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ABSTRACT. The functional role of the highly conserved active site Arg 59 in the prototype of-ttlass
carbonic anhydrase Cam (carbonic anhydrase tathanosarcina thermophilavas 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 (GdnHCI). SEC indicated that
all variants purified as homotrimers like the wild type. SEC also revealed that the R59A and -K variants

unfolded at=1.5 M GdnHCI, compared to 3.0 M G

dnHCI for the wild type. These results indicate that

Arg 59 contributes to the thermodynamic stability of the Cam trimer. The R59K variankhaand

kealKm values that were 8 and 5% of the wild-type

values, respectively, while all other variantghad

andk:a/Kn, values 16-100-fold lower than those of the wild type. The R59A, -C, -E, -M, and -Q variants
exhibited 4-63-fold increases il.a:and 9-120-fold increases ik.a/Km upon addition of 200 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 they@@tion step of

the overall catalytic mechanism.

There are three independently evolved classes of carbonidwo of which are donated by one monomer (His 81-A and

anhydraseso, 5, andy) known which all catalyze the same
CO, hydration reaction (eq 1).

CO, + H,0=H" 4+ HCO,~ 1)
The carbonic anhydrase (Cahfjom the archaeoMetha-
nosarcina thermophilés the prototype and only member of
the y-class that has been structurally and kinetically char-
acterized. Cam is a homotrimeric zinc enzyme primarily
composed of a left-handegthelical fold, the sequence of
which is significantly similar to that of a larger family of
left-handeds-helical acyltransferaseg)( The active site of

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 associatio®, 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 R). 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-

Cam is located at the interface between adjacent monomersexposed ath 6 A from the metal ion Z, 3). Preliminary

and contains a zinc coordinated by three histidine residues,
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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-
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residues that bind to substrate carboxylate groups in enzyme
active sites, including carboxypeptidase #-) and other
enzymes 7—19).

The functional roles of most active site residuesinlass
carbonic anhydrases are well-defined; however, no functional
role has been assigned for argini@®)( The relatively slow
o-class carbonic anhydrase Ill has a nonconserved, solvent-
exposed arginine residue located approxinyagelA from
the active site zinc ion1). This arginine can be substituted
with asparagine to obtain enhanced rates of G@ration
(22), indicating that it is not essential for catalysis. In contrast
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to a-class carbonic anhydrases, the importance and functionwith Chelex resin (Bio-Rad, Hercules, CA) to remove
of most Cam active site residues are unknown. Other thancontaminating iron, to give a final (NpLSO, concentration
the presence of three histidines coordinating the zinc ion, of 1.5 M. This solution was then loaded onto a Phenyl-
there are few obvious similarities between theandy-class Sepharose high-performance HIC column previously equili-
active sites. Two active site glutamate residues (Glu 62 andbrated with 50 mM MOPS (pH 7.5) containing 1.5 M
Glu 84) have been shown to be important for catalysis and (NH4),SO.. The column was washed with several bed
proton transport in Cam2@), while other residues remain  volumes of equilibration buffer, and then Cam was eluted
to be investigated. Arg 59 in Cam is conserved in all 35 by applying a decreasing gradient of buffer containing 1.5
Cam homologues identified in the database4).(Several to 0 M (NH4).SQ,. Cam fractions were then pooled, dialyzed
recent plant and prokaryotig-class carbonic anhydrase against 50 mM MOPS buffer (pH 7.5), aliquoted and frozen
crystal structures show a conserved, active site arginine,in liquid nitrogen, and stored at80 °C until further use.
although no role has been proposed for this resid@ie-( Freezing and thawing resulted in formation of aggregates of
27). The influence of Arg 59 on the trimer stability and the purified R59E, -M, and -Q variants, as determined by
catalysis of Cam was investigated by CD spectroscopy, SEC,SEC. Thus, following HIC purification, these three variants
and kinetic analysis of Arg 59 substitution variants. Here, were immediately exchanged into 50 mM MOPS buffer (pH
we demonstrate that Arg 59 contributes to the thermodynamic 7.5) with a PD-10 desalting column and the kinetics constants
stability of the Cam trimer, addressing the previously determined. Concentrations of the purified wild type and all
hypothesized salt-bridge role in stabilizing monomer inter- Arg 59 variants were determined by measuring gy
actions. We also present evidence that the positive chargevalues of protein solutions using a theoretical molar absor-
at the position of this residue is essential for the ,CO bance value of 15990 M cm™t and a computed monomer
hydration step of catalysis. molecular mass of 22 873 Da.
Size Exclusion Chromatography Superose-12 high-

MATERIALS AND METHODS resolution SEC column was equilibrated with 50 mM MOPS

Mutagenesis and ExpressioA plasmid encoding the  buffer (pH 7.5) containing 50 mM N&Os. A volume of
sequence of a putative mature or soluble form of Cam, 200 uL of each Cam variant at a concentration of 20l
termed pCAM-AC, was used as the starting plasmid for all was injected onto the column and eluted at a flow rate of
site-directed mutagenesis experiments. This is a modified 0.5 mL/min. Eluting protein was detected by measuring the
version of plasmid pBA1416NB2@) that contains two  absorbance at 280 nm. Molecular masses were estimated
uniqueBanll and BsIGl restriction sitesZ3), and is derived  from a calibration curve established from the retention times
from plasmid pT7-7 29). The encoded form of Cam has a of purified bovine serum albumin, cytochromg hen
34-amino acid deletion from the N-terminal sequence, which lysozyme, bovine carbonic anhydrase Il, alcohol dehydro-
has properties characteristic of a secretory signal peptidegenase, and-amylase proteins, and the column void volume
leader sequence. Mutations were introduced at amino acidwas determined with blue dextran, all obtained from Sigma
position 59 by use of the QuikChange site-directed mutagen-Chemical Co. (St. Louis, MO). For SEC studies with
esis kit (Stratagene, La Jolla, CA). Mutations were confirmed GdnHCI, each protein was incubated ®h at 25°C in 50
by DNA sequencing of the entire region encoding the Cam mM MOPS buffer (pH 7.5) with the indicated concentration
protein in the plasmidsEscherichia colistrain BL21(DE3) of GdnHCI, and the ionic strength was adjusted to a
or BL21(DE3) Gold was transformed with pCAM-AC or minimum of 0.2 M with NaSQ,. A volume of 200uL of
derivative mutated plasmids, and used to inoculate Luria- each sample at a concentration of 20 was then loaded
Bertani broth containing 10@g/mL ampicillin and 50Q:M onto and eluted from a SEC column pre-equilibrated with
ZnSQ,. Cells were grown at 37C to anAsgo of 0.4—0.8, the same buffer.
and induced to overproduce Cam variants by addition of  Circular Dichroism SpectroscopyCD spectra were col-
IPTG to a final concentration of 0.8 mM, followed by lected on an AVIV (Lakewood, NJ) model 62 DS circular
continued growth at 37C for 3 h. Cells were then harvested dichroism spectrophotometer at 26, usirg a 2 mmpath

by centrifugation and stored frozen &80 °C until lysis length quartz cuvette, at a protein monomer concentration
was performed. Molecular biology procedures were per- of 10uM, in 50 mM MOPS buffer (pH 7.5) containing either
formed according to Sambrook et aBQj. 50 mM N&SQO, or 100 mM GdnHCI and 16.7 mM N8O..

Protein Purification All chromatography columns and Protein solutions were scanned over the wavelength range
resins were from Amersham Pharmacia Biotech (Piscataway,of 200—-260 nm, using a bandwidth of 2.0 nm, with an
NJ). Cells were lysed by resuspension in 50 mM MOPS averaging time b5 s for each data point.
buffer (pH 7.5) to amso Of 2—10, followed by two passes Steady-State Kinetic Measuremenfgild-type Cam and
through a chilled French press at a pressure of 10004b/in. variants of interest were assayed for carbonic anhydrase
(1 Ib/in? = 6.9 kPa). The cell lysate was centrifuged at activity by the method of Khalifah3{), using a KinTek
20000-5000@ for 20 min, followed by filtration of the model SF-2001 stopped-flow instrument (KinTek Corp.,
supernatant through a 0.4 filter. The soluble cell extract ~ Austin, TX). Enzyme monomer concentrations ranged from
solution was then loaded onto a Q-Sepharose fast flow anion200 nM to 20uM. Buffer—indicator dye pairs that were used
exchange column and washed with 2 column volumes of 50 were as follows: at pH 6:66.5, MES and chlorophenol red
mM MOPS buffer (pH 7.5). A gradient of 0 to 1.0 M NaCl measured at 574 nm; at pH #0.5, MOPS and 4-nitro-
was then applied over 10 bed volumes to the column to elute phenol measured at 400 nm; and at pH-97L, TAPS and
the Cam fractions, which typically eluted at a NaCl concen- m-cresol purple measured at 578 nm. MOPS, MES, and
tration of 0.5 M. The Cam fractions were then pooled and TAPS buffer concentrations were always 50 mM, and the
diluted 1-fold with 3.0 M (NH),SO, previously equilibrated  ionic strength of each buffer solution was adjusted to a
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* * # # #
Mst (Cam) 54 pMASIsDEG-—-—— MPIFVGDRENVODGVVLHALETINE 88 114 SLAHQSQVHGRA 125
$co7002 48 DPCTSIPADEG---~~- APPHIGAATNIQDGVVIHGLEQ-~~ 79 99 CITHMALVHGEA 110
Sco7942 46  AcvsIBaDEG--———- APFOVGKESILOEGAVIHGLEY-—- 77 57 AITHKALIHGPA 108
Scy6803 65  possIRADEG-——---- TPEWIGGNYLI QHGVVIHGLET--— 95 116 CVAHLALVHGPY 127
Pas5540 32 pYAVIRADEVDADGEMQPIVIGANSNIQDGVVIHSKS-~~~ 75 86 SIAHRSIVHGEC 97
ACh 38  PYAVIRADETDETGDMQPIIIGANSNIQDGVVIHSKA---- 74 85 STAHRSITHGEC 96
e 64  PYAVIRADETTVEGDIKEIRIGIGANIQDGVVIHSKS~~~~ 100 111 SIAHRAIVHGEC 122
Mbt 39 FNAVIEGDYA~—- === BVVVREGANVQDGAVLHA- === 66 79 TVAHLCVIHG-V 89
AzePaa¥ 39  PLASIEGDFG----—--BIILREGANVQDCCYMHG === 66 79 HVGHGAILHS-C 89
PalD66 39  PLVVIEGDMH----——-RIRIGORS SIQODGSVLHITHAGE- 71 86 TVGHKVLLHG-C 96
Dr 98  FeAVIEGDTE--————- QLRVGERSNVQDGAVLHA e 125 138 TVGHRAVVHG-A 148
Paup 38  PGAVI[EGDNE-~-—-—--LIHIGEHSNVQDGEVMHT = mmmww 65 78 TVGHNAMLHG-C 88
Ec 46  PLASIEGDYG-—--—-—RLIVQAGANIQDGCIMHG m e = 73 86 HIGHGATLHG-C 96
At 81  YGCVIBGDVN -~ m e~ PV SVGSGTNIQDN SLVHVAKSN -~ 112 127 TIGHSAVLHG-C 137

Ficure 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(Qdnthermophilay-class carbonic anhydrase (1827571); Sco7@2echococcus
PCC7002 carbon dioxide-concentrating mechanism protein (2331052); Scé&&gthococcuBCC7942 carbon dioxide-concentrating
mechanism protein CcmM (416775); Scy6883nechocystisp. strain PCC 6803 carbon dioxide-concentrating mechanism protein CcmM
(7469276); Pa554®seudomonas aeruginosttain PAO1 hypothetical protein PA5540 (11350492); Atinetobactesp. ADP1 carbonic
anhydrase homologue (6127222); X¥lella fastidiosastrain 9a5c carbonic anhydrase XF2095 (11360537); Miatobacterium tuberculosis
hypothetical protein Rv3525c (7447198); AzePaAyparcus eansii gene product PaaY involved in aerobic phenyl acetate metabolism
(11072184); Pa0066R. aeruginosastrain PAO1 conserved hypothetical protein PA0066 (11347610);D@mococcus radiodurans
ferripyochelin binding protein (7471892); Padh,aeruginosainknown protein (151224); EE. coli 0157:H7 possible synthesis of cofactor

for carnitine racemase and dehydratase (12512722); andrAbjdopsis thalianaunknown protein (9795586).

minimum of 0.2 M with NaSQO,. Each rescue agent (100 previously described in detaiB2, 33). An Extrel EXM-200
mM) was used in comparative assays involving chemical mass spectrometer with a membrane-inlet probe was used
rescue of R59A and R59C variants by various amino and to monitor the isotopic content of GOThe interconversion
guanido compounds, and the initial pH of all rescue assay of ®O-labeled bicarbonate t8O-labeled HO via a CQ
buffers was 7.5. The hydrochloride salt of guanidine, the intermediate is described by eqs 4 and 5.

chloride salt of methylguanidine, and the sulfate salt of

ethylguanidine were used in these rescue experimentsHCcOQ8¥O™ + EZnH,0=

GdnHCI (100 mM) was present in the buffers used to P

measure the pH-dependent Ciydration rate of the R59A EZnHCOJ®0™ + H,0 =

variant. Final pH indicator concentrations ranged from 2 to COO+ EZnOH™ + H,O (4)
100uM. Saturated solutions of G@32.9 mM in HO) were

prepared by bubbling COgas into deionized water at 25 EZn®0OH™ + BH' + H,0 =~

°C. The experimental C{xoncentrations were varied from 18 _

4.7 to 24 mM in HO. Only the initial 5-10% of the data EZnH,"O + B + H,0=

was used for kinetic analysis, using the average -o1% EZnH,0 + H,'®0+ B (5)
reaction traces per experiment. The initial rate data were fit

to the Michaelis-Menten equation to obtain experimental The kinetic equations for the redistribution 0 from the
values forkcar and K. The pH-independent values &fx  CO,~HCO,™ system to water were solved to obtdy the
and [K, for CO;, hydration of the wild type and the R59A  rate of exchange of C&and HCQ™ at chemical equilibrium,

and -K variants were determined by fitting the experimental andR,c, the rate of release 3fO-labeled water from the
pH-dependent MichaelisMenten parametel., to eq 2. enzyme B82).

obs _ kca/(l + 100Ka_pH) (2) RESULTS

at
Initial Characterization of Arg 59 VariantsAt 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 GIn 75 and Asp 76 are highly
obs | K,'—pH I conserved, whereas Arg 59, Asp 61, and the ligands to the
KeafKin = [(KeafKim) X 1077 7P + ke Ki I active site zinc (His 81, His 117, and His 122) are perfectly
(14 10PKFPKd=20H 4 9 (pKad=pH 4 q pka’=pHy (3) conserved among all 35 homologues. A partial alignment
of Cam with representative Cam homologues is shown in
All data fits were performed with the Kaleidagraph software Figure 1. Cam Arg 59 is indirectly hydrogen-bonded to the
package (Synergy Software, Reading, PA). active site zinc through a network that includes Asp 61, Asp
180 Exchange ExperimentEhe R59A variant was char- 76, His 81, and His 117 (Figure 2). The strict conservation
acterized with respect to its ability to catalyze the exchange of Arg 59 in Cam homologues and the proximity to the active
of 180 between water and G@t chemical equilibrium as a  site zinc in Cam suggest this residue may play a role in
function of GdnHCI concentration, using pH 7.9, 100 mM catalysis in addition to the previously hypothesized role in
HEPES buffer at 8250 mM GdnHCI. This method has been subunit interactions contributing to trimer stabili®) (Thus,

The pH-independent values feg/K', keafKn'', pKd', and
pKa' for CO, hydration of R59A and -K variants were
determined by fitting the pH-dependent Michaelidenten
parametek:../Kn to eq 3.
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Ficure 2: Stereoview of Arg 59, neighboring residues, and water molecules in the active site of Cam. The image was produced using
SwissPDBviewer software4B) with the Protein Data Bank structure 1QRG and rendered with the POV-Ray software package.

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 26-50 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. SDSPAGE 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 Trim&EC
indicated that the freshly purified R59A, -C, -H, and -K
variants remained trimeric in 0 M, 100 mM, and 1.0 M
GdnHCI. Thus, these four variants did not dissociate into
monomers under the initial (350 mM) and final (100 mM)
GdnHCI 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 £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
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Ficure 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 hydrochloride2ftr prior

to SEC (see Materials and Methods).

molecular mass of the wild type compared to the masses of

GdnHCIl was not determined. SEC indicated that the freshly the R59A and -K variants as monitored by SEC. Wild-type

purified R59A, -C, -H, and -K variants remained trimeric
after one freezethaw cycle while the R59E, -M, and -Q
variants were converted to a mixture of monomers, trimers,
hexamers, and multimeric aggregates larger than 20°
Da. These multimeric forms of the R59E, -M, and -Q variants
obtained after freezing and thawing were insoluble in 1.5 M
(NH4)2SO,, 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 GdnHCI concentrations on the

Cam eluted as a single symmetric peak indicative of-80

kDa trimer at~12.8-13.2 mL in 0-3 M GdnHCI (Figure
3A), while the R59A variant eluted as a trimer in-0.5 M
GdnHCI (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
>1 M GdnHCI, 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
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Table 1: Apparent pH-Dependent Stopped-Flow Michadllenten Kinetic Parameters for Chemical Rescue of Cam Variants R59A and R59C

by Guanido Compounds, Urea, Imidazole, and Ethylamine

Km kcal/Km
variang rescue ageht Keat (x1073s7Y) (x10* M) (x10°M~1sY
R59A none 0.07@ 0.010 157+ 4.6 0.045+ 0.020

guanidine (50 mM) 2.7%0.10 145+ 1.1 1.87+0.22
guanidine (100 mM) 3.2%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 5.6% 0.29 12.2+1.37 4.68+ 0.77
ethylguanidine 7.14- 0.53 16.2+ 2.36 4.41+ 0.98
aminoguanidine 0.3% 0.02 9.45+ 1.27 0.37+£ 0.070
ethylamine 0.16+ 0.02 25.4+5.34 0.064+ 0.022
imidazole 0.1+ 0.04 34.0+ 20.3 0.031+ 0.031
urea 0.028t 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- 0.02 342+ 1.9 0.15+ 0.014
guanidine 2.1 0.15 13.6+ 2.0 1.59+0.34
methylguanidine 0.99- 0.07 17.3+ 2.2 0.57+0.11
ethylguanidine 0.3% 0.03 6.5+ 1.7 0.48+0.16
aminoguanidine 0.320.31 47.6+ 62.4 0.068+ 0.154

a Experimental conditions are described in Materials and MetHotlse concentration of each rescue agent was 100 mM except where indicated

in parentheses.

distinguished~30 kDa monomer species eluting 1.1 mL after

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

the trimer species (data not shown). Thus, the SEC dataArginine 59 Cam Variants

indicate that the wild type and the R59A variant did not
dissociate into monomers or unfold untl3 and>1.5 M
GdnHCI, respectively.

Proteins unfolded by high concentrations of chemical

denaturants such as GdnHCI and urea have detectably larger

hydrodynamic radii than their native conformatior8i-¢
36). The different random-coil forms of an unfolded protein
can be resolved from well-folded globular conformations of

MREz.# (deg cnT? dmol?)

without GdnHC? with GdnHCF
wild type —7981.2 —8125.8
R59A —7907.3 —7484.1
R59K —8227.8 —7708.0

a MRE2, (mean residue ellipticity at 222 nm) determined by circular
dichroism spectroscopy as described in Materials and Methods using
3.3uM Cam trimer.” In 50 mM MOPS (pH 7.5) and 50 mM N&O.

the same protein by SEC with a Superose 12 column, which " 50 MM MOPS (pH 7.5), 100 mM GdnHCI, and 16.7 mMJS&.

is not significantly affected by the presence of high concen-
trations of chemical denaturants such as GdnHCI or (84a (
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&t0 and>1.5
M GdnHCI, indicative of unfolded protein at these higher
GdnHCI concentrations (Figure 3). The R59K variant also
eluted as a trimer in91.5 M GdnHCI, followed by apparent
unfolding at>2 M GdnHCI (data not shown).

Kinetic Characterization of Arg 59 Variant3he R59A,
-C, -E, -H, -K, -M, and -Q variants were Kkinetically

presence of GdnHCI, while the R59A and -K variants
exhibited 5.4 and 6.3% higher (less negative) MREalues,
respectively, in the presence of 100 MM GdnHCI (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 GdnHCI.

Chemical Rescue of Arg 59 VarianiBhere is precedent
for chemical rescue of catalytic activity of arginine deletion
variants by guanido compound37-41). Thus, an initial
stopped-flow kinetic experiment was performed to determine

characterized by steady-state stopped-flow measurementshe catalytic activity of the R59A variant in the presence

(Table 1). Only the conservative R59K variant exhibited
significant activity in the absence of GdnHCI wikl,: and
kealKm 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 kear and keof Ky values that were<1% of those of the
wild type.

CD spectra were compared for the trimeric wild type and

and absence of nondenaturing concentrations of GdnHCI.
The presence of GAnHCI significantly increased kheand
keaf K values of the R59A variant. The highdgf; andkea/

Km values for the R59A variant were obtained with 100 mM
GdnHCI (Table 1); thus, all further chemical rescue stopped-
flow experiments were performed with 100 mM rescue
agents.

the R59A and -K variants to rule out changes in secondary Other compounds were screened for their relative abilities

structure that might contribute to the loss of activity. The
mean residue ellipticities at a wavelength of 222 nm
(MRE;yy) 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 MRE&for the
R59A variant and the wild type and a 3.1% difference in
MRE;,, between the R59K variant and wild type. The wild
type exhibited a 1.8% lower (more negative) MiREN the

to rescuek.arandk.o/Kn, of the R59A variant (Table 1). The
ethyl-, methyl-, and aminoguanidine derivatives increased
thekearandke./Kn values. 1,3-Diaminoguanidine, uncharged
urea, and the weak base imidazole failed to significantly
rescue the R59A variant. The relative order of resckigd
and keo/Km values for the R59A variant was as follows:
ethylguanidine> methylguanidine> guanidine> ami-
noguanidine> ethylamine. The R59C variant exhibited the
second highesk., and ke.o/Km values of all the Arg 59
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Table 3: Apparent pH-Dependent Stopped-Flow Michadilenten Kinetic Parameters for Wild-Type Cam and Cam Variants in the Absence
and Presence of Guanidine Hydrochloride

keat (x 1073571 Km (x10° M) KealKm (x 1075 M1 571
variant without GdnHCI with GdnHCP without GdnHCI with GdnHCI without GdnHCI with GdnHCI

wild type 62.94+ 3.7 29.2+ 4.0 21.8+2.2 16.7+ 4.4 28.9+ 4.7 175+ 7.1
R59A 0.070+ 0.010 3.270.29 15.7+ 4.6 171+ 2.9 0.045+ 0.020 1.92+ 0.49
R59C 0.52+0.02 2.17+0.15 342+ 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 0.020t 0.038
R59K 4.724+0.21 2.74+0.18 33.44+ 2.24 19.142.30 1.4140.16 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 Meth&dis.100 mM GdnHCI.

variants rescued with GdnHCI (Table 3). Thus, a similar 4000 : ' ' '

comparative rescue study was also performed with the R59C o 2anine

variant and the four guanido compounds that were most 3000 [ -

effective in rescuing the R59A variant (Table 1). Ami- oysteine

noguanidine failed to rescue the R59C variant, and the order ~ ~ 5505 | . i

. . . w0

of relative effectiveness of chemical rescue was reversed 5

relative to the R59A variant for guanidine, methylguanidine, =

and ethylguanidine. 1000 1 glutamine ]
Steady-state stopped-flow kinetic analyses of the wild type glutarmic acid | me"‘.i"”‘"e

and the R59C, -E, -H, -K, -M, and -Q variants were or 1

determined in the presence of nondenaturing 100 mM % n P~ prs 700 720

GdnHCI to investigate guanidine rescue of catalysis (Table
3) as a function of side chain substitution. The initial rescue

. . . . s Ficure 4: Plot of guanidine-rescuekl, values as a function of
studies with the R59A and R59C variants did not indicate a _ " ©. 1 <1 Hain volume for the R59A. -C. -E, -M, and -Q

clearly superior guanido compound, as guanidine was moreyariants. Assay conditions: 50 mM MOPS (pH 7.5) containing 16.7
effective at rescuing the R59C variant while ethylguanidine mM Na,SO, and 100 mM GdnHCI buffer. Amino acid side chain
yielded the greatest increase and largest rescued value ofmolecular volumes were estimated by subtracting the published
kear andkea/Ko for the R59A variant. Thus, all further rescue glycine volume (60.1 A from other published amino acid volumes
experiments were performed using GdnHCI, based on purity

and cost relative to the other rescue agents that were tESteuTabIe 4. Effect of Guanidine Hydrochloride on Michaeliglenten

TheK, values of the wild type and all the variants changed Kinetic Parameters
little in the presence of 100 mM GdnHCI (Table 3). The

side chain molecular volume (A%)

ratio of change ratio of change ratio of change

wild-type kear and keaf K values decreased 54 and 39%, in Keaf in Kn? in KealKn?
respectively, in the presence of GdnHCI. In contrast to the ~ i type 0.46 0.77 061
wild type, the R59A, -C, -E, -M, and -Q variants exhibited R59A 46.7 1.09 42.7
significant increases ik.orandk.a/K, values in the presence  R59C 4.17 0.40 10.6
of GdnHCI. Rescue of the R59A variant showed the highest Rggﬁ g'gg 8'32 f'zg
Kearandkea/Kn values that were 11.2 and 11.0% of the wild-  r5gk 0:58 0:57 1:01
type values, respectively, also obtained in the presence of R59M 12.2 0.38 32.7
GdnHCI. Thek. and keafKm values for the R59A, -C, -E, R59Q 62.7 051 121.0

-M, and -Q variants exhibited an inverse dependence on the 2Values are derived from parameters in Table 3. Ratio of the increase
substituted side chain volume when rescued by GdnHCI or decrease itca, Km, Or kea/Km in the presence of 100 mM GdnHClI
(Figure 4). The changes in the R59A varidgg andKea/Knm relative to the parameter value in the absence of GdnHCI.

values were similar; however, the R59C, -E, -M, and -Q H,0, Ry
variants exhibited greater increasekifyKn, than forkegin '

GdnHCI (Table 4). The activities of the R59K variant and the GdnHCl-rescued
The rate of!®0-labeled HO exchange as a function of R59A variant were high enough to measure the steady-state
GdnHCI concentration was also measured for the R59A kinetic parameters by the stopped-flow method as a function
variant (Figure 5). The rate of interconversion of £ahd of pH over the range of 6:09.3 (Figure 6). Thek. and
HCO;~ at chemical equilibrium by the R59A variant k./K, values of the R59K variant and the R59A variant in
exhibited a strong hyperbolic concentration dependence onthe presence of GdnHCI were both approximately 10-fold
GdnHCl as reflected in they/[E] parameter, with maximum  lower than the reported wild-type value®3( 42) over the
values observed at 15@50 mM GdnHCI. These data were entire experimental pH range. TheyK, values followed
fit to a form of the Michaelis-Menten equation given by  the same general trend as that reported for the wild t98e (
R/[E] = keaP{GAnHCI)/(Keg®d™HC! + [GdnHCI]), which 42), increasing from pH 6 to 9. Thé& values of both
yielded fitted values fokg,f of 5114 13 st andKgxCdHc! variants also follow the same trend as that of the wild type
of 35.34+ 2.4 mM GdnHCI. The rate of release'80-labeled at lower pH values, increasing from pH-@, and exhibited

,o, exhibited a minimal dependence on the GdnHCI
concentration (data not shown).
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Table 5: pH-Independent Michaetidlenten Kinetic Parameters
hA T Derived from the pH Dependence of @Bydration Catalyzed by
4004 o i X .
',,.'--" Wild Type Cam and the R59A and R59K Cam Varidnts

@ 300 ’?'q;' parameter wild type R59A R59K
= * Keat (x1073s7Y) 7.1+0.6 1.7+0.1 4.8+ 0.4
o< 201 8 PKa (Kea) 6.9 62402  6.6+0.2
¢ PKa' (KealKm') 6.5+ 0.3 6.3+1.4 6.5+ 1.0
100 PKa" (KealKm') 85+04  9.0+03  9.1+0.3
o kealKm! (x10°M~1s7Y) 17+ 4 0.67+ 0.53 1.3+ 0.9
T % % 3o 2o kealKn'" (x105M~1sh) 3944 8.6+3.1  17.3:4.8

guanidine HCI concentration (mM) apH-independent steady-state kinetic parameters Kapelgdues for

CO; hydration were determined by fitting pH-depend&at and keaf
Km data obtained over the pH range of 686 to egs 2 and 3, as
described in Materials and Methodsvalues from ref23,

Ficure 5: Effect of the guanidine hydrochloride concentration on
the rate of*®0 exchange by the R59A variant.

108
pH was also observed for the R59A variant in the absence
of GdnHCI, although the large error inherent in thg and
keaf Km Values precluded accurate determinationkf yalues,
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 trime2)( 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
GdnHCI, 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 GdnHCI 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 CatalysiFhe lowerke,;andkea/

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

FIGURE 6: pH-dependent steady-state kinetic parameters for the contributor to the loss of activity. First, all of the variants
R59K Cém variant and the R59A Cam variant in the presence of were purified as trimers with yields similar to that of the

100 mM guanidine hydrochloride. (A k.o of R59A with 100~ Wild type, and the CD spectra of the R59A and R59K
mM guanidine hydrochloride anda kea/Km of R59A with 100 variants were also similar to that of the wild type. Further-
mM guanidine hydrochloride. (B)) kea:0f R59K and §) kealKm more, theKn, values of the variants did not change signifi-
of RS9K. cantly with respect to that of the wild type. Finally, GdnHCI
little increase over the pH range of-B. The kg data for rescued the variants in a manner indicating rescue of
both variants were fitted to a singlé<pmodel (eq 2), while  functionality and not structure (see below).

thek.o/Km data were fitted to a two¥y, model (eq 3) (Table The Kea— andkeo/Kn—pH profiles for the R59K variant
5). The pH-independerit, value for the R59A variant was  indicated pH-independent<p values similar to that of the
slightly lower than the value for the R59K variant; however, wild type, indicating that the mechanism of the R59K variant
both values are in the range reported for the wild type. The is similar to that for the wild type. Variant R59K had 8%
fit of the R59A variantk.o/K,, data yielded K7 and K," and all other variants: 1% of the wild-typek.s:in the absence
values similar to those of the R59K variant. The/Knm, pH- of GdnHCI, consistent with the importance of a positive
independent i, values of the R59A and -K variants were charge at position 59. Although histidine could potentially
also similar to that of the wild type; however, the error provide the positive charge at position 59, the R59H variant
associated with thely! values precluded comparison with  had very lowk., andk../Kr, values relative to those of the
the wild type. The steady-state kinetic parameters were alsowild type and the R59K variant. The histidine side chain
determined for the R59A variant in the absence of GdnHCI has a much lower intrinsick, value of 6-7 and is shorter

at pH 6.6, 7.6, and 8.6 (data not shown). The same generaland less flexible than the side chains of lysin&{p= 10)
trend of increasinda: and keofKm values with increasing  or arginine (K, = 12). Thus, histidine may not have the

kcat (5-1)’ kca(/Km (M-1 3-1)
:

kcat (3-1)1 kcat/Km (MAT 5_1)
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necessary positive charge at pH 7.5 and may not be (ii) Mechanistic ImplicationsCam employs a two-step
accessible to solvent and substrates in the active site region;ping-pong” catalytic mechanism similar to that afclass
either reason resulting in the failure of histidine to replace carbonic anhydrase®3, 42, 43). The first step involves
arginine in catalysis. nucleophilic attack on a bound GQmolecule by zinc-

(i) Chemical Rescue of Arg 59 VariantBhemical rescue ~ coordinated OH, and is reflected by the catalytic efficiency,
by positively charged guanido compounds has been observedca/Km. The second step involves ionization of a zinc-bound
for several enzymes containing substitutions of arginines Water molecule for regeneration of the active site OH
essential for catalysis3{—41). Substantial increases were Species and subsequent proton transport from the active site
observed irk.y; and koK, for the R59A, -C, -E, -M, and  to external solvent or buffer which is reflected Hya:
-Q variants in the presence of 100 mM GdnHCI. The ability Previous studies showed on&gfor ket and two distinct
of GAnHCI to rescue activity was confirmed BiD-labeled ~ PKa values forkeca/Km. At least one of the IK. values for
H,O exchange experiments with the R59A variant. keaf Km reflects ionization of the zinc-bound water molecule.
Although direct evidence of such as a crystal structure is N fast carbonic anhydrases wih values of>10*s™ (Cam,

necessary to draw firm conclusions, several additional lines &-carbonic anhydrase l1), the rate-limiting step in catalysis

of evidence presented here are consistent with binding of !

is proton transfer from the active site, which is assisted by
rescue agents in the active site, replacing the functionality & fléxible proton shuttle residue located approximately 8 A
of Arg 59 and not from other nonspecific effects. First,

from the active site zinc ion. Glu 84 is a primary proton
kinetic results indicate that the GdnHCl-rescued R59A Shuttle residue in Can2g), and His 64 is a primary proton
variant operates by a catalytic mechanism similar to that of Shuttle residue in the fastesiclass carbonic anhydrases (I,
the wild type. Thek,, values for the GdnHCl-rescued variants IV, and VII)..Bas!c lysine and tyrosine residues more distant
were not significantly different from that of the wild type, fror_n the active site also fu_nctlon as secondary proton shuttle
and theke— and kedKm—pH profiles for the GdnHCI- residues ino.-class ca_rbonlc gnhydrgsed;éll. Su_bstltutlons
rescued R59A variant indicated pH-independefi yalues of proton shuttle residues with residues having no proton

similar to that of the wild type. Furthermore, rescue of R59A {ransfer capability typically result in 10-fold decreasekdn

by GdnHCI occurs in a concentration-dependent manner, as2nd minimal changes ika/Km, and the variant enzymes are
rescued by imidazole2@, 43). The 10- to >100-fold

indicated by both stopped-flow kinetic a#D equilibrium ! i
exchange experiments, implying that the guanido ion acts decreases relative to those of the wild type for baghand
keafKm values of the R59A, -C, -E, -H, -M, and -Q variants

as a catalytic cofactor. THEO equilibrium exchange data ' gt X
also indicated that the guanidinium ion binds the R59A [N the absence of GdnHCI indicate that the Ogydration

variant in a saturable manner, with a binding constant step is significantly affected by these substitutions; however,
(Ke®HC) of 35 mM. Second, the results suggest that the par.allel decre'ases ikcat and kcale preclude any
GdnHCI does not simply restore a perturbed native active conclusions _regardn_wg_a role for Arg 59 in the proton transfer
site conformation leading to the increased rate of catalysis. St€P- The failure of imidazole to rescue R59A could be due
The CD spectra of the R59A variant indicate secondary to seyeral reasons, mcl.ud.njg the fapt thaj[ the proton transfer
structures similar to that of the wild type, independent of St€P is no longer rate-limiting in this variant. =~

the presence of GdnHCI. The SEC results showed that the, The positive charge of Arg 59 may have an indirect role
R59A variant is trimeric, indicating that GdnHCI does not 1N catalysis. Arg 59 is the only cationic residue in the Cam

rescue activity by converting inactive monomers into active active site, as the three zinc-coordinating histidines are
trimers. Only positively charged guanidine and guanido Présumably uncharged. The positive charge of Arg 59 may

compounds rescued R59A; uncharged or weakly ionized partially neutralize the negative charges of Asp 61, Asp 76,
amino compounds such as urea and imidazole failed to rescu@nd Glu 62 carboxylates and the zinc-bound "Olen,

kear and keaf/K, values of the R59A variant. Third, the making blca_rbonate formation “more thermodynamically
chemical rescue results are consistent with steric effectsfavorable. Kiefer et al. 45) previously demonstrated the
expected for binding of the rescue agents in the Arg 59 Importance of secondary I|gands in modulating the zinc
position? The larger ethylguanidine and methylguanidine 2ffinity and the [X, of the zinc-bound water molecule in
were more effective in rescuing the shorter side chain R59A -Class carbonic anhydrase I1. The Arg 59 side chain may
variant, while the smaller guanidine was more effective in @S0 influence the Ig, of the zinc-bound water molecule
rescuing the larger side chain R59C variant than larger €SSential for the Cghydration step through various hydrogen-
methylguanidine and ethylguanidine. These steric effects Ponded networks formed with Asp 6His 81, Asp 76-
have also been observed in the relative ability of alkylguanido HiS 117, active site water molecules, and Glu 62, which
compounds to rescue arginine substitution variants of other co0rdinates one of two zinc-bound water molecules. How-
enzymes, including the R127A variant of carboxypeptidase €Ver. the large error in the fitted RS9AKp value forkes/
A (37), the R57G variant of ornithine transcarbamyleg@(  Km may have masked any changes resulting from this
and the R108Q variant of halorhodops88). Furthermore, ~ Substitution. o . _ o
the kear and keafKm values for the five R59A, -C, -E, -M, _Arg 59 may also function indirectly in catalysis by blndlng_
and -Q variants exhibited an inverse dependence on thebicarbonate. There are numerous examples of enzymes with

substituted side chain volume when rescued by GdnHCI. active site arginine residues that bind carboxylate groups of

substrates, including carboxypeptidase6A46). Transient

- Motecular d s simulad d out in collabora " binding of bicarbonate by Arg 59 could assist in removal of
olecular dynamics simuiations, carriea out in collapboration wi H H H H

A. Ababou, demonstrate that, at least for the R59A variant, there is the. prquCt froEn the ;InC lon, a!lowmg regeneration Of.the

sufficient room for favorable binding of a guanidinium ion in the space active zine-OH™ species. The bicarbonate molecule might

formerly occupied by the Arg 59 side chain. then exit the active site through the hydrated cleft between
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the monomers (T. Iverson, personal communication). Strater 10. Strater, N., Sun, L., Kantrowitz, E. R., and Lipscomb, W. N.

et al. (L0) 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
180 exchange between water and G@Cam @7). 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 irk.,: and an 8.6-fold increase K, in the
R11A variant 0). Any important mechanistic interactions
between Arg 59 and bicarbonate would indicate a more
complex mechanism for COhydration and bicarbonate
release by Cam than that accepted éoclass carbonic
anhydrases.

SummaryTwo 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 béth and kea/Km,
indicating that the C@hydration step is affected. Arg 59 is
proposed to function in the interconversion of £énd
HCOs™, 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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