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ABSTRACT: The crystal structure of Cam, the prototypieclass carbonic anhydrase, reveals active site
residues GIn75, Asn73, and Asn 202 previously hypothesized to participate in catalysis. These potential
roles were investigated for the first time by kinetic analyses of site-specific replacement variants of the
zinc and cobalt forms of Cam. GIn75 replacement variants showed large decrekggKirelative to
wild-type. Further, the GIn75 variants showed a loss of tkgip pH versusk.a/Km profiles previously
attributed to ionization of the metal-bound water yielding the hydroxyl group attacking T@se results
support the previously proposed role for GIn75 in hydrogen bonding with the catalytic hydroxyl orienting

it for attack on CQ. Kinetic analyses of Asn73 variants were consistent with a role in hydrogen bonding
with GIn75 to position it for optimal interaction with the catalytic hydroxyl. Kinetic analyses of Asn202
variants showed substantial decreasdsdfK, relative to the wild-type enzyme supporting the previously
hypothesized role in polarizing G@nd facilitating attack from the metal-bound hydroxyl. On the basis

of results presented here, and previously reported structural analyses, we present a catalytic mechanism
involving GIn75, Asn73, and Asn202 that also suggests a role for Glu62 not previously recognized. Finally,
the results suggest that thie -, anda-class carbonic anhydrases each independently evolved variations
of a fundamental hydrogen bond network essential for catalysis.

Carbonic anhydrases (CAshre metalloenzymes that attack the incoming COmolecule (eq 2a). The resulting
catalyze the reversible hydration of carbon dioxide to bound HCQ™ undergoes a continuum of binding motifs,
bicarbonate (eq 1)1j. To date, there are six classes of ultimately being displaced by an incoming water molecule

(eq 2b). The second step, proton transfer, refers to the
CO,+ H,0=HCO;, + Ht (1) regeneration of the catalytic metal-bound hydroxide by
extracting a proton from the metal-bound water (eq 3a) and
independently evolved CAs that have no significant sequencetransfer out to buffer (eq 3b}L@). Proton transfer, when rate-
identity (2—6). Mounting kinetic evidence for threer(8,  limiting, is reflected bykca. CAs with ket greater than 10
and y) of the six classes of CAs indicate a two-step s 1 employ active site residue(s) that shuttle the proton to
isomechanism for the interconversion of carbon dioxide and buffer (20).
bicarbonate (egs 2a,b and 3a,B)-(8). In the equations, E Rigorous exploration of the well-characterizeatlass CA,
refers to enzyme, M refers to the metal, and B refers to a HCAII, has identified two residues essential for the CO
buffer molecule. The Cohydration step (egs 2a and 2b) is  hydration step, Thr199 and Glul061( 13, 21—23). The
Thr199 hydroxyl hydrogen-bonds with the carboxylate
E-M*"—OH + CO,=E-M*"—HCO,” (2a) oxygen of Glul06. This interaction orients the Thr199
ot B ot B hydroxyl to act as a hydrogen bond acceptor to the zinc-
E-M""—HCO; +H,0=E-M""—-H,;0+HCO; (2b) bound hydroxide, optimizing orientation of the lone pair of
ot Lt o _ electrons of the hydroxide for nucleophilic attack onL£O
E-M""—H,0=H —E-M""—OH (32) The backbone amide of Thr199 hydrogen bonds with the

+ 24 - . 24 - + CO, molecule, polarizing it for nucleophilic attack and
H'-E-M""—OH +B=E-M""—OH +BH" (3b) providing an environment that increases #hgof HCO;~
to promote product removal{). Comparisons of the active
sites in the crystal structures of 3, andy-class CAs do
not reveal threonines or glutamates that corresponddiass
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reflected byk../Km. During this first step, the lone pair of
electrons of the metal-bound hydroxide nucleophilically
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of HCAII (9, 14, 15) revealed tha®. thalianaactive site Purification and Reconstitutiorzrozen cells were thawed
residue, GIn158, and equivalent GIn151Fnsatvum, were and resuspended in 50 mM MOPS (pH 7.5) buffer followed
optimally positioned to provide the same catalytic function by two passes through a chilled French press at a pressure
as the backbone amide of Thr199 in HCALY]. Kinetic of 1000 Ib/in? (1 Ib/in? = 6.9 kPa). The cell lysate was
studies of the N158A variantLlp) support this hypothesis.  centrifuged at 29 0apfor 45 min, followed by filtration of
The prototype of the/-class, Cam Z4), was first isolated the supernatant through a 0 4 filter. This filtrate solution
from Methanosarcina thermophila methanogenic microbe was then loaded onto a Q-Sepharose Fast Flow column
from the Archaea domair2b). Previous inspection of the  (Amersham Pharmacia Biotech, Piscataway, NJ) and washed
crystal structures of the wild-type €&€am and Zr-Cam with several column volumes of 50 mM MOPS (pH 7.5)
(8) identified four residues adjacent to the metal in the active buffer. A gradient elution of 1.0 M NaCl was then applied
site that may perform conserved key roles in catalysis over 6 column volumes. Cam variants typically eluted
analogous to thet-class HCAIl andg-class CAs fromA. between 0.35 and 0.45 M NaCl. These fractions were pooled
thalianaandP. satvum The carbonyl group of Cam active and diluted 2-fold with 3.0 M (N&)>SO, in 50 mM MOPS
site residue GIn75 is shown within hydrogen bonding (pH 7.5) buffer to give a final (Ng.SO, concentration of
distance to the metal-bound hydroxide and, when complexed1.5 M. This solution was loaded onto a Phenyl Sepharose
with HCO;™, the metal-bound oxygen of HGO (8). This high-performance column (Amersham Pharmacia Biotech,
suggests GIn75 could orient and stabilize the metal-bound Piscataway, NJ) previously equilibrated with 1.5 M (NH
hydroxide. However, crystal structures also show Glu62 SO, in 50 mM MOPS (pH 7.5) buffer. The column was
within hydrogen bond distance to a nonmetal oxygen of washed with several bed volumes of equilibration buffer.
HCO;; yet in uncomplexed structures, Glu62 orients toward When a decreasing salt gradient of 2 M (NH,4).SO,
Glu84 which acts as the primary proton shuttling residue buffer was used, the Cam was eluted. Cam fractions were
(8, 26). Though kinetic analyses of Glu62 variantd6) then pooled and desalted using a PD-10 desalting column
indicate participation in Cghydration, the specific function ~ (Amersham Pharmacia Biotech, Piscataway, NJ). Wild-type
is unknown, and a role in proton transfer could not be ruled Cam and Cam variants were denatured, and then refolded
out. Glu62 is unlikely to act as the primary residue orienting in a series of metal-free 150 mM KCL in 50 mM MOPS
the metal-bound hydroxide, since Glu62 is not conserved (pH 7.5) buffer exchanges. The refolded apo-enzyme was
among the putativg-class CAs; however, GIn75 is strictly  then reconstituted with either a cobalt or zinc ion, exclusively
conserved. This leads to the proposal that GIn75 and Asn73(7).
act in a hydrogen bond network with the metal-bound  Gel Filtration ChromatographyA Superdex 75 high-
hydroxide analogous to the Zihydroxide-Thr199-Glu106 resolution gel filtration column (Amersham Pharmacia Bio-
hydrogen bond network characterizedirtlass CA, HCAII tech, Piscataway, NJ) was equilibrated with 150 mM KCI
(8, 27). Cam crystal structures also show Asn202 within in 50 mM MOPS (pH 7.5) buffer. Each metal-reconstituted
hydrogen bonding distance to a nonmetal-bound oxygen of Cam variant was loaded onto the size-exclusion column and
the HCQ™ molecule, implying a function corresponding to eluted using a flow rate of 1.0 mL/min. The eluting
the backbone amide of the-class Thr199 angb-class holoenzyme was detected by measuring the UV absorbance
GIn151 inP. satvumand GIn158 inA. thaliana Here, we at a wavelength of 280 nm. The trimeric Cam fractions were
present kinetic analyses of site-specific replacement variantspooled, concentrated, frozen in liquid nitrogen, and stored
of Cam which show GIn75 and Asn202 are essential in at—80°C. ICP analysis was conducted on all Cam variants
catalysis, whereas Asn73 has a minor role. The resultsto determine metal content (The Chemical Analysis Labora-
suggest roles for these residues analogous to active siteory, University of Georgia, Athens, GA).
residues in the independently evolved and S-classes. Steady-State Kinetic Measurementéld-type Cam and
Further, a more defined role for Glu62 in Cam is proposed. Cam variants were assayed in the direction ob@@lration
by stopped-flow spectroscop29), using a model SF-2001

EXPERIMENTAL PROCEDURES KinTek stopped-flow instrument (KinTek Corp., Austin, TX).

Mutagenesis and ExpressioRlasmid pBA1416NB, de-  Assays were performed at 26 in 50 mM HEPES (pH 7.5).
rived from plasmid pT7-7, encoding the sequence of Cam The Cam variants protein concentrations were determined
minus the 34-amino acid N-terminal secretory signal peptide, by first measuring thé\,g, of these protein solutions, and
was used as the starting plasmid for all site-directed then using a theoretical extinction coefficient of 15 990'M
mutagenesis experiment8j. Mutations were introduced cm™! with a computed monomer molecular mass of 22 873
at positions encoding for amino acid residues 73, 75, and Da. The protein concentrations for wild-type and variants
202 using the site-directed mutagenesis kit, QuickChangeare given based on the extinction coefficient of the Cam
by Stratagene (La Jolla, CA). Mutations were confirmed by monomer. Enzyme monomer concentrations ranged from 400
DNA sequencing of the plasmid&scherichia colistrain nM to 6 uM. Buffer—indicator dye pairs used were MES
BL21 (DE3) was transformed with the Cam variant plasmids and chlorophenol red (at pH 5-6.9) measured at a
which were then used to inoculate Luria-Bertani broth wavelength of 574 nm, MOPS and 4-nitrophenol (at pH-6.5
containing 10Qug/mL ampicillin. Cells were grown at 37  7.7) measured at a wavelength of 400 nm, and TAPS and
°C to anAsoo of 0.6—0.8 and induced to overproduce Cam m-cresol purple (at pH 7-#9.1) measured at a wavelength
variants with the addition of 500M ZnSQO, and isopropyl of 578 nm. Buffer concentrations were all 50 mM, the total
thiogalactopyranoside (IPTG) to a final concentration of 0.8 ionic strength was adjusted to 50 mM with #$&,, and final
mM, followed by continued growth at 37C for 4 h. Cells pH indicator concentrations were b®. Saturated solutions
were harvested by centrifugation and stored frozen &@ of CO, (32.9 mM in HO) were prepared by bubbling GO
°C until lysis. gas into deionized water at Z&. The experimental final
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CO, concentrations were varied from 4.7 to 24 mM. The AN i;\sn 202B
initial 5—10% of the total absorbance changes were used to Asn 731:,-/"*7 e

calculate initial steady-state kinetic data used for kinetic 204 ¢ i ) Glu 84A
analysis, using the average of-105 reaction traces per 304
experiment. The initial rate data were fit to the Michaelis . '
Menten equation to obtain experimental valueskgrand Gln 75B 3‘/‘!18 >
Km. The pH-independent values ki and K, for the CQ wd" b
hydration reaction were determined by fitting the experi- ¥
mental pH-dependent Michaelidlenten parametelca: to ) _j\

eq 4. The pH-independent values fQg/Kn, and K, of the &
GIn75 variants were also fit to eq 4. His 117B

atObS: kca{(l + 1o(pKa PH)) (4) N
The keafKn, of wild-type Cam depends on twd<p values Ficure 1: Co-Cam active site complexed with HEOThe figure
(7); thus, the pH-independent values fQg/Kn and (K, for was displayed with Open-Source Pymol version 0.97 2004. Letters
the CQ hydration reaction of the Cam variants were “A” and “B” designate residues contributed by adjacent monomers.
: " . The dashed lines represent possible hydrogen bond interactions.
determined by fitting the pH-dependent Michaelldenten Glu84, the proton shuttle residue, is shown in the “out” position.
parametekea/Kn to eq 5. The two asterisks on either side of the metal represent the two metal-

bound waters.
K = (KafKi x 107K - Kk Y/
Kealm (kKCi{ |T' 20H K l:ca{ m )K“ H Table 1: Michaelis-Menten Steady-State Kinetic Parameters for
(14 10PRaFPRa=2PH) 4 q (fPKa=pH) 4 (PKT=PH)y () Wild-Type Cam and Variants with Substitutions at GIn75

. . . . molar
All fits described were done using Kaleidagraph (Synergy . . ratio

. . . K, Keaf Keal Km® of metal/

Software, Readl_ng, PA). All effectlve kinetic parameters were o ont (mR}l) m ;1)3 WMa,l "Sll)a monomer
based on protein concentrations of the monomer associated ” 61079 702578 355049 5

with an active site metal determined from the metal “IGMRE = 156£0.79  70.27. 435604 L

incorporation of each variant by ICP analysis. wild-type ~ 15.3+£0.9 173.0£4.5 11.7+0.5 0.7
UV/Visible Absorption Spectroscop®ptical absorption ang;gzm 9674 67 1350021  0.05L 0.021 15
spectra were obtained for wild-type Z&€am and Ce-Cam Co-O75A 12.0+19  0.71+0.050 0.059-0013 0.7
as well as all generated variants at €5 using a Beckman Zn—Q75N  63.9+18.2 8.29+1.80  0.13+ 0.066 1.0
DU640 spectrophotometer (Beckman Instruments, Inc., Ful- Co—Q75N 72+ 13 4.77+£0.07  0.07+0.02 11

; 3 Zn—Q75D  36.4+9.8  0.95+0.18 0.026+ 0.012 1.0
lerton, CA). All samples were desalted with a PD-10 Co-O75D 156:41 075:010 0,048t 0010 08

desalting column (Amersham Pharmacia Biotech, Piscat- z,-Q75e  21.6+6.1 0.602+0.10  0.02& 0.012 0.8
away, NJ) and placed in 20 mM MOPS buffer (pH 7.0). All  Co—Q75E 13+2.7  0.57+0.051 0.044+ 0.013 0.8
samples were assayed at a protein concentration of 1.1 MM. a Effective key and kea/Kim values were based on the concentration
Difference spectra of wild-type and variant proteins were of monomer associated with an active site metal determined from the
generated by subtracting the absorbance spectra of the Zn molar ratio of metal/monomer.
Cam and Zr-Cam variants from the absorbance spectra of
the respective cobalt-substituted protein. suggest that the functional integrity of each variant was
similar to wild-type.
RESULTS Benefiting from its overall 3electronic configuration,
Initial Characterization of Cam Variant€rystal structures  cobalt was used as a reporter metal to investigate the integrity
of wild-type Cam complexed with bicarbona®) (dentified of the active site in the variants via electronic spectroscopy
active site residues, GIn75, Asn73, and Asn202, (Figure 1), since zinc does not significantly absorb in the UV/vis range.
with potential functions corresponding to residues Thr199 Intensity and position of the absorbance bands are dependent
and Glul06 in the well-characterizedclass CAs {1, 13, on the number and type of ligands coordinating the metal as
27, 30, 31). Thus, Cam variants, in which GIn75, Asn73, or well as the geometry of cobalt in the active sigl)( The
Asn202 were individually replaced, were generated to visible difference spectra of wild-type G&€amminuszZn—
investigate the role of these residues in catalysis (Tables 1,Cam, and alanine variants, are shown in Figure 3. The
3, and 4). All 13 variants were expressed in soluble form in difference spectrum of wild-type had a low molar absorp-
E. coli, with final yields of 26-50 mg of the purified tivity (es15 nm= 30 M1 cm™?) indicative of a hexacoordinate
variant/L of cell culture, similar to the-50 mg yield of the metal center determined empirically with cobalt standards
wild-type protein. Each variant was reconstituted with cobalt and consistent with the previously reported structure of Co
or zinc with less than 1% loss of protein yield. Every Cam @, 24, 28). The position of the maximum absorbance
reconstituted variant eluted as a single symmetrical peak fromband (515 nm) corresponded to an average ligand field of
a Superdex 75 size-exclusion column corresponding to athree oxygens, possibly donated by water molecules, and
native molecular mass of approximately 70 kDa, identical three nitrogens that can be contributed by histidines ligating
to the trimeric wild-type. The metal content determined for the metal, consistent with the crystal structure of C&n (
each variant (Tables 1, 3, and 4) was at least 0.7 metal/24). The representative difference spectra of variants- Co
monomer, indicative of robust reconstitution. These results Q75A, Co—N73A, and Co-N202A were comparable to that
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1. Conservative replacement of GIn75 with an Asn resulted
in ~3% retention of thek../Kny value in the Zr-Q75N
variant and only 0.5% retention in the €Q75N variant
when compared to the corresponding/Kr, value of wild-
type Cam. Similarly, the Q75A variants retained % of

the wild-type value (Table 1). Replacement of GIn75 with
an Asp or Glu almost abolished thg/K, value relative to
wild-type. These results support the proposed role for GIn75
in stabilizing and positioning the metal-bound hydroxide for
attack on CQ. It cannot be ruled out with certainty that
conformational changes in the active site accounted for the
decreases ik:.o/{Km. On the other hand, this explanation is
less likely based on spectroscopic analysis of the-Q@5A
variant and that conservative replacement of GIn75 with Asn
resulted in a maximum of only 3% retention of tkg/Kn
value.

The proposed role of GIn75 was further examined by
obtaining profiles of pH versukc,; or keafKm of the Q75A
and Q75N variants (Figure 2). Only the Q75N and Q75A
variants exhibited enough observable activity to be assayed
over a broad pH range. The steady-state paranketéfn
of the Q75N and Q75A variants was pH-dependent, although
the profiles were best fit to a singl&p(eq 4) compared to
the two ionizations that were fit for wild-type Cam (Figure
2, Table 2), consistent with a previous rep@®)( The single
PKa (keal Km) values for all the variants were similar to the
pKy' value of wild-type except for the CeQ75N variant
(Table 2). Both metal forms of the Q75N and Q75A variants
had keafKm @and ko Values at pH 9.0 (Figure 2) that were

6 65 7 75 8 85 9 05
pH

Ficure 2: pH profiles of steady-state parameters for the Q75A
and Q75N Cam variants. (A) Q75 k../K of Co—Q75A

andkee" of Co—Q75A and O) kealKne" 0f ZNn—Q75A andkese" less than 5% of the previously reported wild-type val&s) (
of Zn—Q75A. (B) Q75N W) keo/ K of Co—Q75N andk £ of except for the ZrrQ75N k.4 value that was 13% of the wild-
Co—Q75N ©) kealKn® of Zn—Q75N andk,£™ of Zn—Q75N. type (data not shown). These effectsle@K,, for the Q75A

and Q75N variants further support the proposed role for this
residue in the C@hydration step of catalysis. The kinetic

=y parameterke, in wild-type Zn— and Co-Cam, was de-

:E- N202A pendent on a single ionization within6.5-6.8 (Figure 2,

) v— Table 2).

% ~ M Kinetic Analyses of Asn73 Varian@Biscovery that GIn75

< E is essential for catalysis encouraged examination of the role

%‘ ”E of Asn73 which is ideally situated relative to GIn75 to

= < Q75A provide a similar role as Glul06 in-class CAs. As a

@ secondary player in the proposed hydrogen bond network,

§ w/\‘ Wild-type the 60O atom of Asn73 could potentially act as a hydrogen

& . - SRRy acceptor to the amide of GIn75 to orient GIn75 for hydrogen
- - - - - bonding with the catalytic metal-bound hydroxide (Figure
F @ 3 = S & 1). Steady-state kinetic parameters of Asn73 Cam variants

Wavelength (nm) are shown in Table 3. The ZN73A and Zr-N73Q variants

Ficure 3: Optical absorption difference spectra of @anuszn- yieldedkea/Kr values that were-40% of the corresponding

substituted wild-type Cam and variants. Conditions were 1.1 mM zinc wild-type value, whereas EN73A, -Q and_ -D variants
Cam in 20 mM MOPS, pH 7.0, at 25C. had~20% of thek../Kn values compared to wild-type €o

Cam. An exception to these results was the—Rir3D

of the wild-type Ce-Cam, indicating no major alteration of  variant which retained 100% of the wild-type Z@€amkga/
the metal environment. These spectroscopic data furtherKn, value. At pH 9.0, the CoN73A and Zn-N73A variants
support that changes made in the active site of the alaninehad keo/Km and k.o values that were 7% and 10% of the
variants did not interrupt the structural integrity of the active respective wild-type values (data not shown). These data
site. suggest that Asn73 is not essential for catalysis and is only

Kinetic Analyses of GIn75 VariantRResidue GIn75 is  important for optimal catalysis, possibly by orienting GIn75
positioned to act as a hydrogen bond acceptor to the attackingfor optimal interaction with the metal-bound hydroxide.
metal-bound hydroxide as inferred from the distance of the Kinetic Analyses of Asn202 Variant3he amide of
€O atom of GIn75 to the metal-bound oxygen of HCGn Asn202 is within hydrogen bonding distance to a nhonmetal-
the wild-type Coe-Cam structure (Figure 1). Steady-state bound oxygen of the bicarbonate molecule in reported crystal
kinetic parameters of Cam GIn75 variants are shown in Table structures §) (Figure 1) and is similarly positioned to
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Table 2: pH-Independent Michaetidlenten Kinetic Parameters Obtained from the pH Dependence efHy@ration Catalyzed by Wild-Type
Cam, Q75A Variant, and Q75N Variant

wild-type variant

parameters Zn—Cam Co-Cam Zn-Q75N Co-Q75N Zn—Q75A Co-Q75A
Keat (Ms™) 61.2+0.1 104.3+ 0.2 7.6+£0.1 2.66+ 0.03 1.5+ 0.6 0.6+ 0.01
PKa (Kead) 6.8+ 0.1 6.5+ 0.1 7.0+ 0.01 6.5+ 0.06 6.9+ 0.04 6.6+ 0.01
pKa' (KealKm') 6.9+ 0.1 6.7£0.1 7.3+ 0.04 8.1+ 0.1 8.2+ 0.08 8.3+ 0.04
pKa' (kealKm'") 8.24+0.3 8.4+ 0.2 NDP NDb NDb NDb
KealKm' (uM~1 571 3.3+ 05 53+ 0.5 0.28+ 0.01 0.30+ 0.02 0.18+ 0.02 0.28+ 0.02
Keal K" (uM~1 571 6.1+ 0.5 151+ 14 NAP NAP NAP NAP

apH-independent kinetic parameters ari¢h palues for CQ hydration were determined by fitting pH-dependi&nt and keo/Kn data obtained
over the pH range of 6:29.0 to eq 4 as described in Experimental Procedir&he kinetic parametek../Km, of these variants are dependent on
a single K, whereas in wild-typek../Km is dependent on twoky's. ND, not detected; NA, not applicable.

Table 3: Michaelis-Menten Steady-State Kinetic Parameters for ¥-Asn 202B
Wild-Type Cam and Variants with Substitutions at Asn73 o-Thr 19% i »",'—-’-":":"
molar 'y
Keal" el mesal ra '3.04
K meta 23,
variant (mR)I) (mé\ll)a (,uMa*1 2*1)5‘ monomer . ’Y'Gh&g“A
\ [ Gy .. .

wild-type 15.6+0.79 70.2+7.8  4.35+0.49 1.2 /e 3 “J HCO, oz

Zn—Cam = Tee, /1
wild-type 15.3+0.9 173.0+45 11.7405 0.7 -:! =

Co—Cam =y
Zn—N73A 10.94+ 0.09 20.1+0.76  1.84+ 0.086 1.0 ?Zﬁ:‘
Co—N73A 17.1+0.25 56.8+ 0.45 3.33+0.07 0.7 AN \
Zn—N73Q 105+ 1.1 19.7+0.86 1.89+0.28 1.0 &
Co—N73Q 139+ 2.1 28.0+£2.04 2.00+0.45 0.8 5
Zn—N73D 10.4+ 0.7 445+ 0.49 4.35+0.34 0.8
Co-N73D  15.44+14  455£209 2.95+0.41 1.0 v-Glu 62A

a Effective kear and keaf K Values were based on the concentration
of monomer associated with an active site metal determined from the 7-His 81A
molar ratio of metal/monomer. , o-His 119

v-His 122A
o-His 94

Table 4: Michaelis-Menten Steady-State Kinetic Parameters for Fiure 4: Co—Cam active site complexed with HGOsuperim-
Wild-Type Cam and Variants with Substitutions at Asn202 posed with the CeHCAII active site complexed with HCO. The

figure was displayed with Open Source Pymol version 0.97 2004.

rg‘t%aorf Letters “A” and “B” designate residues contributed by adjacent
Ko Keal Keal K€ metal/ monomers. Thex or y notation refers to residues belonging to
variant (mM) (ms %2 (uM~ts™ha  monomer a-class CA active site oy-class CA active site. The HCAIl active
- site members are represented in green, and the Cam active site
W'Icz"ntxpceam 1824079 763£68 416411 1.0 members are represented in white. The smaller red spheres represent
wild-type 173409 173.044.9 11.7+ 050 0.7 the coordinating waters of Ca&Cam. The smaller green sphere
Co—Cam depicts a conserved water in the-€ldCAIl active site. Distances
Zn—N202A 26.2+3.9 6.60+0.60 0.25+ 0.06 1.5 in blue refer to the distances from HCAIl residues to HCAII
Co—N202A 24.6:0.9  17.4+0.40 0.71+0.04 0.8 bicarbonate. Distances in gray refer to the distances from Co
Zn—N202Q 18.4+0.6 6.7+1.4 0.36+ 0.21 1.8 Cam residues to CeCam bicarbonate.
Co—N202Q 245+1.8 260+0.11 0.1140.0012 1.0
Zn—N202S 39.6-54 51+050 0.13:£0.03 2.0 .
Co-N202S 47.3:5.0 12.3+0.96 0.26+0.0048 1.0 Zn—N202E, and Ce-N202E variants were too low for a
Zn—N202H  20.7+14.4 2.78+1.1  0.134+0.145 14 successful fit to the MichaelisMenten equation (Table 4).
gO’NZOZH 858+ 12.9 156538 0436+ 0.2622 1.0 The ke values for all Asn202 variants were equal to or less
n—N202D 116.2+ 6.6 9.744+0.48 0.0838+ 0.0088 1.0 .
Co—-N202D ND NDP NDP 0.8 than 10% of wild-typek.,: values. Both metal forms of the
Zn—N202E NI NDP NDP 1.0 Asn202 alanine variants had bdth: and k../Kn values at
Co-N202E NO¥ NDP NDP 0.7 pH 9.0 that were less than or equal to 10% of the respective

3 Effective ke and kealKm values were based on the concentration wild-type values at pH 9.0 (data not shown). The decreases
of monomer associated with an active site metal determined from the jn the kinetic constants of the Asn202 variants suggest
molar ratio of metal/monomef.ND, not determinable. Kinetic analyses Asn202 is important for catalvsis and are consistent with
for these variants yielded rates near the limit of detection precluding . P y L .
reliableke andkea/Km values determined using the Michaetidlenten the previously proposed rol&)(in orienting and polarizing
equation. CQ; for attack by the metal-bound hydroxide. Conforma-
tional changes in the active site potentially explain the
function analogous to the backbone amidecafiass Thr199.  decreases iR, andkea/Km. However, spectroscopic analysis
The Zn—N202Q, Zn-N202A, and Ce-N202A variants had  of the N202A variant and marked decrease&cipandkeaf
kealKm Values at pH 7.5 of 8.7%, 6.0%, and 6.1%, respec- Ky for the conservative replacement of Asn202 with GIn
tively, relative to the corresponding wild-type value at pH suggest conformational changes did not contribute signifi-
7.5 (Table 4). The CoN202Q, -S, -H and ZrN202S and cantly to decreases in the kinetic constants.

-H variants had..{Kn, values that were-3% or less of wild- Superimposition of Cam Aet Site andx-Class CA Actie
type values. The rates of G@ydration for the Ce-N202D, Site. The active site residues between theclass CA
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(HCAII) and they-class (Cam) bear no structural identity,

Zimmerman and Ferry

rearrangement occurred in the Q75D variant that may have

except that the metal ligands superimpose (Figure 4). Also, contributed to the observed reduction in catalysis.

thea-class CA bidentate-bound HGOshares approximately
the same position with the bidentate-bound HC@® Co—
Cam crystal structures8). Remarkably, thecO atom of
GIn75 and the hydroxyl of Thr199 are similarly situated
relative to the respective metal-bound HE(as is the amide

In wild-type Zn— and Co-Cam, k.ofKm was dependent
on two ionizable groups, one at6.6—6.8 and a second at
~8.0—8.3, which is in agreement with previous result (
The first ionization {6.6—6.8) was previously assigned to
the catalytic water®), while it is unknown what group is

of Asn202 and the backbone amide of Thrl99. These responsible for the seconKp The pH profiles ofk.a/Knm
comparative analyses further strengthen the proposed rolegor variants Q75A and Q75N showed a loss of thg, gt

for GIn75 and Asn202 in Cam.

DISCUSSION
The crystal structures of three,(S, andy) of the six

~6.6—-6.8, indicating GIn75 influences ionization of the
catalytic water, a result consistent with the hypothesized
function for GIn75 R7). It is reported that the K, of the
catalytic water in thexr-class CA (HCAII) increases at least

independently evolved classes of CAs reveal diversity in 1 pH unit for Thr199 variantsl{l, 13). Thus, one possible

amino acid composition adjacent to the active site me&al (

interpretation for the results is that GIn75 assists the metal

4, 8, 9, 32—36). However, these three classes have been in lowering the [K, of the catalytic water by stabilization of

kinetically described to participate in a two-step isomecha- the attacking hydroxide group relative to the water, and loss
nism involving a catalytic metal-bound hydroxide. This of the functional group in the Q75A variants results in an
prompted investigations to determine if theclass, Cam, increased K, of the catalytic water that cannot be resolved
shares a common catalytic mechanism. Active site residues,from the K, at ~8.3. The same explanation can be applied
GIn75 and Asn73, of the prototypig-class enzyme, Cam, to interpret the profile of pH versuga/Km for the Co-Q75N
are hypothesized to participate analogously to dhelass variant, although the ZnQ75N variant showed only a
hydrogen bond network comprised of Z®H~, Thr199, and modest increase in thekp of the catalytic water and loss of
Glu106 that aids in orienting the metal-bound hydroxide for the 8.3 K, which is unexplained. These results are consistent
attack on CQ (8, 11, 13, 27). The Asn202 of Cam  with the catalytic water within hydrogen bonding distance
hypothetically polarizes the incoming G@olecule, poising to GIn75 in both the Zn and Co enzymes which is also
it for attack by the metal-bound hydroxide, akin to the consistent with the proposed role for GIn75.
function of the backbone amide of Thr198).(Here, we The kinetic parametéd in wild-type Zn— and Co-Cam
show that GIn75 and Asn202 are important for the ,CO was dependent on a single ionization withi6.5—6.8. It is
hydration step and propose a catalytic mechanism involving unknown what active site species may be responsible for
these residues. this pK,, although it was previously postulated to reflect the
Kinetic Analyses of Cam Variants Suggest Roles for GIn75, pKa of a proton shuttle residu&). The pH profiles ofkca
Asn202, and Asn73he decreases ik./Ky, for the Zn— for the Q75A and Q75N variants showed retention of this
and Ce-Q75A variants relative to wild-type indicate GIn75 pKj, suggesting replacement of GIn75 does not influence the
is essential in the C£hydration step of catalysis, consistent pKj, of the responsible residue.
with a role in orienting the metal-bound hydroxide for attack ~ The Asn73 variants showed only modest decreaskgin
on CQ. Further, the Za- and Co-Q75N variants retained  andk../Kn, relative to wild-type, whereas replacement of the
less than 3% of the wild-typle./Kn. Although the magnitude  a-class Glu106 with alanine or glutamine resulted in much
of decreases support an essential role for GIn75, decreasekarger decreased 8). Thus, if Asn73 functions in analogy
in kea/Km for the a-class Thr199 variants were significantly to Glu106 in thea-class enzymes as previously proposed
less (1), which suggests a more stringent role for Thr199 (11, 13, 27), then the requirement for a residue to orient
that may be a consequence of differences in the active siteGIn75 in Cam is less strict than for orienting Thr199 in the
architectures. The GIn75 variants also showed a similar a-class and Asn73 has only a minor role in catalysis. This
decrease irkss Wwhen compared to wild-type Cam; thus, discrepancy may reflect differences in the active site
disruption of proton transfer cannot be ruled out. However, architecture of Cam and the-class CAs.
the functional group of GIn75 precludes a role for this residue  The decrease ik../Km for the Zn—N73D variant was not
in proton transfer, and therefore, it is unlikely that loss of significantly different from the wild-type. One explanation
proton transfer contributes significantly to the decrease in for this result is that the carboxyl of N73D retains the ability
keat Although retaining the potential to interact with the to act as a hydrogen bond acceptor at essentially the same
metal-bound hydroxide via the same functional group, the distance to GIn75 as in wild-type Cam. However, the
loss of one methylene group in the Q75N variants may not decrease itk.o/Km of Co—N73D was comparable to that in
allow optimal hydrogen bonding with, or proper positioning other Co-substituted Asn73 variants. These discrepancies in
of, the catalytic hydroxide. Interestingly, the carboxylate k../Kn between the Co- and Zn-substituted variants may
group of the Q75E variant, which could possibly act as a involve the position of the metal-bound catalytic water
hydrogen bond acceptor, showed near abolitiofk.gfKnm. adjacent to GIn75. Crystal structures reveal that the position
It is possible the glutamate has an electronegative chargeof the water adjacent to GIn75 in E&€am is unique to that
that disorients the metal-bound hydroxide by repulsion, in Zn—Cam owing to the higher coordination of E€am
rearranges the active site, or both, impeding catalysis. Thiswith three waters opposed to two waters for-Zbam @).
scenario may also explain the decreadedK, value In the Zn—N73 variants, the hydrogen bonding between
observed in the Q75D variants. Although gel filtration and GIn75 and the catalytic hydroxide may remain intact,
spectroscopy of the CeQ75A variant indicated no gross although not optimal for catalysis. In contrast, in the-Co
structural changes in the active site, it is possible that solventN73D variant, the introduction of a negative charge may
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aThe reaction mechanism is drawn using-Zbam as the template. €&€am is assumed to have a similar mechanism with an additional
coordinating water molecule. (A) 2nis coordinated by two water molecules. (B) Glu62, extracting a proton from a water, which then extracts a
proton from the adjacent water. &) The resulting Zr-OH™~ attacks the C@resulting in a bound HC® that displaces a water molecule. The
HCOs™ undergoes a bidentate transition state where the proton either rotates (Lindskog) or transfers (Lipscomb) to the nonmetal-bound oxygen of
the HCQ™. (G) As shown in the crystal structure®),(Glu62 hydrogen-bonds with hydroxyl HGQ destabilizing it. An incoming water further
destabilizes the HC® by replacing one of the bound oxygens. (H) A second incoming water completely displaces the td€@ing in product
removal and regeneration of the active site.

position GIn75 beyond favorable interactions with the introduced, theA\AG* (—RTIN[(Keaf Kim"2 @M/ (Keaf KA —P€)])
catalytic hydroxide. Thus, the role of Asn73 may hold greater of the N202A variant estimates that the amide of Asn202
emphasis to properly angle and position GIn75 in higher contributes=0.9 kcal/mol toward stabilization of the transi-
coordinated metal centers. tion state. This contribution is comparable to ta6.8kcal/
Hakansson’s proposaBT{) that the backbone amide of mol determined for the backbone amide of Thr199)(
Thr199 tethers the incoming G@nd destabilizes the HGO Thus, the kinetic analyses of the Asn202 variants are
transition state has been substantiated by kinetic andconsistent with a role for this residue analogous to the
structural datai(l, 15, 37). In 5-class CAs fronP. satibum backbone amide of Thr199 in the-class CAs. Asn202
and A. thaliana, it has been suggested that GInl51 and variants also showed large decreasés.direlative to wild-
GIn158 function comparable to the backbone amide of type. The functional group of Asn202 precludes a proton
Thr199 @5, 37). Cam crystal structures) reveal Asn202 transfer function, and therefore, it is unlikely that loss of
is well-positioned to act analogous to thg¢kelass residues  proton transfer contributes significantly to the decrease in
as well as the backbone amide of Thr19%isclass CAs. Keat
The 16-fold decrease ik../Kn values for Asn202 variants Proposed Catalytic Mechanism of the Prototypi€lass
relative to wild-type suggests that Asn202 is important for Carbonic Anhydrase, CanCumulating previous results and
catalysis. Assuming no structural rearrangements werethe results presented here, we propose a mechanism for the
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prototypicy-class CA, Cam (Scheme 1). Scheme 1 portrays carbonic anhydrase (Cam). Kinetic analysis of variants
Zn—Cam; however, the mechanism is also applicable te Co revealed that GIn75 and Asn202 are important in catalysis
Cam with the exception of an extra metal-coordinated water. and that Asn73 plays a supportive role. The study also
Panel A shows GIn75 and Glu62 engaged in hydrogen bondsprovides a more complete catalytic mechanism constructed
with separate waters, consistent with the crystal strucB)re ( using the kinetic data presented here and previously reported
A proton is extracted from the noncatalytic water coordinated structural analyses. This mechanism also suggests a possible
by Glu62, sharing the proton between Glu62 and the role for residue Glu62 not previously proposed. As well, the
previously documented26) proton shuttle residue Glu84. investigation lends to the mounting evidence that, although
The second ig, in wild-type Cam at~8.3 could reflect the  the six classes of carbonic anhydrases evolved independently,
ionization of the water within hydrogen bonding distance to at least three of these classes £, andy) utilize variations

Glu 62. Further experiments are needed to test this hypoth-of a fundamental hydrogen bond network for catalysis.
esis. The metal-bound hydroxide then extracts a proton from
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