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Glutamate and Aspartate as Proton Shuttles in Mutants of Carbonic Anhydrase
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ABSTRACT. Maximal turnover rates for the hydration of Gé@nd the depletion dfO from CG catalyzed

by carbonic anhydrase Il (CA Ill) and carbonic anhydrase V (CA V) are limited by proton transfer
involving zinc-bound water or hydroxide in the active site. We have investigated the capacity of glutamic
and aspartic acids at position 64 in human CA Il and murine CA V to act as proton shuttles in this
pathway. The distance from thex®f position 64 to the zinc is near 9.5 A in the crystal structures of
both CA Il and CA V. Rates of intramolecular proton transfer between these proton shuttle groups and
the zinc-bound water molecule were estimated as the predominant rate-contributing step in the catalytic
turnoverk. in the hydration of C@ measured by stopped flow and in tH® exchange between GO

and water measured by mass spectrometry. We found that both glutamate and aspartate residues at position
64 are efficient proton shuttles in HCA IIl. The rate constant for intramolecular proton transfer from
either residue to zinc-bound hydroxide isx410* s71, about 20-fold greater than that of the wild type
which has lysine at position 64. When the active site residue Phe 198 in human CA Ill was replaced
with Leu, measurement of catalysis showed that Glu 64 retained but Asp 64 lost its capacity to act as a
proton shuttle. These observations were supported in studies of catalysis by murine CA V which contains
Leu 198; here again, Glu 64 acted as a proton shuttle, but Asp 64 did not. Phe 198 in HCA Il is thus
a significant factor in the capacity of the active site to sustain proton transfer, possibly through its
stabilization of hydrogen-bonded water bridges that enhance proton translocation from both Glu and Asp

at position 64 to the zinc-bound hydroxide.

Catalysis of the hydration of Gy carbonic anhydrase

the gramicidin channel for which water chains form a proton

has been useful in understanding the characteristics of protorwire (7, 8).

transfer in enzymic systems. This catalysis occurs in two

stages, the first of which is the conversion of £idto
HCO;™ (eq 1) by direct nucleophilic attack of the zinc-bound
hydroxide on CQ(1, 2). The second stage is the series of

proton transfer steps that regenerates the zinc-bound hy-

droxide (eq 2). In these equations, B is buffer in solution
and His 64 is the predominant proton shuttle group in
carbonic anhydrase Il (CA1I) (3, 4). The imidazole ring
of His 64 in CA Il is within 8 A of thezinc (5) and works

CO, + EZNOH + H,0=HCO,  + EZnH,0 (1)

His 64—EZnH,0 + B ==H"His 64-EZNnOH + B =
His 64-EZnOH + BH™ (2)

It is this second stage which is useful for the study of both
inter- and intramolecular proton transfe 9, 10).

Two isozymes of carbonic anhydrase which lack the His
64 proton shuttle have a maximal catalytic turnover in,CO

as indicated in eq 2 to transfer a proton from the active site hydration lower than that for CA II, in part because they
to buffer in solution. Since the distance between His 64 and |3ck an efficient mechanism for transferring protons to

the zinc-bound water is too long for direct proton transfer,

solution. Both murine CA V (MCA V) with Tyr 64 and

there must be proton conduction along intervening water nyman CA 11l (HCA 111) with Lys 64 are slower carbonic
molecules; a network of hydrogen-bonded waters has beengnhydrases than CA Il. In both cases, the side chains are

observed in the crystal structurg, ). This proton trans-

too basic to serve as efficient proton shuttle residues at pH

location mechanism is similar to proton conductance through —g, and in both enzymes, the maximal velocity of catalysis
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can be increased by 10-fold or greater by placing a histidine
at position 64 11, 12). In all of these studies, intramolecular
proton transfer between His 64 and the zinc-bound water
has emerged as the predominant rate-contributing step of the
maximal velocity in the range of pH-63, as determined by

pH profiles, solvent hydrogen isotope effects, and chemical
rescue of mutants lacking His 64.

Both murine CA V and bovine CA Ill are zinc metal-
loenzymes of about 30 kDa with very similar backbone
conformations in their crystal structures3( 14) and a 45%
amino acid sequence identity. Carbonic anhydrase V is
found primarily in liver mitochondria 15); CA Il is a
cytosolic enzyme present in skeletal muscle, fat, and liver
(16, 17).
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Proton Transfer in Carbonic Anhydrase

We have investigated the ability of glutamic or aspartic
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p-aminomethylbenzenesulfonamide coupled to agarose beads

acid to act as a proton shuttle in catalysis by carbonic (22). The purity of the isolated enzymes was estimated at
anhydrases lll and V. These are neutral proton donors in greater than 95% as determined by electrophoresis on a 10%

contrast to the positively charged imidazolium of histidine,

polyacrylamide gel stained with Coomassie Blue. The

and they allow comparisons of proton transfer rates involving concentration of each enzyme was determined from a
side chains of different lengths. We have found that glutamic Henderson plot 23) after titrating the active site with
acid at position 64 (K64E) and aspartic acid at position 64 ethoxzolamide. The mutant Y64E/F65A MCA V was found

(K64D) in HCA IIl have equivalent catalytic rate constants
for intramolecular proton transfer. Since Glu 64 and Asp

64 do not have a similar range of side chain conformations,

to be unstable with a half-life of about 3 days when stored
at 4°Cin 1 mM Tris buffer at pH 8.5. The mutant Y64D/
F65A MCA V was also unstable under these conditions but

this result suggests that different pathways for proton transferwith a half-life closer to 6 days.

through hydrogen-bonded water exist in these two proteins.

Purification of HCA Ill and mutants was achieved by gel

Analysis of additional mutants showed that the presence offiltration followed by ion exchange chromatography as

phenylalanine at nearby position 198 in HCA IIl had a
significant role in the ability of these residues to carry out
proton transfer. With Leu at position 198, the active site
lost the capability to utilize Asp 64 as a proton shuttle, a
result confirmed in mutants of CA V. Since the conforma-
tion of the Asp 64 side chain and the formation of a

described by Tu et al.2d). The resulting enzymes were
greater than 95% pure as determined by polyacrylamide gel
electrophoresis. Concentrations of HCA Il and mutants
were determined from the molar absorptivity of 6210*
M~tcm™ at 280 nm 25). Determination of the concentra-
tion of isozyme Ill and mutants with an inhibitor was not

hydrogen-bonded water structure are necessary for thepossible because it is relatively resistant to inhibition by
translocation of protons, these results suggest Phe 198 hasulfonamides.

an effect in stabilizing such a water chain linking a productive
conformation of Asp 64 to the zinc-bound water.

MATERIALS AND METHODS

Mutagenesis and Expressiomhe mouse CA V coding
sequence was derived from BALB/C mouse liver mRNA
by reverse transcription and PCERg]. All of the expressed
mouse CA V utilized in this study was a truncated form
lacking the first 51 amino terminal residues, which includes

a mitochondrial leader sequence. In a numbering scheme

consistent with CA Il, the expressed CA V variants began
at residue 22, Ser. This truncated form of CA V [denoted
CA V. by Heck et al. {8)] has been shown to have catalytic
properties identical to those of CA\xpressed from both

180 Exchange Mass spectrometry was used to measure
the catalyzed and uncatalyzed rates of exchang&ofrom
species of C@into water and the rates of exchange'd
between?C-containing and3C-containing species of GO
at chemical equilibrium. Equations 3 and 4 demonstrate the
catalytic pathway for the exchange 80 from bicarbonate
to water. In eq 4, Bis a buffer in solution and/or an amino
acid side chain in the enzyme.

HOCO'¥0™ + EZnH,0 =EZn"®0H™ + CO, + H,0 (3)

EZn®0OH™ + BH =EZn'®OH, + B~ =
EZnH,0 + H,'*0+ B~ (4)

a full length coding sequence and a 30-residue truncation of This method is capable of determining two rates in the

CA Vy, (18). Mutant forms of CA \{ were created using a
mutating oligonucleotidel®) in the pET31 expression vector
system 20); alterations were verified by DNA sequencing.

catalytic pathway26), as described below. The firstig,
the rate of interconversion of G@nd HCQ™ at chemical
equilibrium. Equation 5 expresses the substrate dependence

Wild type and mutant forms of the enzyme were expressed of R,

using the same pET vector, transformed iB&cherichia coli
BL21(DE3)pLysS 21). Protein expression levels ranged
from 0.5 to 10 mg/L, depending on the mutant.

R/[E] = Koot [SV(Kes® + [S]) (5)

For human CA il and mutants, bacterial expression Here, [E] is the total enzyme concentratidg, is a rate
vectors optimized for efficient site-directed mutagenesis and constant for maximal HC to CO; interconversion, [S] is
protein synthesis were used, as described by Tanhauser ehe substrate concentration of HgCand/or CQ, andKegS
al. (20). The fulllength wild type and cassette mutants were s an apparent substrate binding constaf.( This equation
prepared with these vectors with expression ranging from 1 can pe used to determine the valueskgi®¥Kes® when

to 20 mg/L, depending on the mutant. Again, all mutations

applied to the data for varying substrate concentrations or

were confirmed by DNA sequencing of the expression vector tg determineke&/Ker® directly from R; when [S]<< KerS.

used to produce the mutant protein.

Purification. Procedures described by Heck et 4dl8)(
were used to purify CA V and mutants. Frozen BL21(DE3)-

In all of the studies reported here, the valuesRgfE] as a
function of total concentration of all species of £®@as
linear up to ([CQ] + [HCO57]) = 100 mM. This indicates

pLysS cells expressing one of the mouse CA V variants were that [S] < Ke¢S, and under this conditiork.,®/Kei® can be

thawed in a solution of 100 mM Tris, 50 mM B&O,, 1
mM mercaptoethanol, 1 mM phenylmethanesulfonyl fluoride,
1 mM benzamidine, and 2M leupeptin at pH 9. This
solution was stirred at 4C in the presence of 0.1 mg/mL
deoxyribonuclease | fal h toallow the cells to lyse and to

obtained directly fronRRy/[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.o/ K, for CO, hydration as measured
by steady state method2§ 27).

degrade the bacterial DNA. Cellular debris was removed The second rate determined by this method is the rate of

by centrifugation, and recombinant CA V was purified from

release from the enzyme of water labeled Wb which is

the resulting supernatant by affinity chromatography using designatedR+,0 (eq 4). A proton donated from a donor
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group BH converts the zinc-bound hydroxide to zinc-bound 1,11 1- Maximal Values OkeafKem and ke and the Apparent
water, which readily exchanges with unlabeled water. The values of K. Determined from pH Profiles for Catalysis of GO
180 label is greatly diluted in the solvent water. The value Hydration by Murine CA V and Mutants and Human CA Ill and
of Ry,0 can be interpreted in terms of the rate constant from Mutants

a predominant donor group to the zinc-bound hydroxide  enzyme KeadKm PKageatn® Keat PKagea®
according to eq 6238), in which kg is the rate constant for (x1F M 151 (x10's )

proton transfer to the zinc-bound hydroxid&g is the wild type 6.7+£03 5.3+0.2 0.2 not pH-
ionization constant for the donor group, amkg is the HCAllI® L0 sgipoegdent
ionization constant of the zinc-bound water molecule. KGAE HCA Il 62401 53+01 38+15 <6

. ) K64DHCAIll 72401 55+0.1 3.7+17 <6
Ry,o/[E] = ke/[(1 + Kg/[H' (@ + [H' VK] (6) KG4E/F198L  67+2  6.1+0.1 6.9+06 <6

HCA Il
K64D/F198L 694+ 3 6.0£0.1 1.3£0.2 <6
An Extrel EMX-200 mass spectrometer and a membrane HCATI
inlet permeable to dissolved gases was used to measure the (x10M s (x10°s™) )
rate of distribution of8O (26). Unless otherwise indicated, WIISAgKeV 11401  73+0.1 32402 9.2+0.1
experiments were carried out in the absence of buffers which y g, e/rgsa 16401 7.7+041 >1 ~0.3
were not needed to maintain pH since these experiments were mca v
carried out at chemical equilibrium. 0.11+0.01 <6
Steady State Constanttitial velocities of the hydration Y%%/ESSA 1.2£01  68£01 52+06 93+0.2

of CO, were measured with a stopped-flow spectrophotom- @The values okea/Km for MCA V and its mutants were measured
H H . H H al m

eter (Applled Photophysics model SF.17MV); since this at 10°C. All other data were obtained at 26. Values ofk../Km were
catalysis produces protons as well as HCQve measured  optained fromi#0 exchange measurements and valuesgffrom
the initial rate of hydration by recording the absorbance stopped-flow spectrophotometry. These maxima and apparent values
change of a pH indicato@). Saturated C@solutions were of pKa were calculated from the best fit to a single ionization or to the
made by bubbling CQinto water at 25°C. Syringes with sum of two ionizations by least-squares analysiEhese are apparent

. X K | t i fi Km . The st f
gastight seals were used to make Qiilutions from 17 to P, values determined fromtesfke andkes The standard erors o

w2 ) these parameters resulted from least-squares fits to the data; errors of
0.43 mM. The K, of the buffer indicator pairs, and the |ess than 0.1 were rounded off to 0¢IThese data are from Jewell et

observed wavelengths, were as follows: MeKq(p= 6.1) al. (11). “ These data are from Heck et al2( 18) at 25°C.
and chlorophenol red K = 6.3, 574 nm), Mops (. =
7.2) with p-nitrophenol (K, = 7.1, 400 nm), Hepes i@ = 10°

7.5) with phenol red (K. = 7.5, 557 nm), Taps (6. = 8.4)
with m-cresol purple (K. = 8.3, 578 nm), Ches = 9.3),
and thymol blue (K2 = 8.9, 590 nm). The buffer concen- oo
trations were 25 mM, unless otherwise indicated, and the < 107 8o
total ionic strength for each buffeindicator pair system 0
was maintained at 0.1 M by the addition of the appropriate
amount of NaSQ,. The mean of four to eight reaction traces
of the first 5-10% of the reaction was used to determine 10
initial rates. The uncatalyzed rates were subtracted and the
rate constantk.,: andk../Kn determined by nonlinear least- -

squares methods (Enzfitter, Elsevier-Biosoft). NEE

10° * "
5.5 6.5 7.5 8.5 9.5

RESULTS PH
Ficure 1: Turnover numbekq, for the hydration of C@catalyzed

. . by (O) wild type human CA III, ©) the mutant human K64E CA
To determine the rates of intramolecular proton transfer lli, and (@) the mutant human K64D CA IIl. Data were obtained

between amino acid residues acting as proton shuttle groupsat 25 °C by stopped-flow spectrophotometry using solutions
and the zinc-bound water, we have determined rate constantsontaining the following buffers at 25 mM: pH 5:%.9, Mes; pH
for catalysis by two methods: measurements of initial 6-6-7.3, Mops; pH 7.+7.9, Hepes; pH 8:48.7, Taps; and pH
velocities of CQ hydration at steady state by stopped-flow f>0?.t9h, ecvci?g't%aexggi;vmag“aerse%gniri bk étnaﬁfle 1. The data
spectrophotometry and measurements ‘% exchange

between CQ@ and water at chemical equilibrium by mass
spectrometry.

Human CA lll Our measurements &f,/Kn, for wild type
HCA 1l gave a maximal value near% 10° M~ s™1 (Table
1). The two mutants K64E HCA Il and K64D HCA Il The values ofke for CO, hydration catalyzed by the
were very similar with maximal values &f.{K, also near ~ mutants K64E and K64D HCA I, determined by stopped
6 x 106 M~ 5L The ratiok.a/Kn contains rate constants flow, were similar and independent of pH lat; near 4x
for the steps in the interconversion of €&nd HCQ~ (eq 10* s71. This is 20-fold greater than the. for wild type
1) and not the subsequent proton transfer steps (eq 2). Thes&ICA lll which is 2 x 10°s™* at pH <8 (Figure 1, Table 1).
similar values ofk../Kn, are useful as a control indicating Such an enhancement is consistent with proton transfer from
that the mutations at residue 64 have not altered the rates ofGlu 64 and Asp 64.

kcat

interconversion of C®and HCQ~ and hence have caused
no significant structural changes that would affect the first
stage of catalysis.
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pH FIGURE 3: Rate constants for the releaséd-labeled waterR,o/
FIGURE 2: Rate constants for the releasé®-labeled waterRy,of [E], from the active sites ofif) K64E/F198L human CA IIl and

[E], from the active sites of{) wild type human CA IlI, Q) the (®) K64D/F198L human CA lll. Data were measured at°Z5in
mutant human K64E CA Ill, and&) the mutant human K64D CA solutions containing no buffers. The total concentration of all species
Ill. Data were measured at 2& in solutions containing no buffers.  of CO, was 25 mM. The ionic strength of solution was maintained
The total concentration of all species of @@as 25 mM. The total at 0.2 by addition of NgSO;.

ionic strength of solution was maintained at 0.2 by addition ofNa . . .
SQ,. The lines are least-squares fits to eq 6 with the constants givenmtramolecular proton transfer, obtained from these data using

in Table 2. eq 6 were near46 x 10* s (Table 2).

The experiments described above showed that single-site
Table 2: Rate Constantg for Proton Transfer from Donor Groups ~ mutants of HCA Il with Glu or Asp at residue 64 had nearly
to Zinc-Bound Hydroxide in Murine CA V and Human CA llland  equivalent catalytic activity. We found a different result with

Mutant$ murine CA V (described below). To make the active site
enzyme Ka(ZnH0)  pKa(donor) kg (x107s™) of CA Ill more like that of CA V, we replaced Phe 198 in
wild type HCA llI® <5 >9 0.2-0.3 CA 11l with Leu and took the following data. Measurements
ﬁgig Hgﬁllllll 5.ng:0.2 g-;li 8-2 ggi 8-2 of Ru,0/[E] were carried out on two additional mutants,
KE4A HOA I 0 2o 0203 K64D/F198L and K64E/_F198L HCAIIL In th'|s pasRHzo/
KGAE/F198L 584 0.2 5.8+ 0.2 48+ 1.9 [E] for K64D/F198L (Figure 3) was very similar to that
HCAII observed for the single mutant F198L [Figure 2 of LoGrasso
K64D/F198L not pH- 0.9+0.2 et al. B0)], showing no pH dependence with a valueRpfo/
HeAIl dependent [E] near 18 s~L. The data for K64E/F198L showed evidence
F198L HCA I nOtdgHéndem 1.0+0.2 of the bell-shaped pH dependence (Figure 3) seen also for
wild type MCA V 7_4ip0_1 8.84 0.2 4.0+ 0.6 the single mutants K64E and K64D HCA ll1, with pertinent
Y64E/F65A 8.14+0.3 5.4+ 0.3 1.8 constants given in Table 2. This bell-shaped display for
MCAV K64E/F198L was also observed in four other experiments
V64D/E65A 71401 ;_%i 0.2 ;.261 0.2 where the temperature was changed t’@Gand the total
MCAV substrate concentration of all species of A®5 mM. The
F65A MCAV 7.0+£0.1 8.7+ 0.1 4.4+ 0.5 comparison of the values ¢f./Kn showed no significant
2 These constants and values of th&, pf the donor and acceptor differences between K64D/F198L and K64E/F19_8L HCA
groups were estimated from the rates of release #fQ4from the [l (Table 1). However, the values & (Table 1) confirmed

enzymes using eq 6. The data for MCA V and its mutants were obtained enhanced activity for the mutant K64E/F198L HCA Il
Were as described i he legend to Figure 2 for HCA Il and m the o Cs: GlU 64 in K64E/F198L HCA Ill appears to function
legend to Figure 5 for MCAQ\J/? Data frgm Jewell et al.1(). ¢ Data as a prOton shuttle, but Asp 64 in K64D/F198L.does not.
from LoGrasso et al.30). Murine CA V. The mutants of CA V we studied have
Asp or Glu at residue 64 and also Ala at 65. The choice of
these double mutants is based on the observatiti}slg)
The proton transfer-dependent rate consins/[E] for that the presence of Phe 65 in CA V limits the mobility and

release of KO from wild type HCA Il was rather  forces an outward conformation of the side chains of Tyr
independent of pH, with a value nean210°® s™* (Figure 64 and His 64, minimizing the role of His 64 as a proton

2). The values oRyo/[E] for the mutants KB4E HCA Il ghytile in Y64H MCA V. To remove the effect of this
and Ké4D HCA lil were very similar to each other. They esjdue on the proton shuttle capacity of Asp 64 or Glu 64,
appeared to resemble that for wild type at pH.5 witha e have mutated Phe 65 to Ala. The valueskafKn for
plateau at about X 10° s™* (Figure 2). At pH<7.5, we  wjld type MCA V and the two mutants Y64E/F65A and
observed a bell-shaped pH dependenceRge/[E] with a Y64D/F65A MCA V were very similar over the pH range
maximum near pH 5.8 (Figure 2), consistent with a proton from 5 to 9, each enzyme achieving a maximum very near
donor with a fiKa near 6 and alg, near 5.5 for the conjugate  k./K, = 1 x 10’ M~1 571 (Table 1). Again, these results
acid of the proton acceptor, the zinc-bound hydroxide (Table serve as a control and indicate that the replacements at
2). These bell-shaped valuesRi,o/[E] describe the proton  positions 64 and 65 have little effect on the first stage of
transfer roles of Glu 64 and Asp 64, and appear to be catalysis (eq 1).

superimposed on or added to the base valuéfgs/[E] of The values ok, for wild type MCA V and for the mutant

2 x 10° s1. The values ofks, a rate constant for Y64D/F65A MCA V were similar, with a maximum near
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Ficure 4: Turnover numbek., for the hydration of CQcatalyzed
by (@) wild type murine CA V, ©) the mutant murine Y64E/F65A
CA YV, and @) the mutant murine Y64D/F65A CA V. Data were
obtained at 25°C by stopped-flow spectrophotometry using
solutions containing the following buffers at 25 mM: pH 5.8
6.9, Mes; pH 6.6-7.3, Mops; pH 7.+7.9, Hepes; pH 8:18.7,
Taps; and pH>8.9, Ches. The line is a least-squares fit of the data
to one ionization for Y64D/F65A CA V with values given in Table
1.
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FIGURES: Rate constants for the releasé-labeled waterR,of

[E], from the active sites off) wild type murine CA V, Q) the
mutant murine Y64E/F65A CA V, and®) the mutant murine
Y64D/F65A CA V. Data were measured at *Q in solutions
containing no buffers. The total concentration of all species of CO
was 25 mM. The total ionic strength of solution was maintained at
0.2 by addition of NgS0O,. The lines are least-squares fits to eq 6
with the constants given in Table 2.

3—-5 x 1 s! at high pH and an apparenKpnear 9.2
(Figure 4, Table 1). However, the values kf; for the
mutant Y64E/F65A MCA V, although similar at pkt8,
formed a plateau &5 = 10* s~ at pH <8, consistent with
its role as a proton acceptor with &pof <6. The results
for R4,0/[E] (Figure 5) were similar to those fdt..; the
values ofRu,0/[E] for the wild type and the mutant Y64D/
F65A MCA V were nearly identical, while those for Y64E/
F65A MCA V in the lower-pH region were somewhat larger
than those of the other two forms. The data Ryo/[E]
were fit to the sum of two ionizations (as given in eq 6)

Qian et al.

values near 2x 10° s* (pH <8) (Figure 1), has been
interpreted as being dominated by proton transfer to a weak
proton acceptor of the enzyme or possibly to water with the
emergence of a more efficient proton acceptor at#{11).
Substitution of either aspartate or glutamate at position 64
leads to enhanced proton transfer. The turnover numbers
keat for the mutants K64E and K64D appeared to be identical,
with values near 4« 10*s™* (Figure 1, Table 1). Moreover,
the lack of pH dependence fky,: with these two mutants is
consistent with either Glu or Asp enhancing catalysis by
acting as proton acceptors with &pof <5.5.

The similar values ok.,: suggest that both Asp 64 and
Glu 64 are proton shuttles with similar efficiencies in these
mutants of HCA Ill. This interpretation was supported by
180 exchange dataR,,o/[E] is a rate constant for the release
of 180-labeled water from the enzyme (eq 4), and is limited
in rate by proton transfer in the dehydration direction as
determined by solvent hydrogen isotope effects, pH profiles,
and chemical rescudl]). Both K64E and K64D variants
displayed enhanced valuesRi,o/[E] at pH <8 with a bell-
shaped pH dependency that could be used to estimafg a p
of the proton donor group, Asp 64 or Glu 64, atl,mear
6 and the K, for the zinc-bound water near or less than 5.5
(Table 2, Figure 2). A similarlg, of 5.6 for Glu 64 in HG4E
HCA Il was suggested by the catalysis of the hydrolysis of
4-nitrophenyl acetate8@). Our results also estimate the rate
constant for intramolecular proton transfey from these
carboxylic acids to the zinc-bound hydroxide molecule to
be 4-6 x 10* s! (Table 2)? This value is about 2-fold
greater than the rate constant for proton transfer from His
64 to zinc-bound hydroxide in K64H HCA Ill at 2 10*
s1(28) and about 20-fold greater than in the wild type HCA
Il (at pH <8).

The data confirm that, despite the difference in the lengths
of their side chains, Asp 64 in K64D participates in this
intramolecular proton transfer to the same extent as does Glu
64 in K64E HCA lll. Glutamic acid in an extended side
chain conformation has a length from ite@ the proton
donation site ® (4.9 A) which is very close to that of
histidine from its @ to the proton donation sited\(4.6 A)
when extended in a similar manner. On the other hand, this
distance for Asp 64 is shorter by one methylene group
(~0.8-1.2 A). ltis unlikely that Glu 64 and Asp 64 attain
conformations in the transition state for proton transfer with
their donating carboxylic acid groups equidistant from the
zinc. It is more likely that there are a number of proton
conduction pathways through different although short-lived
structures of intervening water chains; the predominant
conduction pathways for Asp 64 and Glu 64 might be
different yet permit equivalent proton transfer rates.

CA 'V and Mutants The pH profiles folk., for hydration
catalyzed by wild type CA V and the mutant Y64D/F65A
are similar throughout the pH range of &0 (Figure 4). This
result indicates that Asp at position 64 has no detectable role

describing the proton donor and acceptor with the constantsas a proton shuttle. However, the pH dependende,gir

givenin Table 2. The values o for the zinc-bound water
(determined fromRy,0/[E], Table 2) were similar to those
obtained fromk.o{Kn (Table 1).

DISCUSSION

CA 1l and Mutants The catalytic turnoverk., for
hydration of CQ catalyzed by wild type HCA lll, with

the mutant Y64E/F65A showed a plateau in the range of

2The rate constants for maximal turnover in hydratign (Table
1) and intramolecular proton transfks accompanying dehydration
(Table 2) for the K64E and K64D mutants of HCA Il are approximately
equal &4 x 10* s™3). This is expected since theKpvalues of both
the carboxylic acid donors and the conjugate acid of the zinc-bound
hydroxide acceptor group are similar<6).
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pH <7.5 at aks value of 16 s1. The plateau for this  application of Marcus rate theory to intramolecular proton
mutant is consistent with a proton shuttle role for Glu 64 transfer in CA Ill 28). The present results suggest that the
with a value for K, of <6. Such a result is also consistent hydrophobic group Phe 198 in CA Il stabilizes one or more
with the data of Engstrand et aB3), who observed a similar ~ water chains that promote proton transfer from Asp 64 to
plateau ak.q near 4x 10* st for H64E HCA Il. Both the the zinc-bound hydroxide. Eriksson and LiljaB4) have
magnitude and the lack of pH dependence are also similardetected a water molecule (number 335) in the crystal
to that observed foke in the mutant K64E of HCA Il structure of bovine CA llI that is hydrogen bonded to the
(Figure 1). Thus, the steady state data indicate a protons-electron system of the benzene ring of Phe 198. This water
transfer role for Glu 64 in Y64E/F65A but no measurable then forms a hydrogen bond to another water in the active
role for Asp 64 in Y64D/F65A. site cavity (number 336) which in turn forms part of the
The pH profiles forRy,o/[E], the rate of release of ££O hydrogen bonding scheme of water molecules in the active
from the enzymes, confirm this conclusion. The pH profile site cavity. This would suggest a stabilization of active site
for Y64E/F65A was higher in the pH range &f6 with water structures in the mutant of CA 1l containing Phe 198
values greater by as much as 7-fold than those with the wild compared with that containing Leu 198, making the proton
type or Y64D/F65A (Figure 5). In the fit of eq 6 to the transfer rate more rapid for the mutant containing Asp 64/
data for Y64E/F65A, a very approximate value ¢f;mear Phe 198 compared with Asp 64/Leu 198. This is an
5.4 was obtained for a proton donor with a rate constant for interesting contrast to the results of Jackman et38) 4nd
intramolecular proton transfer to the zinc-bound hydroxide Scolnick and Christiansor6), who observed the disruption
of 1.8 x 10* s (Table 2). These data are consistent with of the active site solvent network and corresponding decrease
Glu 64 acting as a proton donor providing an effective proton in catalytic activity caused by making replacements at

shuttle in the pH region of below 7.5. The valuesRpfo/
[E] were very similar when catalyzed by wild type CA V
and Y64D/F65A (Figure 5). A fit of eq 6 to these results is
consistent with a proton shuttle with &pnear 9 and the
zinc-bound water with alf, near 7 (Table 2). The identity
of the additional residues acting as proton shuttles with a
pKa near 9 in MCA V is under current investigation. Thus,
Asp 64 in Y64D/F65A MCA V has very small if any
detectable proton shuttle capacity.

Effect of Nearby Residue®©ur observations indicate that
Asp 64 can act as a proton shuttle in K64D CA Il but not
in Y64D/F65A CA V. To explain this difference, we

position 65 in HCA II; this site is adjacent to the proton
shuttle residue His 64. In their studies, Leu 65 and Phe 65
were both among the bulky residues that when placed at
position 65 caused such a decrease in activity. As would
be expected, Phe with a larger side chain volume caused a
greater decrease in activity than did Leu, although both
substitutions were disruptive to active site water structure.
Conclusions (1) Glutamate 64 can act as a proton shuttle
residue in CA lll with efficiency comparable to that for
histidine at this position. (2) Aspartate 64 in CAlll is a
proton shuttle with efficiency equivalent to that of Glu 64.
Because of their different range of side chain conformations,

considered nearby residues in the active site cavity. A this result suggests the presence of multiple pathways of
predominant difference is found at position 198 which is Phe proton transfer through intervening water molecules. (3)-
in HCA lll and is Leu in CA V and in CA Il. Phe 198 is  The presence of Phe 198, compared with Leu 198, enhanced
located on the hydrophobic side of the active site cavity of the efficiency of Asp 64 as a proton shuttle. This result was

CA 11l with its ring (C9) as close as 6.5 A from the zinc;
Lys 64 is on the hydrophilic side with itsdC12 A from the
ring (CJ) of Phe 198 in bovine CA Il114). Figure 3 shows
that the double replacement Phe 198 eu along with either
Lys 64 — Glu or Lys 64— Asp in HCA Il gives proton
transfer results for HCA 11l that now are similar to those for
CAV. Glu 64 in the double mutant K64E/F198L is a proton
shuttle with a bell-shaped pH dependence and enhance
values ofR4,0/[E]. However, there is no detectable proton
transfer from Asp 64 in K64D/F198L which lacks these
features. The values &%,0/[E] for K64D/F198L HCA IlI
are similar to those of the single mutant F198L HCA Il
(30). The results fork., (Table 1) also show enhanced
activity for K64E/F198L compared with that for K64D/
F198L.

An explanation for the enhancement of proton transfer we
have observed with HCA 11l variants containing Phe 198 is

that the presence of Phe 198 enhances proton transfer because

of its effect on water structure in the active site. The side
chains of residues 64 and 198 are too distant for a direct
steric interaction; the hydrophobic side chain of Phe 198 is
expected to be immobilized onto the hydrophobic surface
of the active site cavity. Poiseand Roux &) in modeling

the water channel in gramicidin have concluded that the
formation and breaking of hydrogen bonds within the water
chain is the limiting process in proton translocation through
the channel. This is also a conclusion that results from the

%

confirmed in CA V which naturally occurs with Leu 198.
The property of Phe 198 that enhances the capability of Asp
64 to act as a proton shuttle is very likely related to its effect
on the structure of active site water.
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