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Intramolecular Proton Transfer from Multiple Sites in Catalysis by Murine Carbonic
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ABSTRACT. The hydration of CQcatalyzed by carbonic anhydrase requires proton transfer from the zinc-
bound water at the active site to solution for each cycle of catalysis. In the most efficient of the mammalian
carbonic anhydrases, isozyme I, this transfer is facilitated by a proton shuttle residue, His 64. Murine
carbonic anhydrase V (MCA V) has a sterically constrained tyrosine at the analogous position; it is not
an effective proton shuttle, yet catalysis by this isozyme still achieves a maximal turnoves hy@@tion

of 3 x 10° st at pH > 9. We have investigated the source of proton transfer in a truncated form of
MCA V and identified several basic residues, including Lys 91 and Tyr 131, located near the mouth of
the active-site cavity that contribute to proton transfer. Intramolecular proton-transfer rates between these
shuttle groups and the zinc-bound water were estimated as the rate-determiningksiefpritnydration

of CO, measured by stopped-flow spectrophotometry and in the excharl§@ between C@and water
measured by mass spectrometry. Comparisork.@fin catalysis by Lys 91 and Tyr 131 and the
corresponding double mutant showed a strong antagonistic interaction between these sites, suggesting a
cooperative behavior in facilitating the proton-transfer step of catalysis. Replacing four potential proton
shuttle residues produced a multiple mutant that had 10% of the catalytic tutqawarthe wild type,
suggesting that the main proton shuttles have been accounted for in mCA V. These replacements caused
relatively small changes ik.o/Km for hydration, which measures the interconversion ob,@d HCQ~

in a stage of catalysis that is separate and distinct from the proton transfers; these measurements serve as
a control indicating that the replacements of proton shuttles have not caused structural changes that affect
reactivity at the zinc.

Carbonic anhydrase V (CA Vj)s a mitochondrial enzyme  yield bicarbonate; the departure of bicarbonate leaves a water
found predominantly in liver; it is a member of tieeclass bound to the zinc (eq 1). The second stage requires a proton
of carbonic anhydrases that includes the mammalian isozymego be transferred from zinc-bound water to buffer in solution
(reviewed in refl). The catalytic properties of murine (designated as B in eq 2) to regenerate the zinc-bound
carbonic anhydrase V (mCA V) have been characterizZgd (  hydroxide @). For CA I, this proton-transfer proceeds
and its crystal structure is determined to 2.45-A resolution through an intramolecular proton shuttle (designated in eq 2
(3). Similar to the other carbonic anhydrases ofdhelass, as H' to the left of E), which subsequently releases the proton
mCA V is a monomeric zinc metalloenzyme of molecular to solution. In CA Il, this intramolecular proton shuttle has
mass near 30 kDa that catalyzes the hydration of carbonbeen identified as His 64(6), which extends into the active-
dioxide to form bicarbonate and a proton. The catalytic site cavity with the N of its imidazole ring 7.4 A from the
pathway of mMCA V is similar to that of the well-studied CA  zinc and with no apparent interactions with other residues
Il in many respects. The first stage of catalysis comprises (7).

the hydration of CQinvolving the zinc-bound hydroxide to +H,0
CO,+ EZNOH =EZnHCO,
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HCA 1l, human carbonic anhydrase Il; Y64A, the mutant with Tyr 64 . L - .
replaced by Ala; Mes, 2N-morpholino)ethanesulfonic acid; Mops, efficient proton shuttle). However, it is possible to activate

3-(N-morpholino)propanesulfonic acid; Hepel:(2-hydroxyethyl)- MCA V by placing a histidine residue at position 64 along
piperazineN'-2-ethanesulfonic acid; Taps, 3-[[tris(hydroxymethyl)- with other changes in the active sit8).( Studies using
methyllamino]propanesulfonic acid; Ches, 2-(cyclohexylamino)ethane- jsqo1one effects, pH dependencies, and chemical rescue have
sulfonic acid; Tris, tris(hydroxymethyl)aminomethane; Ted, 1,4- ' ’
diazabicyclo[2.2.2]octane or triethylenediamine: SHIE, solvent hydrogen Shown that these intramolecular proton-transfer steps are rate-

isotope effect. determining for maximal velocity§, 9).
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Ficure 1: Location of ionizable residues near the active site cavity
of murine carbonic anhydrase V from the crystal structure of
Boriack-Sjodin et al.§). The three ligands of the zinc are His 94,
96, and 119.

Position 64 in carbonic anhydrase is not the only site from
which proton transfer can occur. Liang et dl0) placed a
histidine residue at four other positions within the active-
site cavity of isozyme Il and found that a His at 67 was
capable of enhancing catalytic activity but at a level no
greater than 20% of the wild-type enzyme. Ren etHl) (
showed that His 67 in human CA Il is capable of proton
transfer, but again it is not as efficient as His 64 in CA lIl.
It is significant that the mutants of carbonic anhydrase
lacking a histidine proton shuttle in the active-site cavity can
still sustain a catalytic turnoveg, for hydration at pH near
9 of 10* s™* as for human CA Il {2) and as great as &
10° st for mCA V (2). This suggests the presence of one
or more basic residues that act as proton shuttles.

Since mCA V supports catalysis at a rapid rate at high
pH but is lacking His 64 as a prominent proton shuttle, it is
pertinent to ask what residues in mCA V support this
significant activity. There are a number of lysine and
tyrosine residues in mCA V located in the active-site cavity
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conversion of CQand HCQ™ in a stage of catalysis that is
separate and distinct from the proton transfers.

EXPERIMENTAL PROCEDURES

Site-Specific Mutagenesig.he coding sequence of mouse
CA V was derived from BALB/C mouse liver mRNA by
reverse transcription and PCR 8). Mutant forms of mCA
V were created using a mutating oligonucleotid8)(in the
PET31 expression vector systemid); alterations were
verified by DNA sequencing.

Expression and PurificationWild-type and mutant forms
of the enzyme were expressed from the pET vector after
transformation intd&scherichia colBL21(DE3)pLysS 15).
All of the expressed enzymes were truncated forms lacking
the first 51 amino terminal residues. In a sequence number-
ing scheme consistent with CA 1I, the expressed mCA V
variants began at residue 22, Ser. This truncated form of
mMCA V (denoted mCA Vc by Heck et aR) has been shown
to have identical catalytic properties to mCA V expressed
from both a full-length coding sequence and a 30-residue
truncation of mCA V ).

Purification was performed through previously described
procedures with slight modifications2){ Frozen cells
containing expressed recombinant mCA V mutants were
thawed in a solution of 25 mM Tris, pH 8.5, containing 2
mM EDTA, 0.2 mM phenylmethanesulfonyl fluoride, 5 mM
benzamidine, 0.4 mM Mggl0.4 mM ZnSQ, 0.1%8-mer-
captoethanol, 0.1 mg/mL deoxyribonuclease |, and 0.5 mg/
mL lysozyme with stirring fo 2 h in 4°C. After cell lysis,
the cell debris was pelleted by centrifugation at 43Dy
30 min at 4°C. The supernatant was added to an ultro gel
filtration column. The protein eluate was then subjected to
affinity chromatography on a gel containipgaminometh-
ylbenzenesulfonamide coupled to agarose beads as described
by Khalifah et al. 16). Electrophoresis on a 10% polyacry-
lamide gel stained with Coomassie Blue revealed the purity
of the enzyme samples, and all enzyme samples used in the
kinetic experiments were greater than 95% pure. Active
mCA V mutant enzyme concentration was determined by

or around its rim. In this study, these residues have beeninhibitor titration of the active site with ethoxzolamide by

replaced with alanine, and the initial velocities in catalysis

measuring®O exchange between G@nd water (see below).

by the resulting mutants were measured using stopped-flow The enzyme was then stored at@.

spectrophotometry; catalysis 00 exchange between GO

Initial Velocities. Stopped-flow spectrophotometry mea-

and water was also measured using mass spectrometry. Theurements were carried out by the method described by

results show that the catalytic activity in mCA V is supported
by multiple proton transfers involving a number of ionizable
groups of basic K, some more distant from the zinc than

residue 64. Although there is no single prominent proton
shuttle, Lys 91 and Tyr 131 with their amino and phenolic
hydroxyl groups 14.4 and 9.1 A from the zir®)(as shown

in Figure 1, account for about half of the catalytic turnover.

Moreover, the interaction between these proton shuttles infollowing dilution.

catalysis is not simply additive but antagonistic, reflecting

Khalifah (17). Initial velocities were determined by follow-
ing the change in absorbance of a pH indicator at’@5
using a stopped-flow spectrophotometer (Applied Photo-
physics Model SF.17MV). C@solutions were made by
bubbling carbon dioxide into water or,D for the solvent
hydrogen isotope effect studies. The maximum concentration
of CO, in HO achieved by this method was 17 mM
Dilutions were made through two
syringes with a gastight connection, the gfncentrations

their adjacent location and suggesting a cooperative behaviorfor the substrates ranged from 0.7 to 17 mM. Final buffer
in facilitating the proton-transfer step of catalysis. Replacing concentrations were 25 mM, and each solution containgd Na
four of these possible proton shuttle residues produced aSO,to achieve a final ionic strength of 0.2 M. The buffer

multiple mutant that has 10% of the catalytic turnokgg

indicator pairs, K, values, and the wavelengths observed

of the wild type, suggesting that the main proton shuttles are as follows: Mes (. = 6.1) and chlorophenol red Ka

have been accounted for in mCA V. As a control, we have

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

determined that these replacements cause relatively small= 7.1) 400 nm; Hepes i = 7.5) and phenol red th, =

changes irk.afKm for hydration, which measures the inter-

7.5) 557 nm; 1,2-dimethylimidazole Kp = 8.2) andm-cresol
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Table 1: Maximal Values oke.a/Km andke for CO, Hydration andks with pK, Values Obtained from Their pH Profiles for Wild-Type and

Mutants of Murine Carbonic Anhydrase?V

KealKm (uM~1s71) PKageatm Keat (Ms™t) PKagea) ks (ms™?) PKawks)
Y64A 194 1¢ 7.8+ 0.1° 2504 50¢¢ 9.2+ 0.1 80+ 10 8.7+ 0.3
Y64A/Y131A 22+ 1°¢ 7.4+0.1° 80+ 10 8.8+ 0.1° 30+ 10 >8.7
Y64A/K91A/Y131A 21+ 1 7.6+0.1 70+ 10 9.1+ 0.1 20+ 10 >8.5
wild type 35+ 1b 7.4+0.1° 320+ 30° 9.2+ 0.2 120+ 20 8.6+ 0.1
K91A 34+1 7.5+0.1 130+ 10 9.0+ 0.1 30+ 10 8.9+ 0.2
Y131A 37+ 1° 7.1+0.1¢ 180+ 20¢ 9.2+ 0.1¢ 110+ 10 >8.5
K91A/Y131A 36+ 16 79+04 150+ 30 9.1+ 0.2 70+ 10 8.3+ 0.2
18+ 17 6.9+ 04
K132A 55+ 1 7.2+ 0.1 2704+ 20 9.1+ 0.1 110+ 20 8.3+ 0.1
K170A 56+ 2 7.3+ 0.1 2704+ 20 8.9+ 0.1 140+ 130 >8.5
Y64A/K91A/Y131A/K132A 60+ 2 7.6+0.1 32+ 6 9.1+ 0.1 60+ 10 8.5+ 0.2

aMaximal values oke../Km andks were determined from pH profiles for the exchangé®f measured by mass spectrometry, and the maximal
values ofk..: were determined from pH profiles of the hydration of £dbtained by stopped-flow spectrophotometrpata taken from Heck et
al. (2). ¢ Data taken from Heck et al8). ¢ These standard errors representing the fits to ionization curves are much larger than for the other data

due to the similar values of the appareit.p

purple (K, = 8.3) 578 nm; Taps (. = 8.4) andm-cresol
purple (K, = 8.3) 578 nm; Ches {0, = 9.3) and thymol
blue (K. = 8.9) 596 nm; Ted (K. = 9.2) and thymol blue
(pKa = 8.9) 596 nm. For each substrate at each pH, the
mean initial velocity was determined with at least five traces
of the initial 5-10% of the reaction. The uncatalyzed rates
were determined in a similar manner and subtracted from
the total observed rates. The kinetic constdaisand kcaf

Km were determined by a nonlinear least-squares method

using Enzfitter (Elsevier-Biosoft).
180 Exchange Using an Extrel EXM-200 mass spec-

protonated state and of the zinc-bound hydroxide. Equation
6 represents RBo/[E] in terms of the appropriate ionization
constants an#s, the rate constant for intramolecular proton
transfer from the shuttle group to the zinc-bound hydroxide.

Ry o/[E] = kg/{ (1 + Kg/[H (L + [HVKR}  (6)

Ksg is the ionization constant for the donor group, a&ds
the ionization constant of the zinc-bound water.
In the measurement of solvent hydrogen isotope effects,

trometer utilizing a membrane permeable to gases, we"e determined kinetic constants using solutions of 99.8%

measured the rate of exchange'® between species of
CO; and water and the rate of exchange'® into solvent
water as H®O catalyzed by the carbonic anhydrases (eqgs 3
and 4) 8). No buffers were added except where indicated,
and a total ionic strength of 0.2 M was maintained with-Na
SO, at 25°C.

HCOO®0™ + EZnH,0 = EZnHCOJ®0™ =
COO+ EZnO®H™ (3)
EZnO'®*H™ + BH' = H'EzZn'®OH +
18, +H0 18,
B = EZnH,"*0 —— EZnH,0 + H,'%0 (4)

D,O. All pH and pD measurements are uncorrected pH
meter readings.

RESULTS

The mutants constructed for this study have the potential
proton-transfer residues at positions 64, 91, 131, 132, and
170 replaced with alanine in single and multiple mutations
(Figure 1, Table 1). The pH profiles fég./Kr, for hydration
of CO,, determined from®0O exchange rates, varied as if
dependent on the base form of a single ionizable group
(Figure 2) with apparent values oKpthat were similar for
each mutant, fromig, 7.1 to (K, 7.9 (Table 1). The double
mutant K91A/Y131A mCA V was an exception in that two
ionizations fit the data better than one; however, the apparent

From these experiments, two rates are determined, one ofvalues of (K, were very similar for the two ionizations (Table

which is the rate of the catalytic interconversion of £Dd
HCOs;~ (eq 3) at chemical equilibrium, R The substrate
dependence of Rs described by eq 5.

RY/[E] = kot [SV(Kess” + [S]) ()

[E] is the total enzyme concentratidi,f* is the rate constant
for maximal interconversion of Cand HCQ™, K is the

1). The alanine replacements did not cause large changes
in the maximal values ok..{Kn, which had magnitudes
ranging from 1.9 to 6.6« 10’ M~* s~ for all of the mutants
studied (Table 1). The magnitudes kf/K., appeared to
occur in three groups as shown in Table 1; for example, the
mutants containing Tyr 64 including wild-type mCA V have
values ofk./Kn very near 3.5x 10° M~! s1, and the
mutants containing Ala 64 have values very near:2.00

apparent substrate binding constant, and [S] is the concentraM ! s7 (Table 1). The ratidk../Kn contains rate constants

tion of substrate C@and/or HCQ~ (19). The ratioke,&/
Ke® was determined from Rwhen [S] < Keq® or from

for the conversion of C@into HCO;~ up to and including
the first irreversible step, the departure of HCeq 1).

varying substrate concentrations. In theory and in practice Therefore, these mutants are not causing significant changes

when [CQ] < K%, thenk./KefC: is equal tokealKm
for CO, hydration.

The second parameter is the rate of release,80Hfrom
the enzyme into solvent water as'fD (eq 4). This rate

in this stage of catalysis or influencing the surrounding
environment of the zinc-bound water in a manner that would
alter its (K, or catalytic activity.

Measurement by stopped flow of the steady-state constants

depends on concentrations of the shuttle residue in thek.;for CO, hydration had a pH dependence that could also
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Ficure 2: pH dependence ok.. /Ky, for hydration of CQ
determined by®0 exchange catalyzed b®) wild-type mCA V
(Heck et al.;2), (O) K91A/Y131A mCA V, and ) Y64A/K91A/
Y131A mCA V at 25°C. Total ionic strength was maintained at
0.2 M by addition of NaSOy; no buffers were used. Lines are a
nonlinear least-squares fit to a single ionization for wild type and
Y64A/K91A/Y131A and to two ionizations for the K91A/Y131A

mutant resulting in the parameters given in Table 1.
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Ficure 3: pH dependence &, for hydration of CQ determined

by stopped-flow spectrophotometry catalyzed @) (vild type
(Heck et al.;2); (O) K91A/Y131A mCA V; and () Y64A/K91A/
Y131A mCA V at 25°C. Total ionic strength was maintained at
0.2 M by addition of NaSO,. Lines are a nonlinear least-squares
fit to a single ionization resulting in the parameters given in Table

1.

be fit to a single ionization with apparent values &,pn
the narrow range of 8:89.2 for wild type and mutants (Table
1) with typical data shown in Figure 3. The variation in the
maximal values ok ranged from 3.2x 10° s™* for the
wild-type enzyme to 0.3% 1C° s~ for the multiple mutant

6 7 8 9 10

pH

Y64A/K91A/Y131A/K132A (Table 1).

The'80 exchange rate constant,B/[E] describes the rate
of release of KO from the enzyme into solvent water at
chemical equilibrium and involves proton transfer to the zinc-
bound hydroxide in the dehydration direction (eq 4). The
pH profiles of Ry,o/[E] were typically bell-shaped for the
mutants of Table 1 and yielded a rate constigtfor
intramolecular proton transfer and values & for the zinc-
bound water and for the intramolecular proton donor
determined by least-squares fitting of eq 6 to the pH profiles

Earnhardt et al.

10°

104

Ruxo/[E] (s™)

Ficure 4: pH dependence of R/[E], the rate constant for release
from the enzyme, catalyzed b@®) wild-type mCA V and Q) the
mutant K91A/Y131A mCA V at 25C. The total concentration of
all species of C@was 25 mM, the total ionic strength of solution
was maintained at 0.2 M by addition of POy, and no buffers
were added.

of Ru,0/[E]. The values of the I§, of the zinc-bound water
were in agreement, within 0.1 or 0.2 unit, with those obtained
from the pH profiles ofk../Kyn. Application of these
procedures to typical data are shown in Figure 4 for wild-
type mCA V and K91A/Y131A mCA V. Thé® exchange
results again show a narrow range of values for the proton
donor of (K, from 8.3 t0 8.9 (Table 1). These values confirm
the K, near 9 found from the pH profile ¢, for the proton
shuttle also shown in Table 1. The wild-type enzyme had
the largest value of the rate const&stfor intramolecular
proton transfer with the smallest value being observed for
the triple mutant Y64A/K91A/Y131A at 17% of the wild
type (Table 1). The magnitudes kf andk.y can only be
compared qualitatively since they represent proton transfer
in the dehydration and hydration directions.

The solvent hydrogen isotope effect (SHIE) observed for
catalysis of CQhydration by Y64A/K91A/Y131A mCAV
was 1.4+ 0.2 forke./Km at pH 9.2. This is consistent with
no rate-contributing proton transfer in the interconversion
of CO, and HCQ™ (eq 1). The SHIE at pH 9.2 ok, was
4.1 4+ 0.5, consistent with rate-determining proton transfer
involving the aqueous ligand of the zinc (eq 2).

We also measured the capacity of mutants of mCA V to
be enhanced in catalysis by proton donors or acceptors from
solution through chemical rescue. These experiments were
done using the buffers of small size, imidazole and 1,2-
dimethylimidazole, and one of bulky molecular size, Ted. It
was found that imidazole was able to activatg,dHE]
catalyzed by Y64A/F65A mCA V in a saturable manner with
an apparenky, for this buffer near 91 mM at pH 6.3 (Figure
5). Imidazole had a slight inhibitory effect om/fE] and
on k.afKm causing these values to decrease with an apparent
Ki of 0.40 + 0.17 M upon increasing imidazole up to a
concentration of 200 mM (Figure 5). The maximal value
of Ru,o/[E] when corrected for this inhibition was estimated
at (1.1£ 0.2) x 10° s this is identical to the value of
10° s for Y64H/F65A mCA V in the absence of buffer at
pH 6.3 (with total substrate and ionic strength as described
in Figure 5).
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replaced by alanine and the effect kg, for hydration and
on 180 exchange have been measured.
Role of Proton ShuttlesAmong the variants of mCA V
in Table 1, wild-type mCA V has the largest valuelgf;
and the various single mutants with potential proton shuttles
replaced have lower values. A similar observation is also
made forkg, a rate constant for intramolecular proton transfer
determined from!®0 exchange, in which again the wild-
type enzyme has the largest value (Table 1). These decreases
in keatfor hydration andkg observed in our mutants of mCA
V are interpreted as decreased efficiency of the intramo-
lecular proton-transfer processes. This interpretation is
supported by the following considerations. A wide body of
previous data indicates th&t, for catalysis by carbonic
anhydrase is dominated by intramolecular proton transfer
[Imidazole] mM between the zinc—pounq Water' and proton shuttle re_sidues
(4—6), and the studies with murine CA V are also consistent
Ficure 5: Dependence of i3o/[E] (®) and R/[E] (0) as a function  with such rate-determining steps figy (2, 8). Many of
of the concentration of imidazole at pH 6.3 andZ5 The total s Hrevious experiments to confirm rate-limiting proton
concentration of all species of G@ras 25 mM, and the total ionic . . . . '
strength of solution was maintained at a minimum of 0.2 M by transfer in this catalysis have been repeated in this study
addition of NaSQy. The data for R,/[E] approach a maximal value ~ With one of the least active mutants and other mutants of
of (1.1+ 0.2) x 10° s"twhen corrected for the apparent inhibition  Table 1: Y64A/K91A/Y131A has a solvent hydrogen isotope
manifested in R[E]. effect of 4.1 ork., for hydration;k . is activated by proton
) o ) donors in solution, an example of chemical rescue; land
Ted and 1,2-dimethylimidazole caused no changed  and Ry, have pH profiles that are consistent with intramo-
Km catalyzed by Y64A/K91A/Y131A mCA V at concentra-  |ecular proton transfer.

103

R/[E] and Ry,o/[E] (s7)
=

—

-
o
[

50 100 150 200

(=]

tions up to 200 mM. R,o/[E] catalyzed by this triple mutant There is no single replacement in Table 1 that causes a
was 8.9x 10’5 S_l with no buffer and increased in a saturable decrease irkcat or kB as |arge as the 40-fold decrease that
manner to values approaching a maximum of &.8.3) x resulted from the replacement of His 64 by Ala in HCA I

10* st with an apparenKn of 130 mM upon addition of (). Thus, it appears that in mCA V there is not one
1,2-dimethylimidazole (pH 8.2, 2%, ionic strength main-  predominant proton shuttle group as in HCA Il but many
tained at a minimum 0.2 by addition of b&0,). This shuttle groups. The closest potential side chain among those
maximum is very similar to the value of 2.2 10* s™ we studied is Tyr 64 with its hydroxyl oxygen 7.7 A from
measured under the same conditions but in the absence ofhe zinc. However, this side chain is pointing away from
buffers with Y64H/F65A mCA V. The following similar  the zinc in the crystal structure and appears limited in its
observation was made by stopped flow measuring initial mobility by the adjacent Phe 65, which most likely accounts
velocities. The estimated values ke for CO, hydration for the very slight reduction (or no change, Table 1) when
catalyzed by 1.2M Y64A/K91A/Y131A mCA V increased it is replaced by alanin€(8). Among the remaining lysines
from a value close to & 10° s'! to values approaching and tyrosines of Table 1, the closest to the zinc are Tyr 131
(1.0 + 0.3) x 1 s with an apparenK,, of 80 mM as with its hydroxyl oxyge 9 A from the zinc and Lys 91 with
concentrations of 1,2-dimethylimidazole increased from 1 its NZ 14 A from the zinc 8). Accordingly, these replace-

to 200 mM (pH 8.2, 25°C, ionic strength maintained at a ments among the single mutants caused the largest decreases
minimum of 0.2 M). Again, this is close to the valuelqf; in Keat (Table 1). The residues Lys 132 and Lys 170 have
(2.0+ 0.4) x 10° s~ under these conditions for Y64H/F65A  their NG a distance of 19 and 20 A, respectively, from the
MCA V (8). The buffer Ted (at pH 9.3 and Z%) up to zinc; the decreases i, when these residues are replaced
concentrations of 100 mM caused no change inoffE] by Ala are very small (or no change) as compared \kith
catalyzed by the triple mutant; however, Ted at these for wild type (Table 1).

concentrations did cause an increase of greater than 10-fold The rate constants for intramolecular proton-trangfer

with a value ofK, of 70 mM in the initial velocity of CQ determined by®O exchange measure proton transfer in the

hydration. dehydration direction and are different from the values of
keat fOr hydration discussed above. The value&gpédd an

DISCUSSION important component to our considerations since they

represent data taken in the absence of buffer and, ukljike

In mCA V, we seek to identify the residue or residues of measured at steady-state, do not contain the possibility of
pKa near 9 that act as proton acceptors in the hydration direct proton transfer between the buffer and the zinc-bound
direction of catalysis. For this purpose, the proton-transfer water. The decreases kg for the mutants of Table 1 as
capacity was investigated for a number of lysine and tyrosine compared with wild type in general mirror the decreases in
residues in the active-site cavity and near its rim. Five k.. However there are notable exceptions, such as for
potential proton shuttle residues in the active-site cavity or Y131A which has a rather greater effect kg than onkg
near its mouth in MCA V were replaced,; this includes many as compared with wild type (Table 1). On the other hand,
evident basic groups in the vicinity of the active site that K91A has a greater effect d@. No additional evidence is
could participate as proton shuttles. These have beenavailable to explain these observations.



7654 Biochemistry, Vol. 37, No. 20, 1998 Earnhardt et al.

Hence, among the replacements of basic groups in Tableof pK, near 62 These results indicate that the imidazole
1 resulting in single mutants, the replacements of Lys 91 group of the chemically modified Cys 131 promotes proton
and Tyr 131 caused significant decreasdsjrfor hydration. transfer and shows that a proton shuttle at this site can act
This evidence is consistent with proton shuttle roles for Lys as a proton donor in catalysis. Attempts to observe an
91 and Tyr 131 as they participate in the intramolecular enhancement of CatalySiS with Y131H were not conclusive.
proton transfer steps. There are other explanations for these Experiments were performed to eliminate some additional
observations, but they can be considered less likely. Forconsiderations as contributing to proton transfer, showing
example, it is possible that these residues are not protonthey have no significant effect oka. For example, rate
shuttles themselves but are residues that contribute to protorfonstants for the initial velocities of catalysis do not increase
transfer by their effects on the formation of hydrogen-bonded With an increase of enzyme concentration (data not shown).
water networks in the active-site cavity. The following _Thus,_the_re _is no sign_ificant intermolecular proton transfe_r
observations indicate that changes in catalysis by the mutantdnvolving ionizable residues on the surface of other carbonic

of Table 1 are not significantly affected by any changes in @Mhydrase molecules in solution. Such a possibility is
such water structure. unlikely due to the sub-micromolar concentrations of enzyme

_ o used in all of our experiments.

First, the lack of a significant eff(_act of the replacement of The data of Table 1 indicate that K91 and Y131 make
the suggested proton-transfer residues (K91, Y131gh g pstantial contributions to proton transfer during hydration,
Km (Table 1) as compared to wild type suggests that the ¢ their replacement still leaves considerable activity, near
chemistry of CQ hydration at the zinc is not affected by 3 . 10 s at pH near 9 for the quadruple mutant of Table
replacements at these distant sites, possibly including changeg  which indicates that there remain other proton shuttle
in water structure. However, this approach needs further residues. Although this is a high rate of catalysis, it is
support since studies of human CA Il have shown that the pertinent that proton transfer to hydroxide in solution could
insertion of bulky residues including Phe at position 65 be close to this valudo[OH™] = (1° M~1s™1) x (1075 M)
adjacent to the proton shuttle residue His 64 alters water= 10* s™! at this pH, wherek, is a roughly estimated
structure in the active site of the crystal structure, an effect diffusion-controlled bimolecular rate constant for hydroxide
that is accompanied by significant decreasesip with ion encounter with carbonic anhydrase perhaps similar to
smaller or no changes iR/Kn (20, 21). The crystal that found for cyanide 22). Although hydroxide might
structures of mCA V and human CA Il are very similar with ~ contribute as a proton acceptor, the observation of a plateau
backbone conformations that are superimposable with a rmsin ket at high pH (Figure 3) indicates that hydroxide is not
deviation of 0.93 A ). When the substitution Phe 65 the main proton acceptor at pH up to 9. _The results indicate
Ala is made in mCA V, a decrease ka, is not observed that the predomlnant_ proton shuttle residues, but not all of
for the resulting F65A as compared with wild type (Table 1 the proton shuttle r_e.5|dues, haye be‘?f! acpounted for.m mCA
in ref 8). This suggests that the proton-transfer dependentv' That the remaining catalytic act|V|ty in Gnydration

. . of our least active mutants of Table 1 still havel&, pf kea
values ofk.y; for mCA V, presumably involving proton

transfer from more distant sites. are not affected by changes ¢ 9 indicates that the remaining proton shuttles are likely
. ' Y 9€Spasic residues such as Tyr 58 or perhaps Lys 133 or even
in water structure caused by the replacement Phe-@9a.

more distant basic groups. These more basic groups are
Another observation suggesting that changes in water likely to have a thermodynamic advantage as proton accep-

structure are not significantly involved in the data of Table tors as compared with histidine residues of expectechear

1 is that chemical rescue of certain of these mutants of mCA 6 or 7; besides, the crystal structure of the truncated form of

V with imidazole or 1,2-dimethylimidazole activates catalysis MCA V used in these studies shows no histidine residues

to levels found for the mutant Y64H/F65A containing an hear the mouth of the active-site cavig).( There is a further

unhindered imidazole as proton shut@. (Thus, the mutant ~ argument that the proton acceptors unaccounted for lie on

Y64A/F65A when enhanced with imidazole achieved values the surface of the enzyme rather deeper than in the active-
of Ru,o/[E] near 1x 10F s (Figure 5) identical to that of site cavity. That addition of the buffer Ted caused no

Y64H/F65A. Similarly, the mutant Y64A/K91A/Y131Awas ~Enhancement of Bo/[E] catalyzed by Y64A/KILA/YV131A

activated by 1,2-dimethylimidazole to levels of R[E] and mCA V_|nd|cat_es that th'sf bulky buffer car;}not _entir thea
keatfor hydration similar to that of Y64H/F65A in the absence active-site cavity to transfer a proton to the zinc-boun

at = _ hydroxide—the catalysis is sustained by the various sur-
of this buffer (or at very low buffer concentration). These

! N rounding proton donors (and water) that are at their equi-
observations also suggest that substitution of K91 and Y131 ,;y1i,m protonation states in this isotope exchange at

on the periphery of the active-site cavity has no measurable :nemical equilibrium. However, Ted caused a very large

effect on proton transfer and presumably water structure jnhcrease in the initial velocity of catalyzed G@ydration,

when the proton shuttle is 1,2-dimethylimidazole. suggesting that it can accept protons from proton shuttle sites
Although Table 1 reports decreased catalysis upon re-closer to or on the surface of the enzyme.

placement of Tyr 131 with Ala, there is the following Although in single mutants these sites had small change

evidence that proton transfer to enhance catalysis can occuas compared with wild type, the multiple mutants Y64A/

from position 131. Chemical modification of Y131C mCA K91A/Y131A and Y64A/K91A/Y131A/K132A had values

V with 4-chloromethylimidazole and 4-bromoethylimidazole

caused up to 3-fold enhancement @¢&[E] at pH < 7 with 2 Earnhardt, J. N., Wright, S. K., Qian, M. Z., Tu, C. K., Laipis, P.
pH profiles consistent with the presence of a proton donor J., Viola, R. E., and Silverman, D. N., manuscript in preparation.
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of kea reduced to 22% and 10% of that of wild type while VII all contain a lysine at positions 169/170 as well as other
showing no substantial decreasekig/Kn, (Table 1). Ignor- lysines and tyrosines located at the mouth of the active site
ing uncertainties itk.5:in Table 1, these percentages represent cavity. Thus we conclude that in mCA V and likely in other

a simple additive effect of the replacements of Y64 and K132 isozymes of then class of the carbonic anhydrases there
beyond that of the double mutant K91A/Y131A. This are multiple proton transfers contributing to the overall
suggests that we have accounted for the most significantcatalytic efficiency of catalysis.

proton shuttles of MCA V and emphasizes our observation

that there is no single prominent shuttle as in HCA 1I, but ACKNOWLEDGMENT

that a group of residues near the rim of the active-site cavity  yye thank Bret Schipper for excellent technical assistance.
each make a relatively small contribution to the proton
transfer to solution.

The interaction between Lys 91 and Tyr 131 in the
catalytic pathway is clearly not additive as indicated by
comparison ok, for these single mutants and the double
mutant K91A/Y131A (Table 1). That s, these residues are 2
not acting independently in their role supporting proton 24746.
transfer. Rather the double mutant causes no additional 3, Boriack-Sjodin, P. A., Heck, R. W., Laipis, P. J., Silverman,
decrease in catalysis beyond either of the single mutants. D. N., and Christianson, D. W. (199®roc. Natl. Acad. Sci.
This is a form of antagonism, as described by Mildvan et LLJi~nSd/2k092 1809(413917%9h5§m Ther. 74120
al. (23)', between 'Fwo residues that becomes evident upon Steiner,gﬁ., Jonsson, B. H., and Lindskog, S. (1) J.
observing catalysis by the double mutant. Two possible Biochem 59, 253- 259,
explanations account for this antagonistic effect: (i) The side Tu, C. K., Silverman, D. N., Forsman, C., Jonsson, B. H.,
chains of Lys 91 and Tyr 131 are adjacent to one another at ~ and Lindskog, S. (1989iochemistry 287913-7918.
the mouth of the active site cavity (Figure 1). These two /- Eriksson, A. E,, Kylsten, P. M., Jones, T. A., and Liljas, A.
residues form a proton transfer chain in which both are 8lﬁgfli)ETOJ\?.'?BSJE‘;%&_Z‘J.’&;El%e.n:_t"’ggi_’ﬁ?z’ Tu. C. K.,
required sequentially to transfer protons out to solution. (ii) Christianson, D. W., Laipis, P. J., and Silverman, D. N. (1996)
The antagonistic effect could be structural in which one Biochemistry 3511605-11611.
residue is restricting the mobility of the second to conforma- 9. ZSilvg(r)ng, D. N, and Lindskog, S. (1988fc. Chem. Res
tions in which proton transfer occurs. 10. Liéng, Z., 'Jonsson, B. H., and Lindskog, S. (19BR)chim.

As anticipated, this effect of basic residues is not specific Biophys. Acta 1203142—146.
for mCA V. The pH profiles ofk. for at least five of the ll.genhx-,.Ttl, %4*;21;;1%%5- J., and Silverman, D. N. (1995)
seven functional isozymes in tleclass (CA I, I, IV, V, lochemistry oS¢ : .
and VII) demonstrate a dependence on ionizations at high 12. Jewell, D. A, Tu, C. K., Paranawithana, S. R., Tanhauser, S.
pH that cannot be attributed to His 64. For human CA I,
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