
active site arginine residues that bind carboxylate groups of
substrates, including carboxypeptidase A (6, 46). Transient
binding of bicarbonate by Arg 59 could assist in removal of
the product from the zinc ion, allowing regeneration of the
active zinc-OH- species. The bicarbonate molecule might
then exit the active site through the hydrated cleft between

2 Molecular dynamics simulations, carried out in collaboration with
A. Ababou, demonstrate that, at least for the R59A variant, there is
sufficient room for favorable binding of a guanidinium ion in the space
formerly occupied by the Arg 59 side chain.
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the monomers (T. Iverson, personal communication). Strater
et al. (10) found that Arg 356 in aminopeptidase A binds a
bicarbonate molecule that may function as a general base,
facilitating proton transfer from a zinc-bound water molecule.
Arg 59-bound bicarbonate could also perform a similar
function in Cam. Indeed, bicarbonate enhances the rate of
18O exchange between water and CO2 in Cam (47). It is also
possible that Arg 59 both binds bicarbonate and participates
in catalysis. Dual binding and catalytic roles were deduced
for Arg 11 in 4-oxalocrotonate tautomerase, based on an 88-
fold decrease inkcat and an 8.6-fold increase inKm in the
R11A variant (9). Any important mechanistic interactions
between Arg 59 and bicarbonate would indicate a more
complex mechanism for CO2 hydration and bicarbonate
release by Cam than that accepted forR-class carbonic
anhydrases.

Summary.Two major conclusions can be made concerning
the roles of Arg 59 in Cam. First, the data suggest that Arg
59 contributes to the structural integrity of both the native
trimer and the active site of Cam. Although all Arg 59
variants are less stable than the wild type, the SEC
characterization indicated that all variants are purified as
trimers. The second, more surprising conclusion is that Arg
59 is important for catalysis. Replacement of this residue
results in substantial decreases in bothkcat and kcat/Km,
indicating that the CO2 hydration step is affected. Arg 59 is
proposed to function in the interconversion of CO2 and
HCO3

-, product release, or both. A role for Arg 59 in the
proton transfer step could not be determined but is unlikely.
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