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ABSTRACT: Four glutamate residues in the prototypielass carbonic anhydrase frodhethanosarcina
thermophila(Cam) were characterized by site-directed mutagenesis and chemical rescue studies. Alanine
substitution indicated that an external loop residue, Glu 84, and an internal active site residue, Glu 62, are
both important for C@hydration activity. Two other external loop residues, Glu 88 and Glu 89, are less
important for enzyme function. The two E84D and -H variants exhibited significant activity relative to
wild-type activity in pH 7.5 MOPS buffer, suggesting that the original glutamate residue could be substituted
with other ionizable residues with similaKpvalues. The E84A, -C, -K, -Q, -S, and -Y variants exhibited
large decreases i, values in pH 7.5 MOPS buffer, but only exhibited small changdsdfK,. These

same six variants were all chemically rescued by pH 7.5 imidazole buffer, witd@3old increases in

the apparenk:a. These results are consistent with Glu 84 functioning as a proton shuttle residue. The
E62D variant exhibited a 3-fold decreasekya: and a 2-fold decrease ka/Kn relative to those of the

wild type in pH 7.5 MOPS buffer, while other substitutions (E62A, -C, -H, -Q, -T, and -Y) resulted in
much larger decreases in bd¢ha: andk../Kn. Imidazole did not significantly increase thg;values and

slightly decreased thk../Kn, values of most of the Glu 62 variants. These results indicate a primary
preference for a carboxylate group at position 62, and support a proposed catalytic role for residue Glu
62 in the CQ hydration step, but do not definitively establish its role in the proton transport step.

There are three independently evolved classes of carboniowvater @). Faster carbonic anhydrase enzymes, such as
anhydrasesy, 5, andy) that catalyze the reversible hydration a-class mammalian carbonic anhydrase Il, exhihitvalues
of CO, (eq 1) (1). Theo-class is the best characterized for in the range of 18-10°f s, and must transfer the proton
which a two-step zinc hydroxide mechanism has been from the zinc-bound water molecule to an intermediate PSR
proposed. as shown in eq 3a, and then to an external buffer molecule

. N (B) (eq 3b).
CO, + H,0=H" + HCO, 1)

2+ — 52+ -

The first step is the nucleophilic attack of a zinc-bound PSR+ Zn™ —H,0 == Zn™-OH  + PSR-H (3a)
hydroxide ion on the weakly bound GQeq 2). The second PSR-H + B = PSR+ B-H" (3b)
step is the regeneration of the active site by the ionization
of zinc-bound water molecule into a proton, which must be
removed from the active site, and a zinc-bound hydroxide
ion (eq 3). The zinc ion acts as a Lewis acid to lower the
pK, of the water from 14 to approximately 7.

The study of PSRs has been restricted to thelass
enzymes which utilize ionizable residues histidine, glutamate,
aspartate, and lysine, with intrinsi&pvalues in the range
of 4—10 which can shuttle protons from the zinc-bound water

2+ - — o2t - molecule (Zn-HO) to buffer (B) 3—15). Proton transfers
Zn"-OH +CO,=2Zn" + HCO, (2) from the zinc-bound water molecule to the PSR and possibly
7n?t + H20~——‘Zn2+-OH_ +Ht 3) from the PSR to the external buffer are thought to occur
through networks of hydrogen-bonded water molecules
Carbonic anhydrases with slower glyydration rateskGa (“proton wires”), rather than by direct transfer from the zinc-

< 10* s79) transfer the proton directly to buffer or water bound water to the PSR7,(16-21). In the fasta-class
molecules in solution (eq 3), as this is the fastest rate at whichcarbonic anhydrase I, under conditions of high buffer
protons can transfer from an acidic group withkg,pf 7 to concentration the rate-limiting step in the forward direction
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the third is from adjacent monomer B (His 117-B). Other
residues in the active site of Cam are also donated from both
monomer faces and bear little resemblance to residues in
the active site of the well-characterizedclass carbonic
anhydrases for which specific functions have been assigned
D.

Although the active site residues are unlike thelass,
the proposed kinetic mechanism for Cam involves the same
two-step mechanism, with intramolecular proton transfer as
the rate-limiting step under high buffer concentratio?6) (
Cam is also a relatively fast carbonic anhydrase, With
values approaching @ (26), implying the presence of a
PSR. There is no equivaleatclass His 64 PSR in the Cam
active site, leaving open the question of the mechanism of
proton transfer, and the identity of any possible PSRs.
Analysis of high-resolution structures for Cam and Cam
complexed with bicarbonate has led to a proposal in which
residue Glu 62 is involved in the GOhydration step of
catalysis (eq 2) and is also potentially involved in proton
transfer (eq 3) along with residue Glu 827. Here, we
report site-directed mutagenesis results from investigations
of the role of residues Glu 62 and Glu 84 and other potential
PSRs in Cam.

MATERIALS AND METHODS

. Mutagenesis and ExpressioA plasmid encoding the
Ficure 1. View of Cam active site and external loop acidic sequence of a putative mature or soluble form of Cam,
residues. Two distinct conformations are shown for Glu 84. termed pBA1416NB, derived from plasmid pT7-7, was used

Distances in angstroms between the zinc ion andxtiearbon and . : : . .
nearest oxygen atoms (respectively) for the four residues are as?s the starting plasmid for all site-directed mutagenesis

follows: Glu 62, 7.5 and 4.5; Glu 84, 8.6 and 8.0; Glu 88, 17.0 €xperiments Z8). This form of Cam has a 34-amino acid
and 16.3; and Glu 89, 20.3 and 21.5. This image was prepareddeletion from the N-terminal sequence, which has properties
with the Molscript software package version 2.1 [Kraulis, P. J. characteristic of a secretory signal peptide leader sequence.

(1991)J. Appl. Crystallogr. 24946-950]. Unique Banll and BsrGlI restriction sites were introduced

is generally thought to be the removal of the proton from into this plasmid using the QuikChange site-directed mu-
the active site (eq 3)1( 22). This implies that the turnover ~ tagenesis kit (Stratagene, La Jolla, CA), to allow cassette
number kea) is a reflection of the rate of proton transport Mutagenesis of a region encoding residues 9@ Other
(eq 3), while the catalytic efficiencyk(/Ky) is more  Single mutations were introduced at various positions by
reflective of the C@hydration step (eq 2), and is generally Using the same kit. Mutations were confirmed by DNA
insensitive to the rate of proton transport. THeclass ~ sequencing of the plasmidsEscherichia coli strain
carbonic anhydrase appears to follow the same zinc hydrox-BL21(DE3) or BL21(DE3) Gold was transformed with
ide mechanism proposed for theclass carbonic anhydrases PBA1416NA or derivative-mutated plasmids, and used to
(23); however, only one study has been reported on the stepgnoculate Luria-Bertani broth containing 1@/mL ampi-
involved in proton transfea4)_ cillin and SOOIMM ZnSO4 Cells were grown at 37C to an
The carbonic anhydrase from the thermophilic methanoar- Asoo 0f 0.4—0.8, and induced to overproduce Cam variants
chaeonMethanosarcina thermophij&am, is the prototype Py addition of isopropyl thiogalactopyranoside (IPTG) to a
of the y-dass and the on|y/_carbonic anhydrase that has final concentration of 0.8 mM, followed by Contlnueq grOV\{th
been characterized. Cam has several features that differentiatat 37°C for 3 h. Cells were then harvested by centrifugation
it from the other two enzyme classes. The protein fold is and stored frozen at-80 °C until lysis was performed.
composed of a left-handgthelix motif, interrupted by three ~ Molecular biology procedures were performed according to
protruding loops and followed by short and longhelix Sambrook et al.Z9).
structures 25). The Cam monomer self-associates into a  Purification. Cells were lysed by resuspension in 50 mM
homotrimer structure with an approximate molecular mass MOPS buffer to ansq of 2—10, followed by two passes
of 70 kDa. The Cam active site contains three histidine through a chilled French press at a pressure of 1000 3b/in.
residues that coordinate a zinc ion with a geometry very (1 Ib/in2 = 6.9 kPa). Cell lysate was centrifuged at 20600
similar to that found in thet-class. However, the similarities  5000@ for 20 min, followed by sterile filtration of the
between the active site of Cam and thelass end there.  supernatant through a 0.4% filter. The soluble cell extract
Unlike the monomeriet-class carbonic anhydrases, the Cam solution was then loaded anta Q Sepharose Fast Flow
active sites are located at the interface between pairs ofcolumn (Amersham Pharmacia Biotech, Piscataway, NJ) and
monomers, with residues in the active site donated from bothwashed with several column volumes of pH 7.5, 50 mM
monomer faces (Figure 1). Two of the metal binding residues MOPS buffer. A gradient of 0 to 1.0 M NaCl was then
are donated by monomer A (His 81-A and His 122-A), and applied over 10 bed volumes to the column to elute the Cam
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fractions, which typically eluted at a NaCl concentration of

0.5 M. The Cam fractions were then pooled and diluted

2-fold with 3.0 M (NH,),SO, previously equilibrated with
Chelex resin (Bio-Rad, Hercules, CA) to remove the
contaminating iron, to give a final (NSO, concentration

of 1.5 M. This solution was then loaded onto a Phenyl

Tripp and Ferry

Menten parametek../Kn, to eq 5.

Keaf K™ = [(Kead ) x 10 PRk /KT
(1 + LOPRHPRET20H L (PRETPH g PKPH) (5

Sepharose high-performance column (Amersham Pharmacia>0lvent hydrogen isotope effect (SHIE) studies were per-

Biotech) previously equilibrated with pH 7.5, 50 mM MOPS,
1.5 M (NH,),SO, buffer. The column was washed with

formed in pD 6.5, 50 mM MES; pD 7.5, 50 mM MOPS;
and pD 8.5, 50 mM TAPS buffers, with the ionic strength

several bed volumes of equilibration buffer, and then the adjusted to 0.2 M with N&SO,, at a temperature of 2%C,

of 1.5 to 0 M (NH,).SO, buffer. Cam fractions were then
pooled, dialyzed against 50 mM, pH 7.5 MOPS buffer,
aliquoted, and frozen in liquid nitrogen, and stored-&0

°C until they were used further.

Gel Filtration Chromatography A Superose 12 high-
resolution gel filtration column (Amersham Pharmacia Bio-
tech) was equilibrated with pH 7.5, 50 mM MOPS, 50 mM
NaSQ, buffer. Each Cam variant (2Q€.) at a concentration
of 50 uM was injected onto the column and eluted from the
column using a buffer flow rate of 0.5 mL/min. The eluting

pD values are uncorrected pH electrode readings. The CO
concentrations were varied from 5.4 to 27 mM, based on
saturating solutions of f© at 25°C. All data fits were
performed with the Kaleidagraph software package (Synergy
Software, Reading, PA).

Electrostatic Surface PotentialThe GRASP software
package §1) running on a Silicon Graphics UNIX worksta-
tion was used to compute the electrostatic surface potential
of Cam, using the X-ray structure coordinate file for Cam,
1THJ @5), available from the Protein Data Bank. Electro-

protein was detected by measuring the UV absorbance at aStatic parameters that were used included an ionic radius of

wavelength of 280 nm.
Steady-State Kinetic Measuremenéild-type Cam and

variants of interest were assayed for carbonic anhydrase

activity by the method of Khalifah30), using a model SF-
2001 KinTek stopped-flow instrument (KinTek Corp., Aus-

2.0 A, an external solvent dielectric of 80, an internal
dielectric of 2.0, and a salt concentration of 0.2 M.

RESULTS

Generation and Initial Characterization of Cam Variants

tin, TX). Enzyme monomer concentrations ranged from 200 The surface electrostatic potential of Cam (data not shown)

nM to 15uM, and were determined by measuriAgss of

reveals a loop region (residues-830) containing residues

protein solutions, using a theoretical molar absorbance valueGlu 89, Glu 88, and Glu 84 which form an acidic “valley”

of 15990 Mt cm™%, with a computed monomer molecular
mass of 22 873 Da. Bufferindicator dye pairs used were
MES and chlorophenol red (at pH 5:8.9) measured at a
wavelength of 574 nm, imidazole, 1-methylimidazole, 1,2-
dimethylimidazole, or MOPS and 4-nitrophenol (at pH-6.5

extending from the bulk solvent to residue Glu 62 which is
adjacent to the active site zinc (Figure 1). The arrangement
of these four glutamates suggests a potential role in proton
transfer from the zinc-bound water molecule to buffer in the
bulk solvent. PSR roles for Glu 62 and Glu 84 have also

7.7) measured at a wavelength of 400 nm, TAPS and been proposed on the basis of high-resolution crystal

m-cresol purple (at pH 7-79.1) measured at a wavelength
of 578 nm, and CHES and thymol blue (at pH 8®5)

structures of Cam and Cam complexed with bicarborizie (
Thus, each of the four glutamates was replaced by site-

measured at a wavelength of 590 nm. Unless otherwise noteddirected mutagenesis (Table 1) to determine its role in
buffer concentrations were 50 mM and the total ionic strength catalysis. All Cam variants were produced in the soluble

was adjusted to 0.2 M with N&O,. Acetate and pyrazole

fraction of E. coli, with yields similar to that of the wild

rescue experiments were performed using 50 mM sodium type (25-50 mg/L of culture). Gel filtration chromatography

acetate or 50 mM pyrazole, in addition to pH 7.5, 50 mM

indicated that all variants were trimers in accord with the

MOPS. Final pH indicator concentrations ranged from 2.0 wild type (28). These results indicate that replacement of

x 107¢to 1.0 x 10~ M. Saturated solutions of G(32.9
mM in H;O, 38.1 mM in BO) were prepared by bubbling
CO, gas into deionized water or ;D at 25 °C. The
experimental C@ concentrations were varied from 4.7 to
24 mM. Only the initial 5-10% of the pre-steady-state

Glu 89, Glu 88, Glu 84, and Glu 62 with any of the residues
listed in Table 1 does not result in gross conformational
changes in the protein structure. All Cam variants exhibited
normal Michaelis-Menten kinetics.

pH-Dependent Soént Hydrogen Isotope Effects with

kinetic data was used for kinetic analysis, using the averageWild-Type CamThe previously reported SHIE on the,
of 6—10 reaction traces per experiment. The initial rate data value of Cam at saturating buffer concentrations showed that

were fit to the MichaelisMenten equation to obtain
experimental values fok., and Ky,,. The pH-independent
values ofk.y and K, for CO, hydration were determined
by fitting the experimental pH-dependent MichaelMenten
parametek., to eq 4.

obs _
at

ka1 + 2071 (4)
The pH-independent values fég/Km, kealKn'', pKa, and
pK4" for CO, hydration of the wild type and the E84H variant
were determined by fitting the pH-dependent Michaelis

intramolecular proton transfer is rate-limiting at pH 826)(
These studies were extended to pH 7.5 and 6.5 as a
prerequisite for interpretation of G@ydration activities of
the wild type and replacement variants in imidazole or MOPS
buffer. The SHIE for catalysis in the GQydration reaction
was measured using a concentration of 50 mM MES (pH/D
6.5), MOPS (pH/D 7.5), or TAPS (pH/D 8.5) where
intermolecular proton transfer to buffer is not rate-limiting.
The ratio ofkca(H20)/kea(D20) was greater than 2.0 (Table
2) for thek.qr values at all three pH/D values, indicating that
intramolecular proton transport is rate-limiting over the pH
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Table 1: Michaelis-Menten Steady-State Kinetic Parameters for
Wild-Type Cam and Variants with Substitutions at Glutamate 62,
Glutamate 84, Glutamate 88, and Glutamaté 89

kCat Km kCa{Km
(x103sY) (x1°M) (x108M-1s)

variant buffer
wild-type MOPS 56.8+ 5.8 27.8+ 4.5 2.05+ 0.54
IMID ¢ 719+ 149 44.1+125 1.63+ 0.80
MOPS-A¢ 24.7+2.4 22.5+ 3.8 1.09+ 0.29
E62A MOPS 0.72+ 0.03 6.5+ 0.7 0.11+ 0.02
IMID 1.07 + 0.03 9.4+ 0.7 0.11+ 0.01
MOPS-Ac  0.34+0.01 5.5+ 0.6 0.063+ 0.009
E62C MOPS 0.9%0.03 3.8+:0.5 0.244 0.04
E62D MOPS 16.8-0.3 18.8+0.6 0.89+ 0.04
E62H MOPS 1.05+ 0.07 7.6+ 1.3 0.14+ 0.03
E62Q MOPS 0.41% 0.01 1.4+ 0.3 0.29+ 0.06
E62T MOPS 0.86k 0.02 25+ 0.4 0.35+ 0.07
E62Y MOPS 0.0470.004 3.0+1.3 0.016+ 0.008
E84A MOPS 0.8# 0.02 1.5+ 0.2 0.58+ 0.11
IMID 35.1+15 8.8+ 1.0 4.00+ 0.60
MOPS-Ac  0.80+0.013 0.8+0.2 1.024+0.24
E84C MOPS 0.72:0.02 1.14+0.3 0.68+ 0.18
E84D MOPS 21.6: 0.5 18.1+ 0.8 1.14+ 0.08
E84H MOPS 9.5£ 0.2 3.2+0.3 3.00+0.28
E84K MOPS 1.9+ 0.04 1.5+ 0.3 1.2440.26
E84Q MOPS 1.3t 0.03 1.2+0.3 1.12+0.29
E84S MOPS 1.0& 0.03 2.1+ 0.4 0.51+0.11
E84Y MOPS 0.5H0.02 21+04 0.25+ 0.06
E88A MOPS 26.5-25 16.94+ 3.0 1.574+0.43
E89A MOPS 29.H2.0 19.3+ 24 1.51+0.29
E62A/E84A MOPS 0.24 0.01 2.9+ 0.8 0.073+ 0.024
E62D/E84D MOPS 4.4 0.2 5.4+ 1.0 0.87+ 0.20

aThe initial pH of all assay buffers was 7.5; the ionic strength of
each solution was adjusted to 0.2 M with JS&,. ® MOPS, 50 mM
MOPS.¢IMID, 50 mM imidazole.® MOPS-Ac, 50 mM MOPS and
50 mM sodium acetate.

range. A moderate SHIE was also observed forkh&n,
value of wild-type Cam at all three pH/D values (Table 2).
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to that of the wild type, thék, for the E84A variant was
40-fold greater in imidazole than in MOPS buffer (Table
1), although the kinetic rate was not measured under
saturating imidazole concentrations. Similar results were
obtained with 1-methylimidazole and 1,2-dimethylimidazole
(Supporting Information). The wild-typd... was nearly
independent of imidazole concentrationssé¢f0 mM (Figure

3). In contrast, the E84A variant exhibited a large dependence
of keatOn imidazole concentration, with increasikg values
approaching a maximum at 200 mM (Figure 3). KagKn,
values for both the wild type and the E84A variant decreased
with increasing imidazole concentrations=20 mM (Figure

3). Thek. values of the E62A, E88A, and E89A variants
in imidazole buffer were less than 2-fold greater than in
MOPS (Table 1, Supporting Information), results similar to
that obtained for the wild type. Pyrazole, with a loWof

2.5, also did not rescue either of the E62A or E84A variants
(Supporting Information), despite its small size and structural
similarity to imidazole. This result demonstrates that imi-
dazole did not increade, by a reversal of structural changes
imposed by any of the replacements. Acetate, which mimics
the deleted side chain of E84A and E62A variants, did not
rescue thek., value of either variant (Table 1), with a 10%
decrease ik for the E84A variant and a 50% decrease in
the keot Values of the wild type and the E62A variant (Table
1).

Kinetic Analysis of E62C, -D, -H, -Q, -T, and -Y Variants
Additional Cam variants were generated by site-directed
replacement to further probe the roles of Glu 62 and Glu 84
in catalysis. The E62D variant had significdqj; (30% of
the wild-type value) ané../Knm (43% of the wild-type value)
values in pH 7.5, 50 mM MOPS buffer (Table 1). The other
E62C, -H, -Q, -T, and -Y variants hdd, values in MOPS

Kinetic Analysis of E62A, E84A, E8BA, and EB9A Vari- pyffer that were less than 2% of the wild-type value and

ants Thekgq values for the E62A and E84A variants in pH
7.5 MOPS buffer were similar (1.3 and 1.5% of the wild-
type value), whereas thie./Kn, values were significantly

different (5.4 and 28% of the wild-type value) (Table 1).

keaf K Values in the range of-117% of the wild-type value
with a meank../Kn, value of 10% of the wild-type value
(Table 1). Substitution of Glu 62 with cysteine, glutamine,
and threonine produced variants with significd@t/Km

These results indicate that residues Glu 62 and Glu 84 areya|ues relative to the wild-type value (12, 14, and 17%,

important for catalysis. However, the 5-fold difference in

respectively), whereas substitution with histidine and tyrosine

keafKm Observed for these two variants in MOPS buffer produced variants with lowee.{K, values similar to results
suggests that the functions for these two glutamates arepptained with the E62A variant. As observed for the E62A

nonequivalent. Thek., values for the E88A and EB9A
variants were 47 and 51% of the wild-tyfgy; in pH 7.5
MOPS buffer, whereas thie,/Kn, values were not signifi-

variant, imidazole did not significantly rescue thg values
of the E62C, -D, -H, -Q, -T, and -Y variants. There was a
slight decrease k. and k.o/K, observed for the E62D

cantly different from the wild-type value. These results yariant upon replacement of MOPS buffer with imidazole
indicate that Glu 88 and Glu 89 are of only minor importance (Supporting Information).

in catalysis.
The ability of imidazole to rescue thk., of a-class

Kinetic Analysis of E84C, -D, -H, -K, -Q, -S, and -Y
Variants Replacement of Glu 84 with aspartate or histidine

carbonic anhydrase replacement variants is considered strongielded variants withk.y values that were 36 and 17% of
evidence of rate-limiting proton transfer and is evidence for the wild-type value in pH 7.5 MOPS buffer (Table 1),
involvement of the substituted residue in the proton transfer whereas thek.,; values of the E84C, -K, -Q, -S, and -Y

step of catalysis3). Thus,k.qtvalues for wild-type Cam and

variants were only £3% of the wild-type value, similar to

all variants were determined in the presence of imidazole results obtained with the E84A variant (Table 1, Supporting
buffer and the much larger MOPS buffer at pH 7.5. The wild- Information). Thek../Kn values of the E84C, -K, -Q, -S,

type enzyme exhibited a 1.3-fold increase kn: when

and -Y variants in MOPS buffer ranged from 12 to 61% of

imidazole replaced MOPS (pH 7.5) (Table 1). As proton the wild-type value with a meaki./Kn of 37% of the wild-
transport is rate-limiting at pH 7.5, this result is consistent type value, like E84A. Thus. for the E84C, -K, -Q, -S,
with imidazole entering the active site and enhancing the and -Y variants changed several-fold more thka#K.. The
rate of proton transfer. A time course for catalysis by the k../Km values of the E84D and -H variants with higheg:
E84A variant and wild-type Cam in the presence of 50 mM values were also within 2-fold of the wild-type value. The
MOPS or imidazole buffers is shown in Figure 2. In contrast E84D and -H variants exhibited an only *Z.3-fold
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Table 2: pH-Dependent Solvent Hydrogen Isotope Steady-State Kinetic Data for Wild-Typge Cam

Kea(H20) Kea D20) Km(H20) Km(D20) Keal Km(H20) Keal Km(D20) Kea(H20)/  [Keal Km(H20)]/
pHD (x103sl) (x103%s? (x10° M) (x1C M) (x106Mtst)  (x106Mts? keaf D20) [keal Km(D20)]
6.5 18.6+ 1.9 9.3+0.10 285+-45 23.8+:4.6 0.65+ 0.17 0.39+ 0.08 2.0£0.2 1.7+ 0.8
7.5 56.8+ 5.8 16.7£0.09 27.8+45 14.7+1.7 2.04+ 0.54 1.14+0.14 3.4+ 04 1.8+0.7
8.5 58.9+ 7.3 22.6+0.19 20.0+ 4.5 12.6+ 2.4 2.944+ 1.02 1.794+ 0.36 2.6+ 0.3 1.6+0.9

a Assay buffers were made with 50 mM MES, 50 mM MOPS, or 50 mM TAPS, and the ionic strength of each solution was adjusted to 0.2 M
with N&SOs.
06 Table 3: pH-Independent Michaetidlenten Kinetic Parameters
05 Derived from the pH Dependence of @B8ydration Catalyzed by
' the Wild Type and E84H Cam Variants frol. thermophil&
E 0.4 wild-type E84H
g 03 Keat (x107457Y) 7.1+0.6 ND
8 PKa (Kead 6.9 ND
§ 0.2 pKa (Keal Km') 6.5+0.3 6.6+ 0.2
5 pKa' (kealKm'") 8.5+ 0.4 9.7+ 0.6
2 01 kealKm' (x10°¢M~1s71) 1.7+ 04 25+0.3
KealKn" (x1076M~1s7Y) 39+04 11.3+8.1
0
apH-independent kinetic parameters arid, palues for CQ hydra-
0.1 tion were determined by fitting pH-dependéent: and k../Km data

seconds

Ficure 2: Plot of initial stopped-flow kinetic data for wild-type
Cam and the E84A variant in MOPS and imidazole buffer.
Experimental assay conditions are described in Materials and
Methods: ) E84A variant in 50 mM MOPS,@) E84A variant

in 50 mM imidazole, £) wild type in 50 mM MOPS, and &)

wild type in 50 mM imidazole. The decrease in the absorbance of
a pH indicator p-nitrophenol) in solution reflects a decrease in pH
due to generation of Hand HCQ~ from CQ,.
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Ficure 3: Plot of imidazole concentration dependence of steady-
state kinetic parameters for wild-type Cam and the E84A variant:
(a) wild-type ko value, @) wild-type keofKn, value, @) E84A Kea
value, and M) EB84A k../Ky, value. The experimental assay
conditions were as follows: temperature of 26, total ionic
strength adjusted to 0.2 M with N&O,, with pH 7.5 imidazole,
and concentration varied from 10 to 200 mM.

increase ink.at when imidazole buffer was substituted for
MOPS (Supporting Information), a result similar to that

all other Glu 84 variants with much lowé&g,; values relative

rescued 2346-fold in k.o by replacing MOPS buffer with

low kot Value relative to that of the wild type.

obtained over the pH range of 5:8.5 to eqs 4 and 5, as described in
Materials and Methods.
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Ficure 4: pH-dependent steady-state kinetic parameters for wild-
type Cam and the E84H variant: (A) wild-tyjig, (®) andkea/Kn
(a) and (B) E84Hk 4 (®) and E84HK:a/Knm (V).

Different pH-dependeri.,;behaviors for the E84H variant
and wild type might be expected if Glu 84 is a PSR and
histidine is able to replace this function. The E84H variant
exhibited enough residual activity so it could be reliably
assayed over a broad pH range. The fit of the wild-tgé
obtained for the wild type, although these values were not K, versus pH profile to a two-ionization model (eq 5) yielded
obtained with saturating imidazole concentrations. In contrast, pK, values of 6.5 () and 8.5 (jK4") (Table 3), similar to
previously reported result2). The fit of the E84H variant
to that of the wild type (E84C, -K, -Q, -S, and -Y) were k../K, versus pH data (Figure 4) to this model yielddt,p
values of 6.6 (K4) and 9.7 (KJ"). The presence of two
imidazole (Table 2, Supporting Information). These results pK, values is similar to the wild-type case, although the
are similar to those obtained for the E84A variant with a higher value for KJ' is unexplained. A fit of the pH-
dependenk.,; profile to a single-ionization model (eq 4)
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indicated a g, of 6.9 for the wild type (Table 3), similar to  first site-specific replacement studies for Cam that test the
the previously reportedi, value of 6.8 26). This model, proposed functions for active site residues.
however, could not satisfactorily fit the pH-dependé&at Glu 84 Functions as a PSEam exhibits &, approach-
profile for the E84H variant. In contrast to the wild type, ing 10 st for the CQ hydration reaction, implying the
the E84H variant exhibited only a slight dependencé&.gf presence of an ionizable residue in the vicinity of the Cam
on pH (Figure 4). active site that functions as a PSR. Three lines of evidence
Analysis of the E62A/E84A and E62D/E84D Double presented here establish that Glu 84 is a PSR in Cam. First,
Variants The double variants E62A/E84A and E62D/E84D only the replacement of Glu 84 with ionizable residues
were generated to investigate the possibility that Glu 62 and capable of proton transfer (histidine and aspartate) and with
Glu 84 interact during catalysis of GOThe k¢4 value of intrinsic pK, values near that of glutamate produced variants
the E62A/E84A double variant in MOPS buffer was only With robustkc.: values relative to that of the wild type when
0.4% of the wild-type value (Table 1) and was only increased assayed in the bulky buffer MOPS. Except for E84Y, the
to 0.7% of the wild-typeke value in imidazole buffer ~ Glu 84 variants exhibited only moderate changekcim
(Supporting Information), a result similar to that observed relative to that of the wild type, indicating that Glu 84 has
for the E62A variant. Thé../Kn values of the E62A/E84A @ minimal role in the C@hydration step of catalysis (eq 2).
double variant were also very low, 3.6 and 4.7% of the wild- In addition to an intrinsic i, of 10 which makes tyrosine a

type kea/Km value in MOPS and imidazole buffer, respec- poor PSR at pH 7.5, the large aromatic side chain may
tively (Table 1, Supporting Information). sterically hinder substrate binding or product release. Second,

The ke value of the E62D/ES4D double substitution thekearvalues of the E84A, -C, K, -Q, -S, and -Y variants
variant was only 8.3% of the wild-type value in MOPS buffer Were increased up to 46-fold by replacement of MOPS with
(Table 1), compared with 30% of the wild-type. value |m|d_a_zole buffer,_regardless of side chain size and shape,
observed for the E62D variant (Table 1) and 37% of the remlmscent of imidazole rescue reported for the_PSR H64A
wild-type ke value observed for the E84D variant (Table Variant of theo-class carbonic anhydrase 8,@). Imidazole
1). This greater decrease kg, of the double variant versus ~ "€scue aIsp provides additional support that replacements of
either of the single variants was further analyzed thermo- Glu 84 did not produce global conformational changes
dynamically 82). The change in Gibbs free energy for Iead_mg to _the IOV\kcat\_/aIues relative to that pfthe W_|Id_type.
catalysis by the E62D, E84D, and E62D/E84D variants A simple interpretation of these result_s is that imidazole
relative to that of the wild type in MOPS buffer was €nters the active site of the Glu 84 variants and transfers a
computed from their respectivie values by applying the ~ Proton directly between the metal—bound water molecule and
equation AG = RT IN(Keat_viid_typd/Keat varian). The E62D bulk _so_lvent, thereby replac_:lng t_h_e PSR function of G_Iu 84.
variant yielded aAG; value of 0.72+ 0.33 kcal/mol; the ~ The imidazole-dependent inhibition &./Ky, for the wild
E84D variant yielded 4G, value of 0.60+ 0.34 kcal/mol, type and_ the E84A variant implies th.at imidazole enters the
and the E62D/E84D double variant yielded\&,, value active site and binds near the site of C@ydration,
of 1.47+ 0.74 kcal/mol. TheAAGs (ke value, defined as ~ Presumably to zinc33, 34). MOPS is unable to mimic
AAGg = AGyis — AG; — AG,, was 0.15+ 1.41 kcal/mol. !mldggole, apparently as a consequence of its larger size and
A similar analysis was applied to the./Kn values for these inability to enter the active site. Third, there was a marked

same variants, yielding AAGg (KeafKnm) value of—0.33+ deviation in the pH versuk profile for the E84H variant
3.22 kecal/mol. compared to that of the wild type, although tkg values

Thek.a value of the E62A/EB84A double variant increased were robust rglqtiye t_o the .vyild-typ.e valug. These results
by 140% (2.4-fold) in imidazole versus that in MOPS buffer, suggest that histidine in position 84 is functioning as a PSR

while the E62A/EB4Ak..{Km value increased by 4.8% in similar to Glu 84. . .
imidazole versus that in MOPS buffer (Supporting Informa- There are several possible reasons for the failure of acetate

- ol L L i to rescue the E84A variant. First, acetate significantly inhibits
tion). This slight degree of imidazole rescue is similar to ) i )
that observed for the single E62A variant. Tig value of the CQ hydration rate of wild-type Cam (Table 1). This

the E62D/E84D double variant decreased 9.1% in imidazole'nh'b't'on may be similar to that observed far-class

versus that in MOPS buffer, while the E62D/ES&R/K., carbonic anhydrase_s in V\_/hich one oxygen of the acetate
value decreased 52% in imidazole versus that in MOPS carboxylate group binds directly to the zinc idsb). Thus,

buffer (Supporting Information). Similar Kinetic inhibition ~anY acetate rescue of E84A may be overwhelmed by

of both k.ot and keaf Ky by imidazole was observed for the declreasles n ttr:e Latit?: |on|za}:|or][ ﬁf (’;he ;énc.-boundbwatzr
single E62D variant, molecule, or attack of the resultant hydroxide ion on boun

CQO,, due to steric blocking of the zinc ion by a bound acetate
DISCUSSION molecule. Second, acetate has a much lower intrinsjop
4.7 than imidazole (8, = 7.0), and is mainly in its ionized

Residues adjacent to the active site zinc in Cam, the state at pH 7.5. Thus, acetate may be too weak as a proton
prototype of an independently evolvedclass of carbonic  acceptor at pH 7.5 and unable to replace the function of the
anhydrase, bear no resemblance to residues in the well-Glu 84 PSR which may have a higheKpvalue of 6-7
characterizeda-class carbonic anhydrase Il for which when covalently positioned between acidic residues Glu 62
catalytic functions have been assigndd Z2). The high- and Glu 88. The failure of acetate and the success of
resolution crystal structures of the zinc and cobalt forms of imidazole in rescuing the E84A variant are consistent with
Cam complexed with bicarbonate provide a more detailed this proposal, and the proposal that the decre&ggdalue
understanding of the active site and identify residues for and pH dependence &f, for the E84H variant (relative to
which functions were propose@7). Here, we describe the  that of the wild type) is a consequence of a lower&d for
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histidine when incorporated at this position.
Previous studies2@) identified two K, values (f.
6.7-6.9, KJ' = 8.2—-8.4) in the profile ofk.a/Kn versus
pH of wild-type Cam. It was proposed thaKp reflects
ionization of the zinc-bound water molecule. The identity
of the second ionizable group responsible fdfJp is
unresolved. The two nearly identicaKp values of 6.5 and

Tripp and Ferry

bound water and Glu 84, on the basis of recent high-
resolution crystal structure27). Both kearandko/Km values

of the Glu 62 variants were low relative to the wild-type
value; thus, it was not possible to conclude that this residue
also functions as a PSR. Although histidine could potentially
replace the proposed PSR function of Glu 62, khevalue

of E62H was only 2% of the wild-type value; however, it is

6.6 observed for the wild type and the E84H variant indicate also possible that the Gyydration step is rate-limiting for

that this ionization is not significantly affected by the

this variant, thereby masking a surrogate proton transfer

substitution, a result consistent with the previous proposal function for histidine at position 62. Likewise, it is possible

that K, reflects ionization of the zinc-bound wate26).
Although the K" for wild-type Cam (8.5) reported here is
in agreement with the previously published value of-8.2
8.4 (26), the pH profile for the E84H variark../Kn, value
yields a fit K3 value of 9.7. This increase irkg' indicates
that the ionization state of either glutamate or histidine in
position 84 indirectly influences the Gydration step in
catalysis. This conclusion for Cam has precedeni-tiass
carbonic anhydrases. Substitution of Tyr 64 with histidine
in carbonic anhydrase V allows histidine to function as a
PSR and induces a seconigd pin the profile ofk../Kr, versus
pH (8). Furthermore, th&../Kr, versus pH profile for esterase
activity of carbonic anhydrase 1l reveals a secorit, p
attributed to His 6436). The mechanism by which substitu-
tion of histidine at position 848 A removed from the active
site zinc, perturbsig,' in Cam is unknown. Histidine could
potentially influence the Ig, of the adjacent Glu 62 residue

that the inability of imidazole to enhankg: more than 4-fold

for any of the Glu 62 variants, or either of the E62A/E84A
and E62D/E84D double variants, is a result of the,CO
hydration step becoming rate-limiting. A rate-limiting €O
hydration step is only one of several possibilities that might
explain these negative results; thus, it was not possible to
determine if Glu 62 is also important for the proton transport
step in catalysis. Nonetheless, several observations are
consistent with this role for Glu 62. First, Glu 84 is
established as a PSR and is at t&8 away from the active
site zinc, indicating a requirement for intervening molecules
to transfer protons from the zinc-bound water to Glu 84. Glu
62 is positioned between the active site zinc and one of the
three Glu 84 side chain conformers in the high-resolution
crystal structure of Cam2{). Second, kinetic and thermo-
dynamic analyses of single and double variants suggest Glu
62 and Glu 84 interact during catalysis. The decrease in the

for which the results presented here establish a role in thek., value of the double variant E62D/E84D relative to the

CO, hydration step of catalysis (eq 2).

Glu 62 Is Important for the C® Hydration Step in
Catalysis, but Its Function as a PSR Is Unregal. In high-
resolution crystal structures of Cam@7j, bicarbonate is

wild-type value was greater than for either of the single E62D
and E84D variants. Single substitutions may be offset by
the conformational flexibility of the enzyme backbone

structure or re-ordering of nearby solvent molecules, while

ligated to the metal ion and also hydrogen bonds with Glu the double substitution may result in side chains that are too
62, leading to the proposal that this residue functions in the short for the carboxylate groups to interact effectively for
CO, hydration step of catalysis (eq 2) to stabilize the proton transfer. In addition to the kinetic analyses, the
transition state. Only the E62D variant had robkgtand positive value forAAGg (k.o indicates that residues Glu
k.afKm Values relative to that of the wild type, suggesting a 62 and Glu 84 interact either in a slightly synergistic manner
carboxyl group in this position is important for optimum or possibly in an additive manner during proton transfer. The
function and that the active site is partially able to adapt to negative value obtained foAAGg (kea/Km) indicates a
displacement of the carboxyl group by one methylene carbon.slightly antagonistic interaction between Glu 62 and Glu 84

All other variants had lovk., andk../Km values relative to
that of the wild type, indicating perturbation of the €0
hydration step (eq 2). The lok, value observed for the

during the CQ hydration step of catalysis. However, the
large errors inherent in these calculations leave room for other
interpretations, including no interaction, or antagonistic,

isosteric E62Q variant indicates that Glu 62 does not simply synergistic, or additive interactions between Glu 62 and Glu
provide a space-filling function in the Cam active site. These 84 during both the Cghydration (eq 2) and proton transfer

results indicate that Glu 62 is important for the Zg@dration
step (eq 2) of catalysis. The highks/Kn values for the

steps (eq 3) of catalysis. An alternate proton transport
pathway is also possible in which protons are transferred

E62C, E62Q, and E62T variants in MOPS buffer compared from the active site zinc to Glu 84 by a network of hydrogen-
with that of the E62A variant are consistent with the proposed bonded water molecules. In this mechanism, the Glu 62 side
hydrogen bonding function for Glu 62 in stabilization of chain carboxylate group may orient or polarize adjacent water
metal-bound bicarbonate during catalys7)( The side molecules involved in proton transport, rather than directly
chains of glutamine, threonine, and cysteine can function astransferring protons.
hydrogen bond donors and acceptors potentially fulfilling  Glu 88 and Glu 89 Hae a Minor Role in the Proton
the proposed role for Glu 62, although not as efficiently as Transfer Step of Catalysi©Only a 2-fold decrease k.4
glutamate. Although histidine and tyrosine are also potential relative to the wild-type value for the E88A and E89A
hydrogen bond donors and acceptors, khevalues for the variants suggests that these external loop residues are only
E62H and E62Y variants were significantly lower than those of minor importance for catalysis. Only thkey value of the
for E62C, E62Q, and E62T and may be a consequence ofvariants decreased relative to that of the wild type, which
the more bulky side chains of histidine and tyrosine that suggests these residues are involved in the proton transport
sterically hinder the active site. step and not the C{hydration step of catalysis. The small

It is also postulated that Glu 62 is important in the proton 2-fold imidazole rescue ok for the E88A and E89A
transfer step of catalysis and shuttles protons between zinc-variants is not unexpected considering the small decrease in
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keat for these variants compared to that of the wild type; thus, the lone pair of electrons on the zinc-bound hydroxyl for
these results do not rule out a proton transfer function for nucleophilic attack on CgQit is proposed that Thr 199 also
these residues. Other observations are consistent with a PSRas a “door-keeper” function in selecting only protonated
function. In one of the Glu 84 conformation27j, its side molecules to bind to the active sit&)( Thus, Glu 62 may
chain is pointed toward Glu 88, suggesting an interaction have a door-keeper role analogous to that of the Thr 199
between these residues. It is possible that Glu 88 and Gluand Glu 106 pair in thex-class carbonic anhydrases as
89 may interact with each other to further relay protons suggested by recent high-resolution crystal structures of Cam
between Glu 84 and buffer molecules through a proton wire. in which Glu 62 also binds the bicarbonate produ2t)(
However, there may be different mechanisms for transferring These recent crystal structures of CaRT)(suggest other
protons from Glu 84 to buffer, explaining why the E88A active site residues (GIn 75 and Asn 202) may fulfill catalytic
and EB9A variants exhibit a less than 2-fold decreade,in  roles analogous to the other functions assigned to Thr 199
relative to the wild-type value. Clearly, other external Cam of the a-class carbonic anhydrases.
residues should be investigated with regard to their role in  Although residues in the active site of Cam may have
proton transport. functions analogous to those of residues essential for catalysis
Comparison between Cam awndClass Carbonic Anhy-  in the active site of thei-class enzymes, the mechanisms of
drases Although Cam clearly evolved independently of the Cam and thex-class may have significant differences. On
o-class carbonic anhydrases, some aspects of the mechanisnie basis of the recent crystal structure fgi-elass carbonic
of Cam appear to be analogous to that of the fast carbonicanhydrase, it was suggested that the mechanism ofithe
anhydrases of thex-class. Both Cam and the-class andf-class enzymes are similar but distinct from jhelass
structures contain an active site zinc ion coordinated by three(42). The SHIE on thek../Kn, values ofa-class enzymes
histidines with very similar side chain orientations; both types are close to unity43), while a moderate SHIE of 1-61.8
of enzymes also use similar zinc hydroxide mechanisms in was observed in thie../Kn value of Cam over the pH range
the CQ hydration reactionl, 22, 26). Cam and fastt-class of 6.5-8.5. This result indicates that the g@ydration step
enzymes also use PSRs to assist in removal of protons(eq 2) of Cam also contains a rate-contributing proton transfer
generated by ionization of zinc-bound water. In Cam, the event or that a significant change occurs in the hydrogen-
primary PSR is residue Glu 84, while in theclass carbonic ~ bonded network of active site molecules during the catalytic
anhydrase Il enzyme, the primary PSR is residue His 64. step described by the paramekey/K, (eq 2). Thus, Cam
There are a number of structural and functional similarities may have a somewhat different catalytic mechanism for the
between these two PSRs. First, substitutions of Cam Glu 84CGO, hydration step (eq 2) than that accepted fordhend
result in functional variants when other ionizable residues f-class carbonic anhydrases. There are other well-character-
such as aspartate and histidine replace Glu 84. Similarized zinc enzymes with unrelated tertiary structures that have
allowed ionizable residue substitutions are observed for active site structures similar to Cam. Bovine pancreatic
position 64 residue in-class carbonic anhydrase Il, lll, and  carboxypeptidase A is one example that has a solvent-
V enzymes4, 8, 9, 37). Second, both Cam E84A awndclass accessible glutamate residue (Glu 270) that is important for
carbonic anhydrase Il H64A variants exhibit ldw; values catalysis located in the active sité4( 45). In this enzyme,
that are rescued by small imidazole buffe 88) and the Glu 270 carboxylate oxygens are located-43 A from
concentration-dependent inhibition d&¢./Km values by the active site zinc iord6—48). In the proposed “promoted-
imidazole @). Third, the corresponding distances between water” mechanism, ionization of a zinc-bound water mol-
the Cam Glu 84 PSR-carbon and active site zinc (8 A) ecule is assisted by the Glu 270 residue functioning as a
and thea-class carbonic anhydrase Il His 64 P&Rarbon general base4d). The resulting zinc-bound hydroxide ion
and its respective active site zinc (10 A) are similar. Distances then attacks the peptide bond. Thermolysin is another
between the respective Glu 84 and His 64 side chain protonexample of a zinc metalloenzyme that contains an important
donor and/or acceptor groups (Glu 84 carboxylate oxygen, catalytic glutamate residue in the active site. In this enzyme,
His 64 imidazole, and-2 nitrogen) and active site zincions a Glu 143 residue is located in the active site with its
are also very similarg A for both enzymes, in some of the  carboxylate oxygens 4-4.2 A from the zinc ion 49, 50).
observed side chain conformations. A fourth structural This enzyme is thought to function via a zinc hydroxide
similarity between the Cam Glu 84 PSR and telass mechanism with the Glu 143 acting as a general base to
carbonic anhydrase Il His 64 PSR is that multiple side chain extract a proton from a zinc-bound water molecud)(
conformations have been observed for both of these residuesThus, it is likely that the Glu 62 residue in Cam functions
in crystal structures. Two side chain conformations were in a similar manner, assisting in ionization of the zinc-bound
observed for the His 64 PSR axclass carbonic anhydrase water molecule, prior to hydroxide attack on the bound,CO
Il (39-41), dependent on the protonation state of the molecule, as suggested by Iverson et &I7)( Cocrystal
imidazole side chain. Recent high-resolution crystal structuresstructures of Cam with bicarbonate also indicate a role for
of Cam @7) reveal three distinct conformations for the Glu Glu 62 in stabilizing the transition state and binding and
84 side chain. release of the bicarbonate produ@7), The proposed
Although the Glu 62 residue was shown to be important multiple roles of Glu 62 in both steps of catalysis (egs 2
for catalysis in Cam, the active site of theclass carbonic  and eq 3) may explain the observed nonunity SHIE on both
anhydrase Il enzyme does not have an equivalent acidick.,andk../Kn, values of the wild type. The lowerdd,and
ionizable glutamate or aspartate residue exposed in the activek.o/Kn, values and the decreased SHIE kg at pH 6.5
site near the zinc ion. However, carbonic anhydrase Il has aobserved for wild-type Cam (Table 2) may result from a
Thr 199 residue that is polarized (hydrogen-bonded) by the decreased ability of the Glu 62 residue to ionize and
adjacent Glu 106 residud)( In addition to orientation of  participate in catalysis by abstracting and/or transferring
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protons at lower pH values. It is also possible that the SHIE
on bothke, and k.o K results from participation of other
active site polar residues in hydrogen bonding or proton
transfer during the CPhydration step of catalysis (eq 2),
such as GIn 75.

ACKNOWLEDGMENT

We thank David Silverman, Chingkuang Tu, Carol Fierke,
Teaster T. Baird, C. Robert Matthews, Brandon Doyle, and
Kerry Smith for many helpful discussions and technical
assistance.

SUPPORTING INFORMATION AVAILABLE

Additional steady-state Michaetidvienten kinetic param-
eter data for the E62C, -D, -H, -Q, -T, and -Y, E84C, -D,

-H,

-K, -Q, -S, and -Y, E62A/E84A, E62D/E84D, E88A,

and E89A Cam variants in pH 7.5, 50 mM imidazole buffer,
for the wild type and E62A and E84A Cam variants in pH

7.5,

50 mM MOPS, 50 mM pyrazole buffer, and for the

E84A Cam variant in pH 7.5, 50 mM 1-methylimidazole
and pH 7.5, 1,2-dimethylimidazole buffer, where all the

assays were performed with the ionic strength adjusted to

0.2

M with N&SQO,. This material is available free of charge

via the Internet at http://pubs.acs.org.
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