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ABSTRACT. Carbonic anhydrase VII (CA VII) appears to be the most highly conserved of the active
mammalian carbonic anhydrases. We have characterized the catalytic activity and inhibition properties
of a recombinant murine CA VII. CA VIl has steady-state constants similar to two of the most active
isozymes of carbonic anhydrase, CA Il and IV; also, it is very strongly inhibited by the sulfonamides
ethoxzolamide and acetazolamide, yielding the lowgsalues measured by the exchangé®af between

CO, and water for any of the mammalian isozymes of carbonic anhydrase. The catalytic measurements
of the hydration of C@Qand the dehydration of HGO were made by stopped-flow spectrophotometry

and the exchange dfO using mass spectrometry. Unlike the other isozymes of this class of CA, for
which keafKnm is described by the single ionization of zinc-bound water, CA VII exhibits a pH profile for
keal K for CO, hydration described by two ionizations &46.2 and 7.5, with a maximum approaching

8 x 10/ M1 s™1. The pH dependence &f./Km for the hydrolysis of 4-nitrophenyl acetate could also

be described by these two ionizations, yielding a maximum of 71 &' at pH >9. Using a novel
method that compares rates'®D exchange and dehydration of HEQwe assigned values for the apparent

pKa at 6.2 to the zinc-bound water and thi€,mf 7.5 to His 64. The magnitude &, its pH profile,
180-exchange data for both wild-type and a H64A mutant, and inhibition by Ga8@acrolein suggest

that the histidine at position 64 is functioning as a proton-transfer group and is responsible for one of the
observed ionizations. A truncation mutant of CA VII, in which 23 residues from the amino-terminal end
were deleted, has its rate constant for intramolecular proton transfer decreased by an order of magnitude
with no change irkca/Km. This suggests a role for the amino-terminal end in enhancing proton transfer
in catalysis by carbonic anhydrase.

The mammalian carbonic anhydrases are monomeric zinchydroxide @, 3). This proton transfer has been shown in
metalloenzymes that catalyze the hydration of carbon dioxide carbonic anhydrase Il to proceed through intramolecular
to form bicarbonate and a proton. The enzymatic mechanismproton transfer to an active site residue, His 64 (designated
has been well studied in theclass of carbonic anhydrases as H'E), which subsequently releases the proton to solution
which includes seven functional mammalian isozynBs ( (4, 5). The high rate of catalysis of the hydration of €O
Catalysis occurs in two stages; the first involves the [near 16 s™!for isozyme Il @)] is determined almost entirely
conversion of C@to HCGO;~ with the zinc-bound hydroxide by the intramolecular proton transfer between His 64 and
participating in the catalysis (eq 1). The second stage the zinc-bound water7( 8).
requires proton transfer from enzyme to buffer in solution

X . o +H,0
(designated as B in eq 2) to regenerate the zinc boundConr EZnOH = EZnHCO,™ B
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10). CA VII mRNA has been detected in baboon salivary k../Km was unchanged, suggesting a role for the amino-
gland @) and rat lung {1). A recent detailed in situ  terminal end in proton transfer to the active site.
hybridization study of CA VII mRNA expression in adult
mouse brain revealed a wide, nonspecific distribution in
different regions of the cerebrum and cerebelld®( CA

VIl has also been reported from a cDNA library prepared
from multiple sclerosis lesions found in a human patient  Expression and Purification of a Recombinant Murine CA
(GenBank Accession No. N78377). VIl cDNA. An almost entire recombinant murine CA VII

Human and mouse sequence comparisons on a nearhfPNA ('MCA ViI) was obtained by RT-PCR using RNA

complete mouse CA VII cDNA obtained by RT-PCR using isolated from adult_ mouse (C57/BL6) brain. The PCR
RNA isolated from adult mouse (C57/BL6) brain showed a fragment was amplified using a human CA V1 primer

protein sequence identity between the two isozymes of about@nd @ mouse CA VI 3primer (see Figure 1); it was cloned
95%: the nucleotide sequences are about 91% identiggl ( into the glutathioné&-transferase expression vector pGEX.KG,

The structural organization of the consensus active-site @ derivative of pGEX-2T14, 16). The resulting plasmid,

residues of the high-activity CA Il isozymes is generally PCEXMCA7, was transformed intscherichia col{DH5a)

considered to be closest to the ancestral state. However@"d 'MCA VII protein expressed and purified as follovi,(

when selected amino acid residues (inferred to line the active-16 17)- IPTG was added to a final concentration of 0.4
site cavity) from both active CA isozymes and inactive CA MM to induce expression of IMCA VIl in DHS cells grown
isoforms are compared to the corresponding residues of'" ZtX_ YT ”:ﬁd'“m (with zm;lj\;lcgl&n)\./llFrozen 5}""5 cgll;
human CA Il and CA VII, it is CA VIl rather than CA ||~ containing th€ expressed r were thawed In a
that seems to show the greater residue identi}y (This solution of PBST containing 2 mM EDTA, 0.2 mM phe-
suggests that the active site of CA VIl more nearly resembles NYImethanesulfonyl ﬂuondoe, 5 mM benzamidine, 0.4 mM
that of the ancestral active site and makes CA VII the most M3Clz, 0.4 mM ZnSQ, 0.1% f-mercaptoethanol, 0.1 mg/
highly conserved of any of the active CA isozymes (see Table ":,L _dGC;XyrZIbk?nltJZI?élseA:c,t and IIOI.S m% mL Iﬁsgzgme with
10 in ref1). This evolutionary conservation, together with S |r”r||:gdotr) at ot ertc§3 yi.’,'s’ 1 ?\C? 4% ”ﬁ_r‘?’as
the fact that CA VIl is seemingly expressed in a wide variety 23 Eriata)rlwtcv?/gsn sul?t;i'elg?eg o t?vgo (;:‘finit ihrom.ato rea H
-Of tissues albeit at low !eve_ls, suggests that it may have anstep s. First, the suJ ernatant containiny the Iutgthign)(/a
Important general function in most cells. For this reason, a Strzn.sferasé/rMCA VFI)I fusion protein wag stirredg with 10
study of its kinetic properties is well worth investigating. L of swollen glutathionéragarc?se beads (Sigma Chemical
Initial kinetic characterization of the expressed recombi- Co.), equilibrated in PBST at 2C to allow binding of the
nant murine CA VIl demonstrated an isozyme with rather ¢ qjon protein to the beads. The beads were washed with
low CO; hydration activity between pH 6.5 and 8.2 when .4 pRST, and 20 mL of thrombin cleavage buffer (50 mM
compared to bovine CA I11(4). Here we report a complete Tris, pH 8.0, 150 mM NaCl, 2.5 mM Cagland 0.1%
kinetic characterization of CA VIl determined by stopped- 5 o cantoethanol) was added to equilibrate the beads for
flow spectrophotometr_y_l,gQ exchange using mass SPectrom- - mpin cleavage. Thrombin cleavage of the fusion protein
etry at chemical equilibrium, hydrolysis of 4-nitrophenyl 2o achieved by the addition of 10 units of thrombin in
acetate, and inhibition by two sulfpnam|des, CgS@wd. . thrombin cleavage buffer and incubation at room temperature
acrolein. The results of these studies show a high-activity for 30 min. rMCA VII was collected in the eluate and
enzyme with the qumal values Bfa/Km ‘.and.kcf’“ for CO, dialyzed against 1 mM Tris (pH 8.0). The second purifica-
hydra't|on approachlng Fhat of CAII, placm'g Itin the; subset tion step involved affinity chromatography on a gel contain-
of rapidly ac_tm_g carbonlt_: anhydrases thafc lnclud_es !sozymesing p-aminomethylbenzenesulfonamide coupled to agarose
Iland IV. Similar to murine CA IV (5), evidence indicates beads according to Khalifah et alg) with minor modifica-

_that C_A VI sh_ows multiple intramolecular proton .transfer tions. The enzyme was then stored &G but could also
involving the zinc-bound water and at least two residues that p <t rad at-20 or—70 °C with 100% recovery of original

act as proton shuttles, one of which is His 64. Combining activity
. .
data from'*O exchange and stopped flow, the appard6s p Subcloning and Site-Directed Mutagenesis of CA VII.

values of His 64 and the zinc-bound water were assigned. 7 e o
CA VIl has the strongest inhibition by the sulfonamides O.I|gonucle.o'§|des which !ntr.oduced (1) &vdel rg_stncuon .
site containing a methionine codon at position 998 in

gcetazolamlde a_nd ethoxzolam_lde for any carbonic anh)_/drasepGEXmC A7, changing the Pro (CCC) codon at cDNA amino
in thea class. Finally, a truncation mutant of CA VIl lacking acid position 23 to a Met codon (CACAAAGCTGCATAT-
23 residues at the amino-terminal end showed intram0|ecularGAT'IID'GCCCAGGG) and (2) Bcll restriction site (includ-
proton transfer decreased by an order of magnitude Wh|leing the natural stop codon) at position 1728 in pGEXmCA7
(ATGGAGTCTTGATCAGGCCTGGAA) were synthesized

1 Abbreviations: CA, carbonic anhydrase; rMCA VII, recombinant and used in four separate PCR reactions to amplify the
murine carbonic anhydrase VII; MCA Vlib, a truncated form of murine  tryncated form of murine CA VII (MCA Vllb). This
carbonic anhydrase VII lacking 23 residues from the amino-terminal . . . . : .
end; Mes, 24(-morpholino)ethanesulfonic acid; Mops, 8-tnorpholi- truncation removes the first 23 amino acids of t_he original
no)propanesulfonic acid; Hepel:(2-hydroxyethyl)piperazind¥-2- rMCA VII cDNA. The products of the PCR reactions were
ethanesulfonic acid; Taps, 3-[tris(hydroxymethyl)methyllamino-  cloned into pPGEM-T (Promega) and four independent clones

propanesulfonic acid; Ches, 2-(cyclohexylamino)ethanesulfonic acid; ;
IPTG, isopropylS-p-thiogalactoside; PBST, solution containing 150 from the geparate PCR reactions sequenced. Two clones .(a"
mM NaCl, 16 mM NaHPQ,, 4 mM NaHPQ,, pH 7.3, and 1% Triton  four contained the correct sequence) were then mutated using

X-100; SHIE, solvent hydrogen isotope effect. single-stranded DNA template and a mutating oligonucle-

MATERIALS AND METHODS




Murine Carbonic Anhydrase VII

otide (AGAGGATTCACATGGTGGACA) to remove the
naturally occurringNdd site at position 724 in the rMCA
VII cDNA insert (19). The mutated inserts were removed
from pGEM-T by digestion witiNdd andBcll and inserted
into aNdd and BanHI-cleaved pET3% expression vector
(20) to allow efficient high-level expression and site-directed
mutagenesis. Construction of the His64Ala mutant form of
MCA Vllb was as previously describedl®, 20). The
various forms of MCA Vb were expressedh coli strain
BL21(DE3)pLysS as describedd. DNA from the expres-
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observed rates. The kinetic constamts, andk../Kn and
the determination of apparent ionization constants from their
pH profiles were carried out by nonlinear least-squares
methods using Enzfitter (Elsevier-Biosoft). Standard errors
in Kear and keaf Ky were generally in the range of-20%
and 1-10%, respectively.

180 Exchange. The rate of exchange ofO between
species of C@Q and water (eqs 3 and 4) is catalyzed by
carbonic anhydrase?d):

sion plasmids used to produce each of the different forms HCOO'®0™ + EZnH,0 = EZnHCOJ®%0™ + H,0=

of MCA Vllb was sequenced to confirm the structure of each

insert. Four consistent silent mutations were found at third
codon positions in all sequenced plasmids compared to the

original published sequencés3).
Purification of the MCA VlIb proteins was performed

according to previously described procedures using affinity

chromatography on a gel containipgaminomethylbenze-
nesulfonamide coupled to agarose beatld @1). The
enzyme was then stored at’@.

Enzyme Purity.Electrophoresis on a 10% polyacrylamide

gel stained with Coomassie Blue was used to confirm the

purity of all of the CA VII enzyme samples. All enzyme

samples used in the kinetic experiments were greater than

95% pure. Active CA VII enzyme concentration was
determined by inhibitor titration of the active site with
ethoxzolamide ; = 0.5 nM) by measuring®0 exchange
between C@and water (see below). The molar absorptivity
at 280 nm was determined to be 2610* M~* cm™? for
the rMCA VII.

Formylethylation of Full-Length CA VII.Purified full-
length rMCA VII was chemically modified by acrolein to
formylethylate a maximal number of exposed histidine and

COO+ EZnO'®¥H™ + H,0 (3)

EZNO®H + BH " =H'EZn®OH +B=
18~ 120 18
EZnH,"®*0 =—— EZnH,0 + H,’0 (4)

Using an Extrel EXM-200 mass spectrometer with a
membrane permeable to gases, we measured the exchanges
of 180 shown in egs 3 and 4 at chemical equilibrium and 25
°C (23). Solutions used no added buffers while maintaining
a total ionic strength of 0.2 M with N&O, unless otherwise
indicated.

This method determines two rates in the catalytic pathway
(23). The first isRy, the rate of interconversion of G@nd
HCGO;~ at chemical equilibrium. Equation 5 shows the
substrate dependence &{.

R/[E] = Koo [SV(Keg® + [S]) (5)

Here [E] is the total enzyme concentratidg, is a rate
constant for maximal HC® to CG, interconversion, [S] is

lysine residues and possibly cysteine residues. We followedthe substrate concentration of HgCand/or CQ, andKeg®

the procedure of Pocker and Jan{22) in which 15uM
CA VIl was reacted for abdu4 h with a 300-fold molar

is an apparent substrate binding const@4).( Equation 5
can be used to determine the valueskgffKes> when

excess of acrolein in solutions at room temperature containingapplied to the data for varying substrate concentrations, or

50 mM Ches buffer at pH 9. The reaction mixture was then
extensively dialyzed.
Stopped-Flow Spectrophotometrinitial velocities were

to determinek.®/Ker® directly from R; when [S] << Keg®.
In the studies reported here, the valueRgfE] as a function
of the total concentration of all species of €®ere linear

determined by following the change in absorbance of a pH up to ([CQJ] + [HCO;7]) = 200 mM. This indicates that

indicator @) at 25°C using a stopped-flow spectrophotometer
(Applied Photophysics Model SF.17MV). GQolutions
were made by bubbling carbon dioxide into water aOD
for the solvent hydrogen isotope effect studies. Dilutions

were made through two syringes with a gastight connection.

[S] < Ke®, and under this conditiork..£¥Ker® can be
obtained directly fronRy/[E]. Under steady-state conditions,
when [S]< Kp, all enzyme species are at their equilibrium
concentrations. Hence, in both theory and practicg/
Keif©%2 is equivalent tdk.a/Km for CO, hydration as measured

The CQ concentrations for the substrates ranged from 1.7 by steady-state method23 24). The kinetic constari./

to 17 mM in HO. For the dehydration direction, KHGO
was dissolved in degassed water, and the kiC&ibstrate
concentrations ranged from 2.8 to 25 mM in Final
buffer concentrations were 25 mM, and JS&, was used

to achieve a final ionic strength of 0.2 M. The buffer
indicator pairs, the lg, values, and the wavelengths observed
were as follows: Mes (g, = 6.1) and chlorophenol red

= 6.3), 574 nm; Mops (8. = 7.2) andp-nitrophenol (i,

= 7.1), 401 nm; Hepes i = 7.5) and phenol red ., =
7.5), 557 nm; Taps 0. = 8.4) andm-cresol purple (K. =
8.3), 578 nm; Ches (. = 9.3) and thymol blue (g,

Km and the determination of apparent ionization constants
from the pH profile were carried out by nonlinear least-
squares methods using Enzfitter (Elsevier-Biosoft).

This method also determines a second rate which is the
rate of release from the enzyme of water labeled Wit
designatedry,o (eq 4). A proton from a donor group (BH)
converts the zinc-boundO-labeled hydroxide to zinc-bound
H,®0, which readily exchanges with unlabeled water and
is greatly diluted into the solvent water10. The value
of Ru,0 can be interpreted in terms of the rate constant from
a predominant donor group to the zinc-bound hydroxide

8.9), 596 nm. For each substrate at each pH, the mean initialaccording to eq 625), in which kg is the rate constant for

velocity was determined with at least six traces of the initial

proton transfer to the zinc-bound hydroxid€g is the

5—10% of the reaction. The uncatalyzed rates were deter-ionization constant for the donor group, ak@ is the

mined in a similar manner and subtracted from the total

ionization constant of the zinc-bound water molecule. For
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our dataRy,0/[E] was determined by eq 6 using the program
Enzfitter (Elsevier-Biosoft).

Ry, o/[E] = ke/{ (1 + Kg/[H' (1 + [H'IKD}  (6)

For solvent hydrogen isotope effect,,o/[E] and kea/

Km were determined in 99.8%.0. All pH measurements
are from uncorrected pH meter readings.

Inhibition. Inhibition by ethoxzolamide and acetazolamide
was determined usin§O exchange at chemical equilibrium.
The values oK; in Table 2 were obtained by least-squares
fit of the catalytic velocity to the expression for competitive
inhibition as a function of inhibitor concentration under the
conditions that the total substrate concentration ¢IC®
[HCO;57] = 25 mM) was much less than the apparent binding
constant for total substrateKe;S. At the pH of these
measurements, 7=3.5, Ke® is greater than 100 mM for
CAVIl. The values oK determined fronRy.,c in the same
manner agreed to within 25% with the values determined
from R;.

Hydrolysis of 4-Nitrophenyl AcetateMeasurement of the
esterase function of rIMCA VIl was performed by the method
of Verpoorte et al.Z6) by following the absorbance change
at 348 nm and the isosbestic point of 4-nitrophenol and its

Earnhardt et al.

view of the highly conserved nature of the human and murine
CA VIl sequences, it is likely that they will be identical to
the human sequence.

Catalytic Actwvity. The ratio keafKm for rMCA VI
determined from'®0 exchange between GGand water
yielded a pH profile that was best fit by the sum of two
ionizations R7), 6.2+ 0.5 and 7.5+ 0.3 (Figure 2, Table
1). A very similar result was obtained by stopped-flow
spectrophotometry in which the pH profile lat/K, for CO;,
hydration over the pH range of 5:8.0 was also described
by two ionizations with [, values of 6.2+ 0.9 and 7.6+
0.5 and with a maximum of (3.3 1.0) x 10/ M1 st at
high pH. The maximal values of..{Kn for hydration
measured by stopped-flow spectrophotometry were some-
what lower than those measured BYD exchange. The
results of the steady-state measurementk.gK, in the
HCOs;~ dehydration direction yielded a maximum at low pH
and was dependent on a single ionizable group withqf
6.8+ 0.2 (Figure 2, Table 1). Because of the unfavorable
equilibrium between C®and HCQ~, we did not extend
measurements in the dehydration direction to regions above
pH 7.2. Hence, in the dehydration direction we did not
observe the second ionization at a pH near 7.5.

We also measured the pH dependencé&.gK., for two
truncated forms of murine CA VII. One truncated form had

conjugate base, nitrophenolate ion. Concentrations of bufferihe amino-terminal 23 residues removed, with a new amino

and NaSQ, were both 33 mM, and initial velocities were
determined at 28C. The uncatalyzed rates were subtracted
from the observed rates, and the kinetic conskaiK,,, and

terminus starting at the Pro 23> Met mutation; it is
designated MCA Vllb (Figure 1). MCA Vllb was further
mutated by replacing His 64 with Ala. MCA Vb had

the determination of apparent ionization constants from the \ 5| es ofkea/Km adequately fit to a singlekp, with values

pH profile were carried out by nonlinear least-squares
methods using EnZzfitter (Elsevier-Biosoft).

RESULTS

Recombinant Murine CA VIIThe full-length recombinant
murine CA VII protein (rMCA VII) used in this study has a
portion of its amino-terminal amino acid sequence derived
from the human CA VII cDNA {4). More specifically, Ling
et al. (L3) obtained a 91% complete mouse CA VII cDNA
by RT-PCR using RNA isolated from adult mouse (C57/
BL6) brain. This cDNA lacked the sequence encoding the
28 amino-terminal residues. Lakkis et al4) then con-
structed an almost complete murine CA VII cDNA by
carrying out PCR under relatively stringent conditions with
a 5 primer from the human CA VIl sequence starting at the
initial ATG and extending 26 nucleotides into the gehé)(
and a 3primer determined by the murine CA VII cDNA of
Ling et al. (L3) (see Figure 1 for location of'5and 3
primers). This construct allowed the determination of an
additional 58 murine nucleotides after the 26 humgoriner
nucleotides at the' ®nd of the murine CA VII cDNA (Figure
1). This extended murine CA VII cDNA sequence showed
that 18 of the 19 newly derived amino acids are identical
between human and murine CA VII (Figure 1). However,
the rMCA VII cDNA used in this study has 26 nucleotides
(including the start ATG) that are of human origin (Figure
1) and thus encodes a chimeric CA VII protein with the 9
N-terminal amino acids of human origin and the remaining

given in Table 1. The pH profile df../Km for MCA VIib
H64A was identical.

Measurements of COhydration by stopped-flow spec-
trophotometry gave a maximum valuelgf; near 9.4x 10°
s at pH>9 for rMCA VII (Figure 3, Table 1). Similar to
the pH profile fork../Km, the data fok.,: over the pH range
of 5.3—9 were best fit to two ionizations with corresponding
pK, values of 6.2+ 0.2 and near 8.2 (Figure 3, Table 1).
Steady-state measurementsKggfor dehydration of HC@"
showed a maximum at low pH near 910° st and a [K,
of 6.7+ 0.1 (Figure 3, Table 1).

Values of the'®0-exchange paramet&;,o/[E] describe
the proton-transfer-dependent rate of exchange,8¥Hnto
solvent water (eq 4)23). As was found for human CA I
(25), for rMCA VIl the pH profile of Ry,o/[E] was bell-
shaped with a maximum occurring near pH 7 (Figure 4).
Reaction of carbonic anhydrase with acrolein results in
formylethylation of exposed histidine, lysines, and possibly
cysteine residues. The formylethylated rMCA VIl was found
to have maximal values &?4,0/[E] reduced by greater than
10-fold in the modified enzyme (Figure 4Ru,o/[E] for the
unmodified rMCA VII was inhibited by CuSPwith an
inhibition constant of 0.3&M at pH 7.5 and 25C; CuSQ
had no effect on the interconversion of ¢@nd HCQ~
measured byr,/[E] up to concentrations of CuS@s great
as 40uM (data not shown).

The truncation mutants of murine CA VII had much

reduced values d®,o/[E] at pH <8 (Figure 5). The values
of R4,o/[E] catalyzed by truncated mCA VIIb H64A were

253 from the mouse. The nine amino-terminal residues of reduced even further in this region of pH (Figure 5). The

the murine CA VII protein remain unknown; however, in

inset of Figure 5 shows the pH profile for the differences in
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GGATCCATGACCGGCCACCACGGCTGGGGCTA c GC T
1 memmemm e m———m———e oo CGGCCAGGACGACGGCCCTTCAAATTGGCACAAGCTGTATCCCATTGCCCAGGGAGAC 90
-------------------------- GCCGGTCCTGCTGCCGGGAAGCGTAACCGTGTTCGACATAGGGTAACGGGTCCCTCTG
-4 ? 2 2?2 ? 2?2 ? ? 2 2?2 € Q@ D DG P S NWHIKIULY P I A QG D 26
G S M T G HH G W G Y H M
MCA VII — MCA VIIb—
A o} T A G C

91 CGCCAGTCACCCATCAATATCATATCCAGCCAGGCTGTGTACTCGCCCAGCCTGCAGCCACTGGAACTTTTCTATGAGGCCTGCATGTCC 180
GCGGTCAGTGGGTAGTTATAGTATAGGTCGGTCCGACACATGAGCGGGTCGGACGTCGGTGACCTTGAARAGATACT CCGGACGTACAGG

27 R Q 8§ P I N I I 8§ S Q AV Y s pP SUL QP LETLUFYEWATGCMS 56
S
A C C A

181 CTCAGCATCACCAACAATGGCCACTCTGTCCAGGTGGACTTCAATGACAGTGATGACAGAACCGTGGTGTCTGGGGGCCCCCTGGAAGGE 270
GAGTCGTAGTGGTTGTTACCGGTGAGACAGGTCCACCTGAAGTTACTGTCACTACTGTCTTGGCACCACAGACCCCCGGGGGACCTTCCC
57 L S I T N N G H S V @ v D FND S DD RTWVV S G G P L E G 86
T

C TT A TG T T G
271 CCCTATCGCCTCAAGCAGCTCCACTTCCACTGGGGCAAGAAGCGCGACATGGGCTCAGAGCACACAGTGGACGGCAAGTCCTTCCCCAGC 360
GGGATAGCGGAGTTCGTCGAGGTGAAGGTGACCCCGTTCTTCGCGCTGTACCCGAGTCTCGTGTGTCACCTGCCGT TCAGGAAGGGGTCG
87 P Y R L K Q L H F HW G K KR DMG S EUHTV DG K S F P 8 116
3 H v

G T CT A T
361 GAGCTACATCTGGTTCACTGGAACGCCAAGAAGTACAGCACTTTTGGGGAGGCGGCTGCAGCCCCTGATGGCCTGGCTGTGGTTGGTGTC 450
CTCGATGTAGACCAAGTGACCTTGCGGTTCTTCATGTCGTGAAAACCCCTCCGCCGACGTCGGGGACTACCGGACCGACACCAACCACAG
117 E L H L V H W N A K K Y s T F G EAAAAUPDGULAV V GV 146
s

TT o] C T T T G cC G C G A
451 TTCCTGGAGACAGGAGATGAGCACCCAAGCATGAACCGCCTGACAGACGCCCTCTACATGGTTCGATTTAAGGACACCAAGGCCCAGTTC 540
AAGGACCTCTGTCCTCTACTCGTGGGTTCGTACTTGGCGGACTGTCTGCGGGAGATGTACCAAGCTAAATTCCTGTGGTTCCGGGTCARG
147 ¥ L E T 6 b E H P S M NRLTDAILYMVRZFIKDT KA Q F 176
G

C TG cC G T G T
541 AGCTGCTTCAACCCCAAGTGCCTGCTGCCCACCAGCCGGCACTACTGGACCTATCCTGGCTCCCTGACCACACCCCCACTCAGTGAGAGT 630
TCGACGAAGTTGGGGTTCACGGACGACGGGTGGTCGGCCGTGATGACCTGGATAGGACCGAGGGACTGGTGTGGGGGTGAGTCACTCTCA
177 §s ¢ F N P K ¢ L L P T S R H Y WTY PGS L TT P P L S8 E 8 206
A

c o] T C T A G G T G C
631 GTCACTTGGATTGTGCTTCGGGAGCCCATCAGGATCTCCGAGAGGCAGATGGAGAAATTCCGGAGCCTGCTTTTCACCTCAGAGGATGAT 720
CAGTGAACCTAACACGAAGCCCTCGGGTAGTCCTAGAGGCTCTCCGTCTACCTCTTTAAGGCCTCGGACGARAAGTGGAGTCTCCTACTA
200 VvV T W I VvV L R E P I R I S ER Q@MEIKVFR S L L F T S E DD 236
C G

C A A C A G C G
721 GAGAGGATCCATATGGTGGACAACTTCCGGCCACCACAGCCGCTGAAGGGCCGAGTGGTCAAAGCATCCTTCCAGGCCTGA 801
CTCTCCTAGGTATACCACCTGTTGAAGGCCGGTGGTGTCGGCGACTTCCCGGCTCACCAGTTTCGTAGGAAGGTCCGGACT
237 E R I H MV DN F R P P Q P L KGRV V KA S F Q A * 262
N R

Ficure 1: Sequence of MCA VII cDNA and derived amino acids. Differences from the human sequence (9) are indicated above and below
the murine sequence. Numbering is based on the human CA | standard with the second N-terminal residue (Gly) as number 1. The four
murine amino acids shown in boldface italic were confirmed by direct sequencing of the expressed recombinant murine CA VII protein
(14). Underlined nucleotides identify the human and mouse primers used to amplify the recombinant MCA VII cDNA that expressed the
full-length form of CA VII (rMCA VII —). The P23M mutation beginning the truncated MCA VIl sequence is indicated (MCA-¥)lb

His 64 is indicated in boldface type.

Ru,0/[E] between the full-length rIMCA VII and the truncated of the active-site inhibitor ethoxzolamidk;(= 0.5 nM) and
MCA VIiIb, and between MCA VIlb and MCA VIIb H64A. enzyme (present at 10M).
The shapes of these two difference plots are very similar,
reflecting in each case the loss of a proton donor or donors
of pK, near 6.9-7.5.

rMCA VIl is able to catalyze the hydrolysis of 4-nitro-

Inhibition of 80 exchange between GQand water
catalyzed by rMCA VII with two the classic sulfonamides
acetazolamide and ethoxzolamide was tested. The resulting

phenyl acetate. The pH profile &.{Kn has a maximum yalggg of the inhibition cpnstarKi are compared to the
at pH> 9 of 71 Mt s* and is best fit to two ionizations inhibition values of other isozymes of CA in Table 2.
(Figure 6, Table 1) similar té./Kn in the CQ hydration The solvent hydrogen isotope effects (SHIE) observed for
direction. In some isozymes of carbonic anhydrase, there catalysis by rMCA VIl were 1.Gt 0.1 for kea/Kn for CO,

is a nonspecific esterase activity not associated with the zinc,hydration at pH 6.8. ORca, the SHIE was 3.6: 0.1 at pH

as has been found in CA 28) and CA Ill (29). However, 6.8 in solutions containing 25 mMM Hepes, consistent with
that is not the case for rMCA VII; at a variety of different rate-determining proton transfer involving the aqueous ligand
pH values, the esterase activity was found to be greater tharof the zinc (eq 2). The SHIE at pH 6.8 &t,o/[E] was 3.3
98% inhibited in the presence of equimolar concentrations + 0.4.
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Keat/Kn (M's™)
3,

106'
5

pH

Ficure 2: pH dependence &f./Kn, for (@) hydration of CQ and

(O) dehydration of HC@ catalyzed by rMCA VIl at 25°C. keaf

Km for hydration was obtained b{¥O exchange using solutions
containing no buffers and in which the total ionic strength of the
solution was maintained at 0.2 M by addition of j8&, and the
total concentration of all species of G@vas 25 mM. The solid
line for CO, hydration is a nonlinear least-squares fit to two
ionizations with values for thelkfy and maximalk./Kn, given in

Earnhardt et al.

capacity of rMCA VIl to catalyze the hydrolysis of 4-nitro-
phenyl acetate (maxima./K, = 71 M~ s7%; Figure 6,
Table 1) is much less than that of human CA Il [maximal
KealKm = 3 x 18 M1 s7L; (4)].

Proton Transfer in CA VII. Several results suggest that
His 64 is the predominant proton shuttle in CA VII, as it is
in CA Il. First, there is no other residue in the active-site
cavity which is a likely shuttle of Il near 7. Second,
inhibition by CuSQ of 80 exchange catalyzed by rMCA
VII shows properties very similar to those observed for
inhibition by CuSQ of human CA 1l in which His 64 is a
proton shuttle 30). In HCA II, cupric ion coordinates to
the imidazole side chain of His 64 and blocks the proton
transfer role of this residued{). This results in inhibition
of Ry,o/[E] which is dependent on proton transfer, but has
no effect onRy/[E] which measures interconversion of €0
and HCQ™ in the first stage of catalysis (eq 3). The same
pattern is seen for rMCA VII. And third, chemical modi-
fication of rMCA VII by acrolein also is consistent with
patterns observed in CA IR@, 32). This treatment formyl-

Table 1. The dashed line is a nonlinear least-squares fit to oneethylates exposed histidines and lysines and possibly cys-

ionization with a )X, = 7.1+ 0.1 and a maximal value ¢€./Km

at (7.2+ 0.3) x 10’ M~ s, The ratiok../Kn, for dehydration of
HCO;~ was obtained by stopped-flow spectrophotometry in the
presence of 25 mM of one of the following buffers: pH 54,
Mes; pH 6.6-7.2, Mops; pH 6.9-7.2, Hepes. The total ionic
strength of the solution was maintained at 0.2 M with,8@,. The
solid line for dehydration is a nonlinear least-squares fit to a single
ionization with gK; and maximak../Km given in Table 1.

DISCUSSION

Comparison of Isozymes of Carbonic Anhydra®ée have
compared the steady-state catalytic constants of CA VII with
CA 11, the most efficient of the carbonic anhydrase isozymes,
and with five other isozymes in the-class of the carbonic
anhydrases. The steady-state conskaiK,, contains the
rate constants up to and including the first irreversible step,
which is the departure of HCO; these are the steps of eq
1. The pH dependence &f./Kn describes the ionization
state of the zinc-bound wate?,(3). In the CQ hydration
direction, the maximal value df../Kn, of 7.6 x 10" M1
s! for rMCA VIl at high pH is half that of CA Il but
somewhat greater than those for CA I, CA IV, and CA V

teines; however, the prominent effect in CA Il is the
alkylation of His 64 resulting in reduction of the proton
shuttle function of this residue3®). This also is observed
in rIMCA VIl and is shown in Figure 4 in which the decrease
in Ru,of[E] with the modified enzyme is apparent. The inset
of Figure 4 gives the difference ifRy,o/[E] between
unmodified and modified enzymes and shows that the
modification has resulted in the elimination of the proton
shuttle capacity of a group (or groups) dkp7.4 + 0.1.
Finally, the pH profile for rMCA VIl in Figure 4 is nearly
identical with that of human CA 11, and in the case of CA Il
replacement of His 64 by Ala showed that His 64 is the
predominant proton shuttlé&).

Effect of the Amino-Terminal Residuesl/e have observed
no difference irkeo/Kn, for hydration between the rMCA VII
and the truncation mutant MCA VIIb. Thus, the truncation
is not affecting the catalysis of the interconversion of,CO
and bicarbonate at the zinc (eq 1). However, two results
suggest that the truncation is affecting proton transfer: the
2-fold decrease observed at pH 9.1 kg for hydration
compared with full length (Table 1), and the decrease by an

(Table 3). We observed a solvent hydrogen isotope effectorder of magnitude inR4,o/[E] near pH 6 (Figure 5).

of 1.0+ 0.1 onk.{Kn, indicating no rate-contributing proton

Aronsson et al.33) observed catalysis by a truncated variant

transfer in the steps of eq 1 and consistent with a direct of human CA Il in which 20 residues at the amino terminus

nucleophilic attack of the zinc-bound hydroxide on G9);

in this respect, rIMCA VIl is similar to CA Il and the other
isozymes in thex-class. We also point out that the maximal
value of keofKm is the same for rMCA VII and for the
truncation mutant MCA VIIb (Table 1). Thus, the amino

were removed; it had an overall G@ydration activity 15%
of wild-type human CA II.

Thus, it is a reasonable assumption that the truncation of
the amino-terminal 23 residues has decreased the ability of
His 64 to function as a proton shuttle. This suggestion is

terminus has no role in the steps of eq 1, the catalysis by supported by the difference between the pH profileRap/

CA VIl of the conversion of CQinto bicarbonate at the
zinc.

The maximal value of the turnover numbég, for
hydration of CQ catalyzed by rMCA VII approaches that
of CAll (Table 3). The value ok.;contains rate constants
for the steps from the enzymesubstrate complex through
the proton transfers of eq 2. The kinetic constants for rMCA
VII place it among the most efficient of the carbonic
anhydrases with 67% of the activity of CA Il. Considering
the similarity in the steady-state constants for.@g@dration
catalyzed by rMCA VIl and CA ll, it is interesting that the

[E] for rMCA VII and for MCA Vllb shown in the inset in
Figure 5. This difference plot shows the bell-shaped pH
dependence consistent with the loss of a single proton shuttle
of pKs 6.9 + 0.2, and corresponding to a loss in proton-
transfer capacityRy,o/[E]) of 3.4 x 10° st upon truncation.

By this argument, the small maximum near pH 6 in the pH
profile for the MCA VIib is due to the reduced capacity of
His 64 to act as a proton shuttle (Figure 5). This is apparent
from the pH dependence of the H64A MCA VIlb mutant
(Figure 5). The difference in values &%,0/[E] for MCA

VIlIb and H64A MCA VIlb is also given in the inset in Figure
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Table 1: Catalysis by Carbonic Anhydrase VII: Maximal Values of Steady-State Constants with Values of Apgatent p

KealKm (M1 s71) pKa Keat (571 pKa
hydration of CQ (7.6+0.3) x 10/ 6.2+ 0.5 9.4+ 2.4)x 10° ~8.2
754+ 0.3 6.2+ 0.2

hydration of CQ (MCA VIlb)¢ (8.2+0.3) x 107 7.7+0.1 (4.5+0.4)x 1° —d
dehydration of HC@™ (9.7+1.0)x 1¢° 6.8+ 0.2 (1.9+0.1) x 1 6.7+ 0.1
hydrolysis of 71+ 8 5.3+ 0.3

4-nitrophenyl acetate 710.1
hydration of CQ by (2.7+0.1) x 10/ 6.7+ 0.1 (4.0+0.9)x 10¢ 8.8+0.2

acrolein-modified 5.8+0.2

enzyme

a All data were obtained using rMCA VII protein except where indicated. Experimental conditions as given in the corresponding figure legends.
bBecause of the uncertainty in the maximal valuekgf this (K, is poorly determined This truncated form of murine CA VIl is lacking the
amino-terminal 23 residues of rMCA VII shown in Figure“INot measured. The maximal value lof; was measured at pH 9.1.

107 107 3
Difference Ryzo/[E]
(x 10557
10°
106¢ =
T -
.\a —
3 = 105
ol S
105' E
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10¢ : : . . 3 .
5 6 7 8 9 10 5 6 7 P °
pH pH
FiGure 3: Turnover numbek., for (®) hydration of CQ and Q) FIGURE 4: (@) Variation with pH ofR4,0/[E], the proton-transfer-

dehydration of HC@™ catalyzed by rMCA VI, both obtained by  dependent rate constant for the release from the enzym#ef
stopped-flow spectrophotometry at 25 in the presence of 25 mM  labeled water catalyzed by rMCA VII. Solutions contained no
of one of the following buffers: pH 5:36.4, Mes; pH 6.6-7.2, buffers, and the total ionic strength of the solution was maintained
Mops; pH 6.9-7.5, Hepes; pH 7-78.3, Taps; pH 8.69.1, Ches. at 0.2 M by addition of Ng5Qy; the total concentration of all species
The total ionic strength of solution was maintained at 0.2 M with of CO, was 25 mM. The solid line is a fit of eq 6 to the data with
N&SQ,. The solid lines are nonlinear least-squares fits to two values of the K, for the proton donor of 7.4 0.1 and acceptor
ionizations for the hydration of COand one ionization for the  groups of 5.8+ 0.1 andkg = (3.2+ 0.4) x 1° s (O) Variation
dehydration of HC@ with pK, values and maxima{,; given in with pH of Ry,o/[E] catalyzed by the acrolein-modified rMCA VII
Table 1. under the same conditions. (Inset) Differencésifo/[E] between

the unmodified and acrolein-modified rMCA VII. The solid line is

. . . . a nonlinear least-squares fit describing proton transfer (eq 6) from
5. Here again, the data are consistent with the loss of a single; jonor group of . 7.4 + 0.1 and zinc-bound hydroxide, the

proton donor of &, 7.5 £ 0.2 corresponding now to a  conjugate acid of which hak@p 5.8+ 0.1 with a rate constant for
smaller loss in proton-transfer capacity of510* s™2. proton transfeks = (2.8 £ 0.3) x 10° s™™.

. Fy this tzxglananon, Thef |c;]roton .shuttle c_api':uzzgy of.l(;hs 64f64, namely, CA IIf and CA V 1), show catalytic properties
IS lessened by removal of the amino-terminal 23 residues of oy identical with their full-length counterparts. This topic
rMCA VII. There are several possibilities for this loss. The 5\ \nder further study.

first is a conformational change of MCA VIIb in which His .

. ; . . Assignment of pKValues. The pH dependence d&f./
64 is at a distance less effective for proton transfer or in K in the CQ hydration direction can be described by two
which His 64 has a broader range of side-chain conforma- ioTlizations for IMCA VI, near . 6.2 and 7.5 (Figure 2
tions than in the full-length enzyme and hence spends lesstapia 1) The pH-rate profile for the esterase activity of
time in the conformations appropriate for proton transfer. It .\ 1ca vii also appears dependent on two ionizations with
is also possible that the 3 histidines of the amino-terminal gjmiar values of Ka (Figure 6, Table 1). The bell-shaped
23 residues (Figure 1) are significant secondary proton donorspH profiles typically found foiRu,0 can be described by eq
in rMCA VII.- We consider this unlikely because based on g which expresseR.,o/[E] as the product of the protonated
the structure of CA Il §4) the distance of these residues form of the donor group and the unprotonated form of the
from the zinc ¢ 18 A) is much greater than for His 64-7 aqueous ligand of the zin@%). By this analysis, the data
R); moreover, it is His 64 that has been shown to play the of Figure 4 for unmodified rMCA VII demonstrate two
predominant role as proton shuttle in the well-studied values of X, near 5.8 and 7.4, which again suggest the
catalysis by CA Il which has catalytic properties very similar same ionizations as observedkg/K., for CO, hydration
to those of rIMCA VIl as discussed above. In support of the and hydrolysis of 4-nitrophenyl acetate (Table 1). One of
suggestion that the amino-terminal end of rMCA VIl these ionizations is clearly that of the zinc-bound water; the
influences the function of His 64 as proton shuttle, we point
out that deletions of amino-terminal residues of carbonic 25 Heyia, . K. Tu, D. N. Silverman, and P. J. Laipis, unpublished
anhydrases that lack an effective proton shuttle at position observations.
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FiGure 5: Variation with pH of R4,o/[E] catalyzed by @) full-
length rMCA VII, (O) the truncated MCA VIlIb (see Figure 1),
and @) a H64A mutant of MCA VIIb. Experimental conditions as
in Figure 4. Inset: &) The difference irRy,o/[E] between rMCA
VIl and MCA VIlIb. The solid line is a nonlinear least-squares fit
describing proton transfer (eq 6) from a donor group i 6.9 +
0.2 and zinc-bound hydroxide, the conjugate acid of which tkas p
5.9 + 0.2 with a rate constant for proton transferkgf= (3.4 +
0.8) x 1® s 1. (a) The difference irRy,o/[E] between MCA VIib
and the H64A mutant of MCA VIlb. The solid line is a nonlinear

least-squares fit describing proton transfer (eq 6) from a donor group

of pK, 7.5+ 0.2 and zinc-bound hydroxide, the conjugate acid of
which has K, 6.2 + 0.2 with a rate constant for proton transfer of
ke = (5.5+ 1.1) x 10*s%

102

Kea/ K (M's™)

10!
5

Ficure 6: pH dependence ok../Ky, for the hydrolysis of
4-nitrophenyl acetate catalyzed by rMCA VII. Data were obtained
at 25°C in 33 mM of one of the following buffers: pH 5:3.5,
Mes; pH 6.9-7.2, Mops; pH 7.3-7.7, Hepes; pH 8:18.9, Taps;

pH 9.1-9.4, Ches. The solid line is a nonlinear least-squares fit of
two ionizations with K, values and maxima../Kn, given in Table

1.

Table 2: Inhibition Constants; (Nanomolar), for Isozymes of
Carbonic Anhydrase Determined B¥O Exchange

Ki (I’]M)
isozyme acetazolamide ethoxzolamide reference
human CA Il 60 8 40
human CA lll 40000 8000 40
murine CA IV — 16 15
murine CAV 60 5 22
murine CA VII 16 0.5 this work

a All values of K; were determined at pH 7.5 and 25°C.

other ionization most likely results from a perturbation of
the K, of the zinc-bound water caused by the electrostatic
interaction of a nearby group. Perturbations of tlkg pf

the zinc-bound water have been described for mutants of

CA. For example, in human CA ll, the introduction of a

Earnhardt et al.

Table 3: Maximal Values of the Steady-State Constants fog CO
Hydration Catalyzed by Isozymes of Carbonic Anhydrase in the
o-Clas$

Keat KealKm

isozyme (x105s™) (x10"M1sh reference
human CA | 2 5 6
human CA Il 14 15 6
human CA Il 0.1 0.03 41
murine CA IV 11 3.2 15
murine CAV 3 3.0 22
rat CA VIP 0.7 1.6 42
murine CA VII 9.4 7.6 this work

2 Data obtained at 25C. P Data obtained at pH 7.5 probably do not
represent maximal values.

glutamate in the active site changes the pH dependence of
keaf K for ester hydrolysis from a single ionization to one
described by two ionization®8%). Also, Simonsson et al.
(36) observed a perturbation of the apparelt pf Kea/Km

for the esterase function catalyzed by CA Il at low ionic
strength and attributed it to His 64.

By the principle of kinetic equivalenc8T, 38), it is not
possible to assign these values df,pwithout further
information. By comparison of the data from our steady-
state measurements afftD exchange, we have been able
to achieve an assignment. THE®-exchange data of Figure
4 taken alone are equally consistent with the following two
assignments: (1) Thekp of 7.4 is the zinc-bound water,
and the K, of 5.8 is His 64 withkg = (1.34+ 0.4) x 10’ s™?
for the rate constant for intramolecular proton transfer in the
dehydration direction (as shown f§iO exchange in eq 4);
(2) the K, of 7.4 is for His 64, and thelf, of 5.8 is the
zinc-bound water in which case = (3.2+ 0.4) x 10°s ™.

It is helpful to compare thé®0-exchange data with the
steady-state turnover for dehydration. Likg the turnover
number for dehydratiork.,;, is dependent on proton transfer
to the zinc-bound hydroxide. The maximal valuekgf for
dehydration catalyzed by rMCA VIl was 2 10° s~ (Table
1), a value consistent with assigning th€,mear 7.4 to His
64 and the K, near 5.8 to the zinc-bound water.

However, for hydration of C@) the pH profile forkea: is
less clear (Figure 3); the pH profile &, for hydration of
CO, catalyzed by rMCA VIl is also described by two
ionizations, one with alg, near 6.2+ 0.2 and one with a
poorly determined Ig, near 8.2 (Figure 3, Table 1). These
observations in rMCA VIl of two ionizations influencing
the ke for hydration are very similar to the observations of
Hurt et al. (L5) in which theky for murine CA IV was found
to depend on two ionizations. One of these had an apparent
pKa of 6.3 and was assigned to His 64, and a second with
pKa of 9.1 may represent proton transfer to basic residues
more distant from the zinc than His 64; this result is observed
for many other isozymes of carbonic anhydra38).( The
observed apparentp of 6.2 for the proton donor does not
agree with our assignment oKpvalues forkea/Km andRy,0
described above. Perhaps the pH profile kg is too
complicated to be described by two ionizations. Moreover,
the analysis of the data fd¢,;; may be complicated by a
role for the external buffer as proton donor, which is not a
consideration for interpretation ¢¢./Kn and Ry,o.

Inhibition. The inhibition of rIMCA VII by the sulfona-
mides acetazolamide and ethoxzolamide measuretf(y
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exchange is greater than for the other isozymes (Table 2). 15.

These sulfonamide inhibitors are expected to bind directly

to the zinc and adhere to the hydrophobic side of the active-

site cavity as demonstrated in human CA34). Many of
the residues implicated in sulfonamide binding with CA Il
are conserved in rIMCA VII. Two exceptions are L204 and
C206 in CA Il which in murine CA VIl are serines.
Conclusions.Murine CA VIl is a very efficient carbonic
anhydrase with catalytic activity similar to the most active
of the isozymes in thex class. Moreover, among these
isozymes it is the most inhibitable by two widely used
sulfonamides when measured B§O exchange. Unique
among the other wild-type isozymes of thelass, CA VII
demonstrates the effect of two ionizations in the pH profile
of kea/Km. One of these is the ionization of the zinc-bound
water (K, 6.2), and the second is suggested to be His 64
(pKa 7.5) based on inhibition by CuS@nd acrolein and in
analogy with the other most active isozymes in this class,

CA

I and CA IV. The assignment of these values &f,p

was done by a novel application &fO-exchange rates.

Moreover, we have shown that the amino-terminal end of 27.
carbonic anhydrase has a role in enhancing proton transfer

in catalysis.
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