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ABSTRACT. The importance of maintaining the active site water network for efficient proton transfer was
investigated by substituting amino acids of varying size at position 65 in carbonic anhydrase Il (including
four amino acids found in other CA isozymes, F, L, S, and T, and two amino acids that do not occur
naturally at position 65, G and H) and measuring the rate constants for the proton transfer reactions in the
variant carbonic anhydrases. Intramolecular proton transfer between zinc-bound water and H64 is
significantly inhibited by the introduction of bulky residues at positionlggqfor CO, hydration decreases

up to 26-fold, comparable to the observed decrease in intramolecular proton transfer caused by removal
of H64 [Tu, C., Silverman, D. N., Forsman, C., Jonsson, B.-H., & Lindskog, S. (1B&@hemistry 28
7913-7918]. Intermolecular proton transfer between protonated H64 and external buffer is also inhibited,
although to a lesser degree. Furthermore, an alternative proton transfer pathway, consisting of an active
site solvent-mediated proton transfer from ziweater to imidazole buffer, is inhibited in the A65F, A65L,

and A65H CAIl variants. Therefore, the active solvent bridge between zinc-bound water and H64 is
disrupted by substitutions at position 65. The inhibition of proton transfer reactions correlates with the
disruption of the crystallographically observed solvent network in the CA active site and rotation of the
proton acceptor, H64 [Scolnick, L. R., & Christianson, D. W. (19B&chemistry 3516429-16434],
suggesting that this solvent network, including water molecules 292, 264, and 369, or a structurally related
network, forms the proton transfer pathway in CAll for both intramolecular proton transfer and stimulation
of proton transfer in imidazole buffers.

Human carbonic anhydrase Il (CAIEC 4.2.1.1)isazinc  E117, H96 donates a hydrogen bond to the backbone
metalloenzyme that catalyzes the reversible hydration of CO carbonyl oxygen of N244, and zinc-bound hydroxide donates
to HCG;™ and a proton (Heck et al., 1996; Silverman, 1995; a hydrogen bond to the hydroxyl side chain of T199.
Silverman & Lindskog, 1988). The structure of CAll has
been determined and refined at 1.54 A (Eriksson et al., 1988;
Hakansson et al., 1992). The single zinc lies at the bottom . .
of a conical cleft about 15 A deep where it is coordinated in hydrOX|d_e attacks the car_b onyl carbon of 1@form a zinc-

a tetrahedral fashion by the imidazole side chains of three 20Und bicarbonate that is subsequently replaced by water,
histidine residues (H94, H96, and H119) and one solvent releasmg product bicarbonate and leaving zinc-bound water

molecule (water 263). These zinc ligands are fully saturated IN the enzyme active site (eq 1). In CAll, the second-order
by hydrogen bonds with second shell residues: H94 donates'@te constant for COhydration k./Kw) approaches the
a hydrogen bond to the carboxamide side chain of Q92, H119diffusion-controlled limit. In the second step that regenerates

donates a hydrogen bond to the carboxylate side chain ofthe active zinc hydroxide species, a proton is transferred from
zinc-bound water to a solvent buffer molecule; this is the
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carbonic anhydrase II; A65F, CAll variant with phenylalanine substi-

tuted for alanine-65; A65H, CAll variant with histidine substituted for Seven mammalian isozymes of carbonic anhydrase have

alanine-65, etc., using the one-letter amino acid codes; EDTA, n char riz Th isozvmes varyv in cellular
(ethylenedinitrilo)tetraacetic acid; CHES, R-¢yclohexylamino)et- been characterized to date. €se 1S0zymes vary In celiuia

hanesulfonic acid; MES, 2dmorpholino)ethanesulfonic acid; MOps, localization, tissue expression, physiological role, inhibitor
3-(N-morpholino)propanesulfonic acid; TAPS;[tris(hydroxymethyl)- sensitivity, and catalytic activity, frorkeq = 1 x 10* st

methyl]-3-aminopropanesulfonic acid; Tris, tris(hydroxymethyl)ami- i i o — —1
nomethane; PNPAp-nitrophenyl acetate; PMSF, phenylmethanesulfo- fﬁr tf;]e r;ilatlvel.y inefficient .?AHI tOkcat 1 g ]l;OG s " for
nyl fluoride; TAME, N*-p-tosyl+.-arginine methyl ester; SHIE, solvent the highly active CAIl (Silverman & Lindskog, 1988).

hydrogen isotope effect. Nonetheless, the data indicate that all of the isozymes share
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CO;, hydration catalyzed by CAIl occurs in two distinct
steps (Silverman & Lindskog, 1988). First, zinc-bound
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k; k, proton transfer occurs with a relatively small overall energy
E-Zn-OH" + CO, <= E-Zn-HCO; + H,0 ——= barrier AG," = 1.3 kcal/mol) but that the transfer is
k. k., accompanied by substantial work functions that include

energy required to orient the donor, acceptor, and intervening
water structure for efficient proton transfer (Ren et al., 1995;
His 64 His 64-H* Silverman, 1995; Silverman et al., 1993).

E-Zn-OH, —~ EZnOH + B K In this study we test the importance of orientation of the
‘ ks ) Ky QOnor, acceptor, and cryst.alllographlcally observed mter_ven-

His 64 ing water molecules for efficient proton transfer by substitut-

' ing bulky residues (F, H, or L) for A65. These amino acids

were predicted to protrude into the active site cavity and

) . , perturb the water structure in that region. Indeed, substitution
a common mechanism. The differences in turnover numberof large amino acids (F, H, or L) but not small side chains

can be partially attributed to the natl_JraI varigtions at positions (G, S, or T) decreases the rate constant for proton transfer
64 an'd 65 observed among ?he, different isozymes and theup to 26-fold without affecting thel, of either the proton
resulting effects of these variations on proton transfer. In yon6r or acceptor group or altering the rate-determining step
CAll, the alanine occurring naturally at position 65 is small ¢, CO; hydration. These results correlate with the perturba-
and does not protrude into the active site cavity, allowing yjon of active site solvent structure observed in the high-
for efficient proton transfer between Zn-bound water and eqq|ution X-ray crystallographic structures of these variants
H64. Isozymes I, IV, VI, and VIl also contain H64 which (gcqnick & Christianson, 1996), indicating that this pathway

might similarly function as a proton shuttle group and a 1,y pe 4 functionally relevant trajectory for proton transfer
relatively small amino acid at position 65, either S (LVIl) 4 cajl.

or T (VI, VIII) (Hewett-Emmett & Tashian, 1996). In
contrast, CAV contains Y64 and F65, and proton transfer pJATERIALS AND METHODS
does not occur through Y64, even at high pH (Heck et al.,
1994); this is proposed to be at least partially due to a steric Mutagenesis.Oligonucleotide-directed mutagenesis (Kunkel
block of the direct proton transfer pathway between-Zn et al., 1987) of the cloned CAIl gene in plasmid pCAM
OH, and Y64 by the bulky side chain of adjacent F65 (Krebs & Fierke, 1993) was performed using a 26-base
(Boriack-Sjodin et al., 1995; Heck et al., 1996). Instead, oligonucleotide in which the A65 codon (GCT) was replaced
the three-dimensional structure of CAV suggests that a by codons specifying each of the following residues: F
residue near Y131 may act as a proton shuttle group. CAlll, (TTC), H (CAC), L (CTC), G (GGT), S (TCT), and T
the lowest activity isozyme assayed so far, contains K64 and(ACT). The resulting DNA was transformed into XL-1 Blue
T65; K64 plays only a minor role in proton transfer, and no cells using the procedure of Hanahan (1983). The entire
other residue capable of functioning as a proton shuttle hassequence of the CAll gene was determined for each variant
yet been identified (Jewell et al., 1991). These examples by the method of Sanger et al. (1977) to confirm that
indicate that the magnitude of CA turnover depends on both mutations were introduced only at the codon for position
the identity of the proton shuttle group, often found at 65.
position 64, and the residue occupying position 65. Enzyme Induction and PurificationThe mutant CAIl
The high-resolution crystal structures of CAll reveal that plasmid was transformed into BL21(DE3) cells (Studier &
H64 is located~8 A away from the zinc-bound water Moffatt, 1986) and grown in induction media (Nair et al.,
(Eriksson et al.,, 1988) and that this residue exhibits 1991) toAsoo = 1. At this point, CAll was induced by the
significant conformational mobility (Krebs et al., 1991; Nair addition of 0.25 mM isopropys-p-thiogalactopyranoside and
et al.,, 1991; Taoka et al., 1994). This distance is too great0.4 mM ZnSQ, and the culture was incubated for 8 h at 30
for proton transfer between these two groups to occur °C. Five hours after induction, protease inhibitorsg(d/
directly; instead, the rate-limiting intramolecular proton mL TAME and 8ug/mL PMSF) were added. The cells were
transfer is postulated to occur via a highly ordered array of pelleted and resuspended in an equal volume of lysis buffer
water molecules observed in the active site cavity (Eriksson (50 mM Tris—SQ,, pH 8.0, 50 mM NaCl, 10 mM EDTA, 1
et al., 1988; Hakansson et al., 1992; Merz et al., 1989; mM 1,4-dithiothreitol, 10ug/mL PMSF, 1ug/mL TAME,
Venkatasubban & Silverman, 1980). Proton transfer can be 200 uM ZnSQ,) and frozen at-70. The cells were lysed
modulated by changing the identity or position of the proton by incubation with 0.2 mg/mL hen egg white lysozyme, and
shuttling residue. Glutamic acid or lysine residues in place the cellular debris was removed by centrifugation (1800
of H64 in CAlI, or histidine at positions 62, 67, or 200, all 45 min). The lysate was fractionated by a 10% streptomycin
can function as proton shuttle groups, albeit less efficiently sulfate precipitation, and the precipitate was pelleted by
than the native H64 (Engstrand et al., 1992; Liang et al., centrifugation (1000§, 30 min). The CAll-containing
1993). Also, mutagenesis of nearby residues can change thesupernatant was dialyzed extensively against 10 mM-Tris
pKa of either the proton donor or proton acceptor groups, SO, pH 8.0, and 10@M ZnSO, and then further fractionated
thereby affecting the rate constant for intramolecular proton by DEAE-Sephacel batch chromatography. The eluant was
transfer in a manner that is successfully predicted by a collected, dialyzed against 10 mM MES, pH 7.0, and applied
Bronsted relationship describing the dependence of protonto an S-Sepharose column (2.5 cen20 cm). CAIl was
transfer on the relativelfy, of donor and acceptor groups then eluted from the column with a linear ammonium sulfate
(Ren et al., 1995; Silverman et al., 1993). Marcus theory gradient (6-0.5 M) in 10 mM MES, pH 7.0. The CAII
analysis of the rate of intramolecular proton transfer as a produced from these steps #98% pure as assayed by
function of ApK, between donor and acceptor suggests that SDS-PAGE (Laemmli, 1970), and the concentration of each

E-Zn-OH, + HCO; (1)

E-Zn-OH" + BH' (2)
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mutant CAIll was determined by fluorescence titration of pok
dansylamide-bound CAIl with a competing inhibitor, aceta- /___

zolamide (Krebs & Fierke, 1993; Krebs et al., 1991).
CO, Hydration Assays Initial rates of CQ hydration

; 105 —— -
catalyzed by CAIll (26-400 nM) were measured at 2& 3 -
in a KinTek stopped-flow apparatus by the changing pH- jmi '
indicator method (Khalifah, 1971). Buffer/indicator pairs |

were as follows: TAP3#-cresol purple (pH 89, 578 nm),
MOPSp-nitrophenol (pH 77.5, 400 nm), MES/chorophenol 8
red (pH 6.5, 574 nm), and 1,2-dimethylimidazobe¢resol pH

purple (pH 7.5-8.9, 578 nm). The buffers contained 0.1 g yre1: pH dependence bt for CO, hydrase activity for CAll,
mM EDTA, and the ionic strength was maintained at 0.1 M wild type (#), A65L (), A65H (@), and A65F (1), measured using
with N&SQ,. The CQ concentration (224 mM) and buffer the pH-indicator assay (Khalifah, 1971) as a function of }Ci®
concentration (2100 mM) were each varied separately. 50 mM buffer, 25°C, ionic strength= 0.1 with sodium sulfate.
Solvent isotope effects were measured using solutionsIsggﬁitt%ﬁéep?é;?aenﬂ 4 with the Kaleidagraph (Synergy Software)
prepared with 94% BD. The pD of the solution was '

determined by adding 0.4 to the glass electrode pH meterge  there is a large decrease (from 7- to 26-fold) in the
reading (Glasoe & Long, 1960). The steady-state kinetic tur,nover numberke (Figure 1). TheKy for these variants
parameters and standard errors were determined by fitting(AGSF’ AB5H, ana AB5L) is decreased to a value below the
the data to eq 3, using the Kaleidagraph (Synergy Software) minimum concentration of COneasurable by this technique
curve-fitting program. The pH-independent rate constagt ( (1 mM), allowing us to determine only a lower limit fég,{

or kea/Kw) and observedlif, were determined by aweighted | 51 casesc../Ky is similar to that observed in wild-
fit of the pl-_| depgndence of the opse_rved rate constants fortype CAll (Table 1). Therefore, none of these substitutions
CO, hydration using eq 4, wherieis eitherkeat Or kea/Ku. (F, H, and L) significantly change the stability of the

transition state for C@hydration. Assuming that the rate-

Vo = Ko EIIS)/(Ky + [S]) ®3) limiting step ink.a is the same for the variants as for wild-
type CAIl, the observed decreaseskig suggest that these
Kope = K/(1 + 1077PH) (4) substitutions specifically impair intramolecular proton trans-
fer.
Esterase Assay The CAll-catalyzed hydrolysis op- For wild-type CAIl, the pH dependence &f, for CO,
nitrophenyl acetate (PNPA) was measured at@5n 50 hydration is consistent with ionization of a single group near

mM buffer, either CHES (pH 99.5), TAPS (pH 8-8.5), pH 7, reflecting ionization of the proton acceptor, H64
MOPS (pH 7#7.5), or MES (pH 5.56.5), with the ionic (Campbell et al., 1975; Steiner et al., 1975). For the A65
strength maintained at 0.1 M by the addition of,8&. The variants, the observed dependencé&fon pH also reflects
concentration of PNPA used was 0.45 mM.(Ku condi- the titration of one ionizable group (Figure 1) with &
tions), and the concentration of enzyme ranged from 0.3 to comparable to that seen in wild-type CAll, presumably H64
0.5uM. The change in absorbance per minute at 348 nm (Table 1). Since thek, of H64 in the A65F, A65H, and
(Aezsg = 5000 Mt cm™1) (Armstrong et al., 1966) was A65L variants is unaffected by the substitutions at position
measured, and theKg and pH-independenk../Ky were 65 (Table 1, Figure 1), the decrease in proton transfer cannot
determined from these measurements by fitting the observedbe attributed to perturbations in the basicity of the proton
second-order rate constants to eq 4. acceptor.

Sokent Hydrogen Isotope EffectsTo test whether the
RESULTS rate-limiting steps reflected in each of the steady-state kinetic
We have prepared variants of CAll at A65, the residue parameters are the same for the A65 variants and wild-type
adjacent to the proton shuttle H64, in order to investigate CAll, we measured the solvent hydrogen isotope effects
how neighboring amino acids affect the orientation of the (SHIE) on the pH-independeria: and kea/Ku for CO,
proton acceptor group and intervening water chain. We hydration at pH/pD 8.5 (Table 1). The large isotope effect
substituted A65 with three bulky amino acids (F, H, L), 0N ke Observed with both wild-type CAIl and all of the
including two substitutions observed in CAV (L, F) where Variants at position 65, indicates that the transition state for
proton transfer occurs by an alternate pathway (Heck et al.,the rate-limiting step at high GQoncentrations contains a
1994,1996), and three smaller residues (S, T, G), two of proton transfer, suggesting that intramolecular proton transfer
which have also been observed in natural variants (S, CAI is still the rate-limiting step undef.: conditions with the
and CAll; T, CAlll, CAVI, and CAVIIIl) (Hewett-Emmett AB5 variants. Additionally, the isotope effect is significantly
& Tashian, 1996). smaller undek /Ky conditions, approaching a value of 1,
CO, Hydration The pH dependence of the GBydrase indicating that the rate-limiting step at low concentrations
activity of the A65 variants was measured using the pH 0f CO, does not involve a proton transfer.
indicator assay of Khalifah (1971) (Figure 1 and Table 1). Intermolecular Proton Transfer.Intermolecular proton
Michaelis—Menten behavior was observed for all of the transfer from H64 of CAIl to the basic form of buffer in
variants. The pH-independekit,/Ky, kear andKy for CO, solution is rate limiting for wild-type CAIl under conditions
hydration are all unaffected by small alterations at position of high CG, and low buffer concentration (Jonsson et al.,
65, such as S, G, or T (Table 1). In contrast, when bulky 1976; Rowlett & Silverman, 1982; Silverman et al., 1993).
amino acids, such as F, H, or L, are substituted at position Therefore, to ascertain the effect of substitutions at position
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Table 1: CQ Hydrase Activity of Ala 65 CAIl Variants

variant  Keat(x107°s1)  pK,of His 68  kea/Kum (x1077M71s)  (KealKm)butie® (x 1078 M~1s7h) afkeaP ¢ (Keal Km)H/ (Kead Ki)P ©
WT CAII 8.2+0.X 6.9+ 0.1 9.2+ 0.4 754+0.9 3.8+ 0.2 0.99+ 0.09
AB5F 0.31+ 0.9 7.2+0.1 >5.4 1.5+ 0.8 4.5+ 0.3 1.2+ 0.3
A65H 0.73+ 0.8 7.0+0.1 >10° 40+19 5.3+ 0.4 2.3+ 05
A6B5L 1.54+0.1¢ 6.9+ 0.1 >10° 2.7+ 0.5 6.0+ 0.3 1.9+ 0.3
A65G 6.5+ 0.2 ND 11+ 0.6 46+1.1 6.7+ 0.4 1.1+ 0.2
AB5S 8.9+ 0.9 ND 10+ 0.9 52+1.2 2.7+ 0.3 0.91+ 0.3
AGB5T 10+ 0.1 ND 11+ 0.5 8.1+ 1.6 ND ND

2 pK, calculated from pH dependencelef; using eq 4° Determined as a function of concentration of the basic form of buffer in TAPS, pH 8.0,
ionic strength= 0.1 with sodium sulfate at 2%C. ¢ kP measured in 94% fD, pD 8.5.9 pH-independent value calculated using eq Bower limit

for pH-independenk../Kwu, calculated from the pH dependencekgf{Kwu

using eq 4 pH-independent value measured at pH 8.5.

Keat (X 10°5 1)

Vini[E] (x 105 s71)

0 Y
5

10 15 20

[CO,] (mM)
FiIcure 2: CQ; hydrase activity of A65 variants, AG5 ], A65L
(©), A65H (@), and AB5F [J), measured by the changing pH-
indicator method (Khalifah, 1970) in the presence of 100 mM 1,2-
dimethylimidazole buffer, pH 8.5 at 2%C, ionic strength—= 0.1
with sodium sulfate. Inset: C{hydrase activity catalyzed by A65F
CAIl measured as a function of pH in 100 mM 1,2-dimethylimi-
dazole buffer @) and 50 mM non-imidazole buffer (MOPS, pH
7.5; TAPS, pH 8-9) (m).

25

65 on the rate constant for intermolecular proton transfer,
we measured the catalytic activity as a function of the
concentration of the basic form of external buffekeaf

Kwm)butter (Table 1), at pH 8.0. Substitution of a bulky residue

(F, H, or L) at position 65 also decreases the rate constant

for intermolecular proton transfer (up to 5-fold), while the
smaller substitutions (G, S, or T) have little or no effect on
this rate constant (Table 1). However, this reduction is not

as striking as the decreased rate constant for intramolecular

proton transfer exhibited by these variants, indicating that
while intermolecular proton transfer is somewhat inhibited,

bulky substituents at position 65 cause a more profound

disruption in the proton transfer pathway betweenr-DH,
and H64.

Proton Transfer in Imidazole Buffersin H64A CAIl,
where intramolecular proton transfer has been entirely
disrupted by removal of the proton shuttling residue H64,

the rate constant for proton transfer can be restored to wild-

type levels by assaying G@ydrase activity in the presence
of imidazole buffers (Ferscht, 1985; Taoka et al., 1994; Tu
et al., 1989). To determine whether imidazole buffer could
similarly rescue proton transfer in the A65 variants, CO

Table 2: Esterase Activity andp of Zinc-Bound Water

variant KeatKm (M~ 5732 pKa(Zn—0Hy)P

WT CAll 3640+ 150 7.0+ 0.1

A65F 7620+ 240 7.2+ 0.07
A65H 4150+ 130 7.0+ 0.08
AB5L 10200+ 310 7.1+ 0.1

A65G 47504+ 190 6.9+ 0.03
A65S 2700+ 100 6.8+ 0.04
A65T 4510+ 210 6.9+ 0.04

@ pH-independent value for second-order rate constant at 0.45 mM
PNPA determined by fit of data to eq 4. Activity was measured in 25
mM buffer, ionic strength maintained at 0.1 M with sodium sulfate.
b Calculated from pH dependence kf/Kw fit to eq 4.

tion of imidazole in the assay, as it is for H64A CAlI
(Ferscht, 1985; Taoka et al.,, 1994; Tu et al., 1989).
However, no additional increase was observed at 200 mM
1,2-dimethylimidazole, perhaps due to inhibition by imida-
zole, as observed for wild-type CAIll (Ferscht, 1985; Taoka
et al., 1994). When the pHrate profile of activity in the
presence of 100 mM 1,2-dimethylimidazole was determined,
an additional K, of ~8.2 was observed for A65H, A65L,
and A65F CAIl (Figure 2, inset). This confirms that the
basic form of 1,2-dimethylimidazole buffer kg = 8.2) is
participating in a catalytically relevant proton transfer to
regenerate the active zinc-bound hydroxide, as proposed for
H64A CAIl (Taoka et al., 1994). Nonetheless, the &
fold enhancedk.,;0bserved in 1,2-dimethylimidazole buffer
is still lower than the wild-type proton transfer rate constant,
indicating that this proton transfer is still limited by other
factors in the A65F, A65L, and A65H CAIIl variants.
Esterase Actity and pk, of the Zine-Water. The K,
of the Zn—-OH, group can be determined from the pH
dependence of thp-nitrophenyl acetate (PNPA) esterase
activity of CAIl (Figure 3). For CAll, esterase activity
depends on the ionization state of the zinc-bound water;
hence the pH dependence of esterase activity directly reflects
ionization of this group (Silverman & Lindskog, 1988;
Lindskog, 1966). Thelg,values for Zr-OH; derived from
the pH dependence &f./Ky for esterase activity are shown
in Table 2 and Figure 3. These data indicate that substitu-
tions at A65 have little effect on thekp of zinc—water,
except for A65S where the zinc hydroxide form is slightly

hydrase activity was measured in the presence of 50, 100,stabilized. Thus, the observed decreases in proton transfer

and 200 mM 1,2-dimethylimidazole at pH 8.5. With each
of the proton transfer-deficient A65 variants, 1,2-dimeth-
ylimidazole buffer enhancdg,; however, the proton transfer

rate constant in all of the bulky A65 variants was still lower
than that of wild-type CAIl (Figure 2). Turnover increased
when the buffer concentration doubled from 50 to 100 mM,

are not due to changes in the acidity of the proton donor.
Interestingly, the pH-independemkt./Ky for ester hy-
drolysis (Table 2 and Figure 3) actually increases up to 3-fold
for substitution of larger groups for A65. This increase
roughly correlates with the hydrophobicity of the amino acid
residue, as indicated by the transfer free energy of amino

indicating that this activation is dependent on the concentra- acids between cyclohexane and water (Radzicka & Wolfend-
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FiGURe 3: pH dependence d&a/Kw for PNPA esterase activity o 4. plot of destabilization of the transition state for proton

for A65 CAIll variants, A65L (1), A65F @), A65G (), A65T " : : ; ;
(4). ABSH (0), and A65S W), measured at 0.45 mh BNPA and 16750t S il e aming aid at positon 886" = AGTmr
50 mM buffer, 25°C, with the ionic strength maintained at 0.1 o p : mut

’ ’ — AGYwr = —RTIn(kwt/kmuy) (Fersht, 1985), wherkeis k.o (®) or

with sodium sulfate. The data are fit using eq 4 with the Kahutier (2) fOr CO, hydration. The points corresponding to
Kaleidagraph (Synergy Software) curve-fitting program. Eekg?:{h gr)’rt;i;flo Eslc)id subs?iztut)i/on are identifigd accordingpto thei? one-
letter amino acid codes.
en, 1988; Sharp et al., 1991). The slope of a plot of log-
(kealKw)esteraseversus transfer free energy of the amino acid proton transfer pathway observable in imidazole buffers, and
side chain is 0.05R = 0.83) (data not shown). Similar  can now correlate these changes with observed alterations
correlations between esterase activity and hydrophobicity in active site solvent structure (Scolnick & Christianson,
have previously been observed for substitutions at V121 and1996).
L198 in the active site of CAIl (Kl’ebs & Fierke, 1993, Krebs The Actve Site Water NetworkWhen the CQ hydration
et al., 1993; Nair et al., 1991), likely reflecting increased activity of wild-type CAIl is measured at saturating buffer
affinity of the CAIl variant for the PNPA substrate. concentrations, the rate-limiting step in the steady-state
parametek., reflects the intramolecular proton transfer from
DISCUSSION zinc-bound water to H64Kk . = koks/(k, + ks) (see eqgs 1
We have taken an alternative approach to investigating and 2) (wherk, the rate constant for exchange between water
the structural determinants of efficient proton transfer in CAll  and bicarbonate in the active site, is faster tkgrthe rate
by studying the effects of substitutions at A65. Previous constant for proton transfer) (Silverman & Lindskog, 1988).
studies have observed decreased efficiency of intramoleculafMoreover, the large solvent isotope effectskegobserved
proton transfer, either by altering the position of the proton With wild-type CAll and the AB5 variants are consistent with
shuttling residue (Liang et al., 1993), removing the proton a rate-determining intramolecular proton transfer. Therefore,
shuttle (Engstrand et al., 1992; Ferscht, 1985; Tu et al., 1989),the decreasekt, values (Figure 1) indicate that this step is
or changing the respectiveKgs of the proton donor or specifically inhibited by bulky substituents at position 65,
acceptor groups (Ren et al., 1995; Silverman et al., 1993). While substitution of smaller amino acids has little effect on
However, in studying variants at A65, we have done none ket (Table 1). The observed decreasegdnare not likely
of these things: (1) H64 is intact and still able to act as the t0 be due to increased hydrophobicity of the residue at
proton shuittle residue, and (2Xpmeasurements reveal that  Position 65, as no correlatiorR(< 0.7) between log rate
the Kg's of both the donor zinewater and the acceptor constant for proton transfer and hydrophobicity of the
H64 are not perturbed by A65 substitutions (Tables 1 and Substituted amino acid (as indicated by the transfer free
2). We propose instead that the introduction of large, bulky €nergy between either cyclohexane and water or octanol and
residues at position 65 alters the active site water structurewater) can be discerned from these data (Fauchere & Pliska,
required for efficient proton transfer. This hypothesis is 1983; Radzicka & Wolfenden, 1988). These results are
supported by the high-resolution crystallographic studies of consistent with our hypothesis that the large size of the
these variants showing that active site waters 292, 369, andresidue at position 65 is the main factor responsible for the
264 have been displaced by the larger amino acids at positiondecreased efficiency of proton transfer seen in the A65F,
65 (Scolnick & Christianson, 1996). A65H, and A65L variants. In fact, a plot of the difference
Our choice of position 65 as the site for insertion of bulky free energgfor turnover of A65 variant CAll's as a function
amino acids to modulate proton transfer efficiency was Of the replacement side chain volume (Richards, 1977)
guided by Severa| Observations_ Computer mode”ng Studiesdemonstrates that |ncr-e.ases n the size of amino aCIq 65 can
suggested that bulky residues at position 65, specifically be tolerated up to a critical volume of around 128vlith
phenylalanine, would disrupt the crystallographically ob- NO effect on intramolecular proton transfer efficiency; beyond
served water structure in the wild-type CAIl active site. that point the rate of proton transfer falls off sharply with
Furthermore, crystallographic studies of another carbonic increasing side chain volume (Figure 4).
anhydrase isozyme, CAV, suggest that a pheny|a|anine at Incontrast, the Steady-stak@a[KM’S for all of the variants
position 65 protrudes into the active site and blocks efficient at A65 were essentially unchanged from their wild-type
proton transfer between zinc-bound water and a tyrosinatevalues (Table 1). Sinck../Kw contains the rate constants
anion at position 64 (Boriack-Sjodin et al., 1995). To test for the catalytic steps up to, but not including, proton transfer
these proposals, we measured the specific effects of varyinglkealKn = kiko/(k-1 + ko)], substitutions at position 65 do
the side chain size at position 65 on intramolecular and
intermolecular proton transfer, as well as on the “alternative”  2AAG* = AG* e — AG*wr = —RT In(kwt/Kwu) (Ferscht, 1985).
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not significantly affect either the rate constant for chemical variants. However, in a model proton transfer system
conversion of C@to HCGO;~ or the subsequent release of consisting of zinc-bound water connected to ammonia by a
product bicarbonate. Furthermore, substitution of A65 by bridging network of water molecules, Liang and Lipscomb
smaller amino acids (G, S, and T) has little or no effect on (1988) demonstrated that removal of the terminal ammonia
eitherkgy or keof Ky for CO, hydration (Table 1). destabilized later proton transfer steps much more strongly

In human CAlll, modulation of thelg, difference between  than the transition state for the first proton transfer, such
the proton donor and acceptor groups by mutagenesis ofthat the later steps become rate limiting. Therefore, the
adjacent active site residues influences the observed ratedisplacement of water molecules 292, 264, and 369 should
constant for intramolecular proton transfer. These effects substantially decrease the rate constant for intramolecular
can be described by a Bisted relationship similar to that  proton transfer by preventing the terminal acceptor, H64,
observed for proton transfer between nitrogen and oxygenfrom readily accepting protons, either by a decreased ability
acids and bases with a maximum rate constant obtained abf H64 to move into the correct position for optimal proton
ApKa~ 1 (Silverman et al., 1993). However, the decreased transfer with these waters or by forcing the waters to occupy
efficiency of intramolecular proton transfer that we have positions where they are no longer able to transfer the proton
observed with the larger A65 variants cannot be ascribed toefficiently. The strong correlation between the efficiency
changes in thel,'s that affect the relative ability of either  of proton transfer in these variants and the crystallographi-
H64 and Zn-OH; to accept or donate protons. In fact, the cally observed solvent network suggests that these water
pK, of the proton donor group H64, as determined from the molecules are involved in forming the proton transfer
pH dependence & (eq 4) is~7 (Table 1) in accordance pathway used by CAIl in carrying out GGydration. In
with the wild-type K. Similarly, the g, of the zinc-bound the active pathway the positions of these water molecules
water molecule is unaffected by these substitutions, asmay be further modulated to a structure with more favorable
indicated by the i, of ~7 for PNPA esterase activity (Table hydrogen bonding to increase the efficiency of proton transfer
2). Therefore, the increased side chain size, as shown in(Hakansson et al., 1992). In either case, bulky substitutions
Figure 4, is the main factor restricting the rate constant for at position 65 disrupt the bridging solvent network between
intramolecular proton transfer. zinc-bound water and H64.

This dependence on side chain volume can be understood Alternative Proton Transfer PathwaySignificantly, the
in terms of changes in the active site solvent structure thatintramolecular proton transfer rate constant in the A65F and
occur upon introduction of the bulky residues at position 65. A65H CAIl variants (Table 1) is decreased nearly to the level
An organized solvent network in the CAIll active site is of H64A CAIl (1.5 x 10* s'%; Tu et al., 1989), where
apparent in the refined crystal structure of CAll; the Zn- intramolecular proton transfer via the native proton shuttle
bound water (number 263) is hydrogen bonded to water 318,is impossible. This leads to speculation as to whether proton
which subsequently forms a hydrogen bond with water 292. transfer in the variants with bulky side chains at position 65
Water 292 is then able to form hydrogen bonds with two is actually proceeding via a pathway using H64 as a proton
waters, 264 and 369; all three of these are located 3.3 shuttle (egs 1 and 2) or whether these variants use an alternate
A from H64 (Eriksson et al., 1988; Hakansson et al., 1992). proton transfer pathway from Zn-bound water directly to
These latter three waters have been displaced in the crystabuffer, as has been proposed for the H64A variant (Taoka
structures of the three variants with decreased proton transferet al., 1994). Several pieces of data indicate that proton
efficiency, A65F, A65H, and A65L, but not in variants with  transfer in these A65 variants proceeds via H64, as it does
smaller substitutions at position 65 (Scolnick & Christianson, with wild-type CAIl. First, the observedi, of ket in non-
1996). Additionally, bulky substitutions at position 65 also imidazole buffer is not dependent on the amino acid at
cause the proton acceptor, H64, to rotate away from the position 65 (Table 1), suggesting thai; reflects ionization
active site to the “out” conformation. However, this con- of a common group, most likely the imidazole side chain of
formational change has also been observed in variants thaH64. Second, thiy " of the variants with a bulky amino
retain efficient proton transfer pathways (T200S, A65S, and acid at position 65 is comparable to or smaller than wild
A65T), indicating that rotation of H64 is not sufficient to type, suggesting that th&, reflects a change in rate-limiting
compromise catalytic activity (Krebs et al., 1991; Scolnick step rather than the affinity of a buffer molecule. Finally,
& Christianson, 1996). Nonetheless, mobility of H64 may in the A65H CAII variant the new histidine at position 65
be essential for efficient proton transfer. Additionally, might be able to mediate proton transfer from the active site
perturbation of the active site solvent structure between zinc- zinc-bound water to buffer. However, the work of Liang et
bound water and H64 correlates with decreased protonal. (1993) demonstrated that when H64 is absent, histidines
transfer efficiency, suggesting that waters 292, 264, and 369placed in the active site of CAIll at positions 62, 67, and
comprise part of a functional proton transfer pathway in 200, but not at position 65, increased the rate constant for
CAIll. proton transfer; thus it is improbable that H65 functions as

The first proton transfer, i.e., transfer fromy®l 263 to a proton transfer residue in the A65H variant. Therefore,
H,O 318 in the crystallographically observed pathway, has H64 remains the most likely candidate for the proton acceptor
been proposed as the true rate-limiting step for proton transferinvolved in intramolecular proton transfer in the A65 CAll
(Liang & Lipscomb, 1988; Venkatasubban & Silverman, variants.
1980). Thus, one might predict that a decreased rate constant However, the stimulation ok, for CO, hydration in
for proton transfer should be accompanied by disruptions in A65F, A65H, and A65L CAIl by the addition of 1,2-
the position of the first water. If the crystallographically dimethylimidazole (Figure 2, inset) indicates that an alterna-
observed pathway is functional in proton transfer, the first tive proton transfer pathway, proton transfer from zimater
water would be water 318, yet the displacement of this to imidazole, is viable in these variants as previously
solvent molecule was not observed in the bulky A65 CAIl observed for H64A CAIl (Ferscht, 1985; Taoka et al., 1994;
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Tuetal., 1989). Taoka et al. (1994) observed similar solvent Hydrophobicity The hydrophobic nature of the CAII
isotope effects and Marcus energy barriers to proton transferactive site enhances the catalysis of@@dration and PNPA
between (1) unmodified CAIl, where the primary proton hydrolysis. However, increased hydrophobicity at position
transfer pathway is the intramolecular one via H64, and (2) 65 does not significantly affect thépof H64, even though
H64A CAll in the presence of imidazole buffers, where the K, might be predicted to decrease, reflecting the
proton transfer must proceed via an alternate pathway fromdecreased stability of positive charges in a hydrophobic
zinc—water, leading them to suggest that the imidazole- environment, as observed for CAll variants at L198 (Krebs
stimulated alternate pathway also proceeds through a networket al., 1993). This suggests that the H64 side chain is solvent
of active site water molecules. Thus, substitutions at position exposed, consistent with the crystal structure (Eriksson et
65 in CAll that interfere with this active site water structure al., 1988; Hakansson et al., 1992) and the role of H64 as a
might impede both proton transfer via H64 and the alternate proton shuttle group. Furthermore, the hydrophobicity at
proton transfer pathway, in a manner that is not observed in position 65 also has little or no effect on thg/Ky for CO,

the H64A variant where the water structure is presumably hydration, again in contrast with studies in which the
left intact. In fact, substitutions of F, H, or L at position 65 hydrophobic nature of positions V121, V143, and L198 was
do inhibit this alternate proton transfer pathway3fold, found to be an important determinant of this aspect of CAll
whereas full activity can be restored to the H64A CAIl activity (Alexander et al., 1991; Fierke et al., 1991; Krebs
variant under the same conditions (Figure 2). The decreaseckt al., 1993; Nair et al., 1991). From this we conclude that
rate constant in the presence of imidazole buffer suggestsposition 65 is not a part of the Ginding site, nor is it
that the active site waters (264, 292, and 369, see aboveklose enough to affect the energy of the transition state for
play common roles in both the “alternate” and the “normal” chemical catalysis of COhydration. Modeling studies
proton transfer pathways. The use of a “common” water suggest the presence of a second, ®@ding site formed
network for both proton transfer pathways also explains the by H64, H94, H96, A65, N244, Y7, F93, and T200 (Merz,
absence of stimulated proton transfer in wild-type CAll when 1991), and substitutions at position 65 are predicted to
assayed in the presence of imidazole buffers (Taoka et al.,sjgnificantly perturb this binding site. Therefore, the lack
1994; Tu et al., 1989). These data support previous of dependence ok../Kw on the side chain at position 65

hypotheses that the imidazole buffer does not bind to CAIl Suggests that the proposed Second2 @md”']g site is not
at the position of H64 to activate proton transfer since H64 crycial for catalysis.

is intact in this experiment. The fact that proton transfer
does increase somewhat in the presence of imidazole suggestt?,1
that the orientation of the waters is not the only factor
determining the efficacy of this pathway and that other
components, such as steric crowding in the active site, might
preferentially affect the alternate pathway, perhaps explaining
why the normal H64 pathway is more efficient in the wild-
type enzyme.

Proton Transfer to External BufferThe steady-state rate
equations for C@hydration can be solved as a function of
the concentration of the basic form of external buffer,
yielding (Keaf Km)butter, With the intermolecular proton transfer
from protonated H64 to buffer comprising the rate-limiting

However, the hydrophobicity of position 65 does affect
e k.afKm for PNPA esterase activity (Table 2, Figure 3);
similar correlations between esterase activity and hydropho-
bicity have been observed for substitutions at V121, V143,
and L198 in the active site of CAll (Alexander et al., 1991;
Fierke et al., 1991; Krebs et al., 1993; Nair et al., 1991; Nair
& Christianson, 1993). The transition state for PNPA
hydrolysis is similar to the transition state for €lydration,
except that the leaving group has a highi€g pnd therefore

is more difficult to protonate. The increase kg/Ky for
ester hydrolysis is unlikely to be due to enhanced protonation
of this transition state, since substitutions at position 65
decrease the rate constant for proton transfer through solvent

step under these conditions (Rowlett & Silverman, 1982). molecules. Therefore, the increased hydrophobicity at posi-
We have found that théa/Kuuuer for the ABS variants is tion 65 likely only enhances the affinity of the enzyme for

also dependent on the size of the amino acid side chain at . g X LT
position 65. Again, larger side chains (F, H, and L) increase the qonphy5|olog!9al substrate, PNPA, WIthOU.t significantly
the energy required for intermolecular proton transfer by up 21t€ring the transition state for ester hydrolysis.

to 0.9 kcal/mdl, while smaller side chains (Thr, Gly, and Conclusions.The crystal structure of CAll reveals several
Ser) have no effect. A plot oAAG* for intermolecular waters that could function as the proton relay network for
proton transferin the A65 variants versus side chain volume both intramolecular and intermolecular proton transfer;
of the variant exhibits the same pattern as that observed forhowever, none of these has been positively identified as such.
intramolecular proton transfer, except that the rate constantHere, we correlate inhibition of the rate constants for proton
for the intermolecular transfer drops off less sharply with transfer by substitutions at position 65 with displacement of
increasing side chain volume beyond the previously describedthe active site solvent molecules 264, 292, and 364 (Scolnick
critical volume of threonine (Figure 4). Thus, bulky & Christianson, 1996), suggesting that the crystallographi-
substitutions at position 65 decrease the rate constants forcally observed waters may be functional in proton transfer.
both intermolecular and intramolecular proton transfer; We have also demonstrated that active site solvent structure
however, the primary effects of these mutations are on theis likely to be an important determinant in proton transfer
intramolecular process. The similar dependence of these twovia the alternate proton pathway that is operative in the
processes on side chain volume is intriguing, suggesting thatabsence of a functional intramolecular proton shuttle group.
a common critical active site accessibility is necessary for This work reaffirms that the correct location and orientation
both; however, the more dramatic effects on the intramo- of active site solvent structure, in addition to the well-
lecular process suggest that the intermolecular transfer mightinvestigated significance aipK,, is an important determi-

be more flexible in nature and better able to tolerate changesnant of the efficiency of proton transfer in carbonic anhy-
in the active site solvent structure. drase.
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