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Properties of Intramolecular Proton Transfer in Carbonic Anhydrase lli

Chingkuang Tu,* Minzhang Qian,* J. Nicole Earnhardt,” Philip J. Laipis,” and David N. Silverman*

*Department of Pharmacology and Therapeutics, and *Department of Biochemistry and Molecular Biology, University of Florida,
College of Medicine, Gainesville, Florida 32610-0267 USA

ABSTRACT We investigated the efficiency of glutamic acid 64 and aspartic acid 64 as proton donors to the zinc-bound
hydroxide in a series of site-specific mutants of human carbonic anhydrase Ill (HCA lll). Rate constants for this intramolecular
proton transfer, a step in the catalyzed dehydration of bicarbonate, were determined from the proton-transfer-dependent
rates of release of H,'80 from the enzyme measured by mass spectrometry. The free energy plots representing these rate
constants could be fit by the Marcus rate theory, resulting in an intrinsic barrier for the proton transfer of AGE = 2.2 = 0.5
kcal/mol, and a work function or thermodynamic contribution to the free energy of reaction w" = 10.8 = 0.1 kcal/mol. These
values are very similar in magnitude to the Marcus parameters describing intramolecular proton transfer from His®* and His®”
to the zinc-bound hydroxide in mutants of HCA Ill. That result and the equivalent efficiency of Glu®* and Asp®* as proton
donors in the catalysis by CA Ill demonstrate a lack of specificity in proton transfer from these sites, which is indirect evidence
of a number of proton conduction pathways through different structures of intervening water chains. The dominance of the
thermodynamic contribution or work function for all of these proton transfers is consistent with the view that formation and
breaking of hydrogen bonds in such water chains is a limiting factor for proton translocation.

INTRODUCTION

There are at least seven functional isozymes of carboni@¢975; Tu et al., 1989).

anhydrase in the class that includes the human and animal

carbonic anhydrases (Hewett-Emmett and Tashian, 1996). HCO; + EZnH,0 = CO, + EZnOH + H,O (1)
These enzymes provide an informative model for the study

of proton transfer steps, because the overall catalysis cofeZNOH + BH" 22 H'EZnOH + B 2 EZnH,0 + B

tains rate-limiting proton transfers that can be both inter- (@)
and intramolecular, depending on conditions. These protor:f.he rate-limiting step in the overall maximum velocity of
transfer steps have been subject to considerable study in g step € overall maximum velocity o

- ) ) catalysis by CA Il at steady state is nearly entirely domi-
determining the catalytic pathway of carbonic anhydras ated by the intramolecular proton transfer between the

(Christianson and Fierke, 1996; Sllyerman and LlndSkogproton shuttle and the aqueous ligand of the zinc, provided
1988). The pathway for the dehydration of H¢@atalyzed 016 5 an excess of buffer in solution25 mM) (Rowlett,

by carbonic anhydrase consists of two distinct and separat@84; Lindskog, 1984).

stages. The first is the binding of HGQo the form of the  carhonic anhydrases I, 1II, and V, three isozymes in the
active site containing a zinc-bound water molecule, fol-, ¢jass, share common features of catalysis and structure.
lowed by conversion of HCinto CO, and its dissociation  They are all monomers of molecular mass near 30 kDa with
from the enzyme (Eq. 1). The departure of £ldaves a one zinc per monomer and contain from 30% to 60% amino
zinc-bound hydroxide at the active site. The second staggcid identity (Tashian, 1989). Moreover, their crystal struc-
comprises the series of proton transfer steps required tares are nearly superimposable, especially near the active
regenerate the zinc-bound water (Eq. 2). Here B is buffer irsite; for example, bovine CA 1ll and human CA Il have an
solution, and H to the left of E indicates one or more rms difference in all backbone atoms of less than 1 A
shuttle residues of the enzyme itself that transfer protongEriksson and Liljas, 1993). In human CA I, the side chain
between the zinc-bound water and buffer in solution. Inof the proton shuttle H® is located~8 A from the zinc,
carbonic anhydrase 1l (CA 1), among the most efficient of too distant for direct proton transfer. However, the crystal
the carbonic anhydrase isozymes, the predominant protosiructures demonstrate an array of apparently hydrogen-
shuttle residue has been identified as®4iSteiner et al., bonded water molecules between Hiand the zinc-bound
hydroxide (Eriksson et al., 1988; Scolnick and Christianson,
1996), which could serve as a proton wire for the translo-
cation of protons, in a manner similar to that described for
Received for publication 5 December 1997 and in final form 18 Februarythe water channel formed by gramicidin (Nagle and Morow-
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_ , _ itz, 1978; Poms and Roux, 1996). Solvent hydrogen iso-
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shown to reduce proton transfer in catalysis (Jackman et alexpression vectors based on the T7 expression vectors of Studier et al.
1996; Scolnick and Christianson, 1996). (1990) Were_optimized for convenient site_-directed mutagenesis and pro-
Carbonic anhydrases IIl and V lack histidine at positiontem expression and were used as described by Tanhauser et al. (1992).
. . .Mutations were confirmed by DNA sequencing of the expression vector
64 and are less active than CA Il, in part b_ecause of themsed to produce each mutant carbonic anhydrase. A two-step purification
slower proton transfer between the active site and solutiorysing gel filtration and ion exchange chromatography (Tu et al., 1986)
However, in these two cases, human CA Ill (HCA Ill) resulted in enzymes with greater than 95% purity as determined by gel
(Jewell et al., 1991) and murine CA V (Heck et al., 1996),electrophocgef5|s. Cr(])ncenfratlotr:s of _\/V_lld-t);pe&choé |\I/I||*?nd Tlutanzts were
it has been possible to enhance maximum velocity by 7- t§/etermined from the molar absorptivity of & _cm - at280
50-fold by introduction of Hi&* thr h site- ific mu- nm (Engberg et al., 1985). For mutants of HCA Il with the replacement
0 .y oduction o ough Site-SpecIlc Mu-  ppgdes _, | ey, potent inhibition with ethoxzolamide was observisgl €
tagenesis. Another property of CA Il has allowed a greatero 2 m), and we were able to determine enzyme concentrations by titration
breadth of study of the catalysis; the p#f the zinc-bound With this inhibitor, which were in excellent agreement with the absorptivity
water molecule for HCA Ill is increased by the replacementdiven above. The mutant Y64H/F65A murine CA V was prepared and
of Phe®8 by Leu or other residues (LoGrasso et al.. 1991 purified as described by Heck et al. (1996). This was a truncated form
1993). Such bstituti lter th Kf th inc-b N d 'identified as MCA Vc by Heck et al. (1994); in a sequence numbering
)'_ uch subslitutions after the p € zinc-boun scheme consistent with CA Il and Ill, the expressed variant of MCA V
water in mutants of HCA Ill from near 5 to 9, and hence pegan at residue 22, Ser.
provide a sufficient range of pkvalues to construct a free
energy plot (Silverman et al., 1993). Application of Marcus
rate theory (Marcus, 1968: Kresge, 1975) to such a plot foP*ygen-18 exchange
mutants of HCA Il containing H%' showed that the in-  The catalyzed rates of exchange'#d between C@and water and ofO
trinsic kinetic barrier is small, near 1.5 kcal/mol, for in- between'?C- and**C-containing species of CQvere measured by mass
tramolecular proton transfer between #iand the zinc- spectrometry. This isotope exchange _method is carried out at chemical
bound water and analogous in magnitude to nonenzymi quilibrium and can_be performed without buffer_s added to solution,
bi | | fer b . d ecause pH control is not a major problem. Two independent rates are
Imo ecular proton transfer between nitrogen F_m OXYQ€Retermined in this method (Silverman, 1982; Koenig and Brown, 1981).
acids and bases (Kresge, 1975). The predominant energe first isR;, the rate of exchange of HGO and CQ, as shown in Eq. 3:

required for the proton transfer came from the components ~ -

of the free energy of reaction called work functions. TheseHCOOlSO + EZnH,O0 = EZn*OH” + CO, + H,0  (3)

are in the range of 5-10 kcal/mol for variants of CA Ill and ke H20

have been interpreted as the energy required to orient thd*EZn'*OH™ == EZn'®*0OH, == EZnH,0 + H,'*0  (4)
proton donor and acceptor groups as well as the water in the

active site for facile prgton trar!Sfer (Sllverman e.t al., 1993)'The substrate dependenceRyfis given by an expression in the form of the
Ren et al. (1995) continued this work by preparing mutantsy;chaelis-Menten equation (Ren et al., 1995). The second r&g,is the

of HCA Il containing the replacement A%] — His; this proton-transfer-dependent rate of release from the active site of water
site has a distance from the zinc approximately equivalent tbearing substrate oxygen, as shown in Eq. 4. In this mechanism, a proton
that of position 64. The resulting Marcus parameters fofconverts zinc-bound hydroxide into zinc-bound water, which then allows

. D . rapid exchange with solvent water. The steps measuredR by, are
intramolecular proton transfer from Hifsto the zinc-bound separate and distinct from those of the interconversion of &@ HCQ™

hydroxﬁde were very similar to thos‘? from His _ in Eq. 3. The rate constai, describing intramolecular proton transfer
In this study we have extended this work to glutamic andtrom the donor group to zinc-bound hydroxide, was obtained by a nonlin-

aspartic acids at position 64 of HCA III. This allowed us the ear least-squares fit of Eg. 5 to the pH profiles Ry,o/[E]. Equation 5
opportunity to investigate proton transfer from neutral pro-f?Pfese”tﬁHﬁo(/j[E] ?ds dep%”?he“t O”tthet“”dp;omnatfet‘:]foém of the acc‘épmi_
ton donors of pK lower than that of the imidazolium cation #N¢-°eund hycroxide, and he protonated form ot the donor, as in £q. -
of histidine. We found that the free energy plot for these rater ,,/[E] = ka/{(1 + (Kddono/[H DL + [H* 1Ko 2nm20)}
constants could be adequately described by the Marcus rate (5)
theory. The resulting Marcus parameters for proton donaEKa) < the ionizat tant of the zinc-bound water, &,

. — . . . _(Kaznhzo is the ionization constant of the zinc-bound water, nor
tlon,to th,e zinc b,o,und hydrOXIde by f';\spartlc acid and gly is that of the proton shuttle group, [E] is total enzyme concentration, and
tamic acid at 'pOSItIOI’l 64 were very similar to .thqse'for HiS\, is the rate constant for the proton transfer. Previous work showed the
at 64 and His at 67 as proton donors. This indicates application of Eq. 5 to HCA Il (Silverman, 1982) and to mutants of HCA
significant capacity at the active site to accommodate all containing the replacement Ly — His (Silverman et al., 1993) and

. 67 H
number of proton donors from at least two sites and sugArgw| — His (Ret” e]}tﬁ'-glgt%); tent of G@re made using an Extrel
. . _ easurements o e Isotopic content O re made using an extre
gests mgltlple proton transfer pathways of rothly equiva EXM-200 mass spectrometer. Solutions contained 25 mM total substrate
lent efficiency through the water structure formed betweer*[[co ,] + [HCO, ) and 25uM EDTA, but no buffers were added. Total

these donors and the zinc-bound hydroxide. ionic strength of solution was maintained at a minimum of 0.2 M with
Na,SO,, and the temperature was 25°C.

MATERIALS AND METHODS
Enzymes RESULTS

Site-specific mutants of human carbonic anhydrase 11l were prepared and @ble 1 presents values of the rate conskarfor int.ramo'
purified as described earlier (Qian et al., 1997; Ren et al., 1995). Bacteridecular proton transfer from donor groups to the zinc-bound
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TABLE 1 Rate constants, kg, and corresponding pK, values for proton transfer between the donors listed and the zinc-bound
hydroxide in human carbonic anhydrase I1I*

Entry on Fig. 2 Enzyme pK(donor) pK, (ZnH,0) kg (X 10°%s7Y
Basic group(s) of pK= 8 is proton donor
a wild typée’ =9.0° 4.3 3
b K64A =9.0° 4.3 2l
c R67N =9.0° 5.3 5l
d K64E/R67N 7.9+0.2 5.2+ 0.2 15+ 1
Glu64 or Asp64 is proton donor
1 K64E** 6.4+0.3 5.3+ 0.2 38+ 8
2 K64D** 57+0.2 ~55 57+ 3
3 K64E/F198V 6.3+ 0.1 5.3+ 0.1 27+ 4
4 K64E/F198L** 5.8+ 0.2 5.8+ 0.2 48+ 19
5 K64E/F198D 6.6- 0.1 8.7+ 0.1 71* 26
6 K64D/F198D 6.9+ 0.2 8.6+ 1.1 51+ 15
His64 is proton donor
K64H/R67N/F198F* 6.8 6.8 280+ 50
Wild-type HCA I 7.2*0.2 6.8+ 0.2 800= 40
Y64H/F65A MCAVSS 6.5+ 0.2 6.4+ 0.2 400= 100

*Except the last two entries, which are human CA Il and a murine CA V variant. These values were determined from the catalyzed rates of exchange of
180 between CQand water. Data were obtained HD exchange at 25°C in the absence of buffers; total ionic strength of solution was maintained at 0.2
M by addition of the appropriate amount of )&0,. Rate constants; were determined by a least-squares fit of Eq. 5 to the datd,fgy, the rate of release

of H,*0 from the enzyme.

“From Jewell et al. (1991).

SProton donors in these cases are uncertain and possibly includg Lys'®?, Lys'’®, and Tyr.

Because of enzyme denaturation at pH near 5, we were not able to observe, ttoe i€ zinc-bound water in these variants. The values of ljsted

were estimated from a linear free energy plot as described in Silverman et al. (1993).

IThe standard errors were less tha@0%.

**Erom Qian et al. (1997).

*From Silverman et al. (1993).

S5This variant of murine CA Vc was reported by Heck et al. (1996).

hydroxide in mutants of carbonic anhydrase, as well as For wild-type HCA Il and several of its variants (entries
estimates of the values of the pHf the donor and acceptor a—c in Table 1), the pKof the zinc-bound water was near
groups obtained fromt®0 exchange experiments. These 5 and the pK of the donor groups was close to or above 9.
values ofkg were obtained by application of Eq. 5to tH®  In these cases the values Rf,o/[E] were observed to be
exchange data, expressedRys/[E]. The data of Table 1 rather independent of pH (see, for example, figure 2 of Qian
are presented according to the proton donor groups; datt al., 1997). From such data we gain an accurate estimate
establishing GItf and Asf3* as proton donors in HCA Il of kg; but in the absence of other information, these exper-
are given by Qian et al. (1997), and data establishin§*His iments provide a poor estimate of the values of the pK
as a proton donor for isozymes Il, V, and Ill are given, the proton donor and acceptor groups. In these cases, we
respectively, by Tu et al. (1989), Heck et al. (1996), andhave made estimates of the p#&f the zinc-bound water by
Jewell et al. (1991). Catalytic constants for the following extrapolation of a linear free energy plot f&g, /K, for
mutants are newly examined in this work and are presentelydration observed for different mutants versus, piKthe
in Table 1: K64E/R67N, K64E/F198V, K64E/F198D, and zinc-bound water; we estimated the p#f the zinc-bound
K64D/F198D. water at 4.3 for wild-type HCA Il (Silverman et al., 1993).

In many cases for which the pKvalues of the donor Qian et al. (1997) have extended pH profiles to pH 5 and
group and the zinc-bound water were in the range of 6—8estimate a value closer to 538 0.2 for the pK of the
the pH profiles forR,,,o/[E] were bell-shaped and, utilizing zinc-bound water in HCA Ill. The variants of this group
Eq. 5, yielded values of the pkof the donor and acceptor (Table 1, entries a—c) also show evidence for a proton donor
groups, as well as the rate constant for intramolecular protoonr donors of pK near or above 9, which is also observed by
transferkg (see, for example, Qian et al., 1997, and Silver-stopped flow (Jewell et al., 1991), and which establishes an
man et al., 1993). We confirmed the value of the,@Kthe  intramolecular proton transfer rate constant 2<80°s .
zinc-bound water molecule by measuring the pH depenThe identity of these basic donor groups has not been
dence ofk./K,, obtained by*®0 exchange (Qian et al., determined.
1997). The pK for k..{K, is an accurate estimation of the  The variant K64E/R67N HCA Il requires additional
ionization of the zinc-bound water (Simonsson and Lind-comment. We prepared this assuming that *Glwould
skog, 1982), because it is the zinc-bound hydroxide that iparticipate as a proton donor, as in the variants containing
the catalytic group in the hydration of GQEQ. 1). Glu®* described by Qian et al. (1997). Both of the rate
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FIGURE 1 (ef) The constank.,/K,, for the hydration of CQ catalyzed by the mutant K64E/R67N HCA lIl. Data were obtained by‘#eexchange
method at 25°C in the absence of buffers. The total concentration of all species,ov&™25 mM, and the total ionic strength of the solution was
maintained at 0.2 M by the addition of the appropriate amounts g8a The solid line is a least-squares fit representing the sum of two ionizations with
pK, = 7.3 = 0.1 and 5.3+ 0.3, with maximum values df_,/K,, at (2.4+ 0.1) X 1(®* M~*s *and (2.7+ 0.7) X 10° M~ ! s, (Righ) Rate constants

for the release of°0-labeled water, R,o/[E], from the active sites of K64E/R67N HCA lIl. Data were measured under the conditions described above.
The solid line is a fit representing the sum of two ionizations with, pK7.9 = 0.1 and 5.2+ 0.2. The rate constant for intramolecular proton transfer

ks = (1.5 + 0.1) X 10* s * was obtained from this fit using Eq. 5.

constantsk../K,, and R.,o/[E], determined from'®0 ex-  uncertain (entries a—d). In the fit to Eq. 6, entries were
change, show the influence of two ionizations (Fig. 1), oneweighted by the inverse of the variance for each point. The
near pK, 5.2 and another near 7.9. The pKear 5.2 is intrinsic energy barrier for the intramolecular proton trans-
consistent with that for the zinc-bound water in wild type fer resulting from this fit isSAG = 2.2 + 0.5 kcal/mol, with
and R67N; however, the piaear 7.9 appears to be too high work termsw" = 10.8+ 0.1 andw® = 4.0 = 1.6 kcal/mol.
to be consistent with the pfassigned to GRf in the other ~ The quality of this fit depends on the variants a—d of Table
variants of Table 1. Hence in Table 1 we have placedl for which the proton donor or donors are uncertain;
KB4E/R67N among those variants of HCA IlI for which the omitting these data results in a lower value &6 and
identity of the donor group is uncertain. largerw® in the fit of the remaining points 1-6 to Eq. 6:
The Marcus rate theory applied to proton transfer (Mar-
cus, 1968; Kresge, 1975) describes the overall activation
energyAG* in terms of the standard free energy of reaction
with the required active site conformatiohGy; and an
intrinsic energy barrieAG?, which is the value ofAG*
whenAGE = 0:

AGH =W + {1 + AGHAAGIPAG] (6)

The standard free energy of reactié@y, with the required
conformation is then related to the measured overall free
energy for the reaction by work term8G° = w" + AG} —

wP. (For this calculation, AG* = —RT In(hkg/kT) and

AG® = RTIN[(KY)znh2d (KD donod-) The work termw' rep-
resents in the strictest sense the free energy that must be
subtracted fromAG® so that the observed free energy of
activation can be made to fit the Marcus equation (Eq. 6).
The energw' is for catalysis in the dehydration direction of
Eqg. 4,wP is for the reverse direction. These work functions ApKa

have been interpreted in the case of nonenzymic bimolec-

ular proton transfer as the energy required to align acceptoliGURE 2 Dependence of the logarithmigf(s %) on ApK, (the pK, of
donor, and surrounding water for facile proton transferthe donor group subtracted from the pif the zinc-bound waterkg is the
(Kresge, 1975), and this interpretation has been extende@te constant for donation of protons to the zinc-bound hydroxide accom-
into the enzymic case (Silverman et al., 1993). panying the dehydration of HCDobtained from*®0 exchange experi-

L . . . ments. The entries are wild type and mutants of HCA lll listed in Table 1.
The solid line in Fig.2isa leaSt'Squares fit of Eq.610 theThe solid line is a least-squares fit of the Marcus equation (Eg. 6) to the

: ; 4 4
valugs ofkg in Table 1, with G|L? or Aspe as donors  entries of Table 1 (a—d, 1-6) givinyG§ = 2.2+ 0.5 kcal/mol, with work
(entries 1-6), and to the entries for which the donor isfunctionsw’ = 10.8 + 0.1 kcal/mol andv’ = 4.0 = 1.6 kcal/mol.

log (ks)
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AG} = 1.1 + 0.4 kcal/mol, with work termsv' = 10.8 + termine. Our response has been to point out that the posi-
0.1 andw?® = 7.8 = 1.3 kcal/mol. In comparison, the tions altered in these studies are on opposite sides of the
Marcus parameters obtained for PfigSilverman et al., active-site cavity and distant from each other. Moreover, the
1993) and Hi8’ (Ren et al., 1995) as donors in HCA Ill both mutations considered in double-mutant cycles show mostly
had a better fit to Eq. 6 without entries a—c of Table 1. additive (i.e., indifferent) effects, indicating that the muta-
The uncertainty in the true pfof the zinc-bound water in  tions at sites 64 and 198 do not influence each other in
CA 1l has required in past studies an estimate of thigaK enhancement of catalysis. This is demonstrated in Table 3
4.3 in constructing the Marcus fits (Silverman et al., 1993;for the rate constant for the changes in free energy of
Ren et al., 1995). This was based on extrapolation of lineaactivation accompanying intramolecular proton transfer
free energy plots for a number of mutants of HCA 11l with (measured bkg). Among the replacements that introduce
a range of values of the pof the zinc-bound water. Qian Glu or Asp at 64 (shown in Table 3), the only one that is not
et al. (1997) have extended activity measurements te<pH simply additive is K64D/F198L HCA lll, which does not
6 and estimate the pjof the zinc-bound water in wild-type exhibit significantly enhanced proton transfer (Qian et al.,
HCA lll at 5.3 = 0.2. We point out that changing the value 1997). Qian et al. (1997) concluded that A$pn this
of pK, for wild-type HCA Il from 4.3 to 5.3 in Fig. 2 yields variant is not a shuttle residue for reasons not clear at this
these parameterdG; = 1.8+ 0.5,w' = 10.9+ 0.1,w’ =  time. Some of these mutations at residues 64 and 198,
5.1 = 1.1. Because the magnitude of these values is veryesulting in K64E/F198L and K64E/F198D, have been
similar to those for which the pkof 4.3 was used for HCA found to interact in an antagonistic manner whegK,, is
Il (Table 2), we have retained the use of p&X3 for HCA  measured (Tu et al., 1994). The rakig/K,, is determined
Il to be consistent with previous work. by steps in Eq. 1 that do not contain the proton transfer
steps, but is a series of steps separate and distinct from the
proton transfer steps. Therefore it is not counter to our aims
DISCUSSION that a series of mutations could interact in an antagonistic
Application of Marcus rate theory to intramolecular proton manner ink../K., but in an additive way fokg.
transfer in carbonic anhydrase first requires establishing a A third requirement for accurate measurement of in-
free energy plot with a range of givalues separating the tramolecular proton transfer rates is the removal of buffers
donor and acceptor groups. In this study we have utilizedrom solution. Buffers interfere by providing an alternative
aspartic and glutamic acids as donors; these residues prproton transfer pathway that may bypass®igTu et al.,
vide little flexibility in altering their values of pK Instead, 1989) or Glu or Asf*. This was achieved in these studies
we have altered the pivalues of the zinc-bound water in by using an*®0 exchange method carried out at chemical
HCA 1lIl, which is near 5 in the wild-type enzyme, by equilibrium for the measurement of catalysis (Silverman,
replacing Ph&® with Leu or Asp. Ph&® in CA Ill is  1982). In this method pH control is not a problem and
located on the hydrophobic side of the active-site cavitybuffers are not used.
with its C8 ~6.4 A from the zinc in bovine CA Il (Eriksson A fit of the Marcus theory to the mutants of Table 1
and Liljas, 1993). Its replacement with Leu, the residuecontaining Glu or Asp at position 64 and other variants
found at this position in CA Il, increases the pt6 6.9, and  (entries 1-6 and a—d of Table 1) is shown by the solid line
its replacement with Asp increases its g 9.2 (LoGrasso in Fig. 2. The corresponding parameters for the Marcus
et al., 1993). theory are given in Table 2. The most striking observation
A second requirement for application of Marcus theory isfrom Table 2 is the overall similarity in the Marcus param-
that the changes we make by site-specific mutagenesis gters for the three series of mutants of HCA Il in which
the active site do not alter the parameters of the Marcuglata have been generated: 1) histidine residue at position 64,
theory itself, the intrinsic kinetic barrier and the thermody- 2) histidine at 67, and 3) glutamic or aspartic acid residues
namic contributions called the work functions. This is aat position 64. Although the &for positions 64 and 67 are
much more difficult requirement to satisfy or even to de-equidistant from the zinc at close to 9.5 A in CA IlI with
side-chain positions that point into the active site cavity
(Eriksson and Liljas, 1993), these two side chains experi-
TABLE 2 Marcus theory parameters for intramolecular ence different immediate gnvironments due to adjacent res-
proton transfer in human carbonic anhydrase Ill and variants* idues. This and the equivalent rate constants for proton
donation from GI§*and Asf§* to the zinc-bound hydroxide

AG.* w wP .
Proton donor (kcallmol) (kcal/mol) (kcalimoly ~ found by Qian et al. (1997) demonstrate the overall accom-
: modation of the active site to support proton translocation
His®*8 1.4+0.3 10.0+ 0.2 59-11  fom these positions
His®"" 1.3+03 10.9+ 0.1 5.9+ 1.1 : ) , .
Glu, Asp* 22405 10.8+ 01 40+ 16 The magnitudes of the Marcus parameters in Table 2 give

; ) important clues to the capacity of the active site for proton
*Data were obtained by least-squares fit of Eq. 6 to rate constants ford ti Th d . t ired for int |
intramolecular proton transfég, given in Fig. 2. onation. The predominant energy required for intramolec-
SData from Silverman et al. (1993). ular proton transfer in these variants of HCA Il occurs in

Data from Ren et al. (1995). the work functionsw' and wP, contributions to the free
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TABLE 3 Changes in free energies of activation obtained from maximum values of the rate constant for intramolecular proton
transfer kg accompanying the dehydration of HCO;~ catalyzed by carbonic anhydrase Il and mutants determined by
180 exchange*

AG, AG, AG,., AAG, AAGg
Mut, Mut, (kcal/mol) Category
K64E + F198D -15 -0.2 -1.7 -0.2 0.0 Additive
K64E + F198L -1.5 -0.7 -1.7 -0.2 0.5 Additive (partially}
K64D + F198D -1.8 -0.2 -1.9 -0.1 0.1 Additive
K64D + F198L -18 -0.7 -0.7 1.1 1.8 Antagonistic

*The notation and presentation format are those of Mildvan et al. (1992) for the effect of the less altering mitajjoon(the more enhancing mutation

(AG,). AG, denotes the change in free energy of activation resulting from the first mutation ls8ds that for the second mutatioAG, , , is that for

the double mutatioMAAG, = AG, ., — AG, andAAGg = AG,,, — AG, — AG,. Because we have observed increases in enzyme activity, the signs of
AAG, andAAGg corresponding to synergistic and antagonistic interactions are reversed compared with the notation of Mildvan et al. (1992). The maximum
value ofkg for wild-type HCA Il is 3 X 10° s,

#A second possible alternative.

energy of reaction. Previous experiments suggest that thihe surface of the protein near the rim of the active-site
rotation about the side-chain dihedral angles to attain theavity.
appropriate orientation of the proton donor is not an impor- Although the parameters of the Marcus theory in Table 2
tant contribution tov” andw®. The mobility of Hi$*in CA  determined for intramolecular proton transfer in CA Il are
Il is assumed from the multiple conformations available tosimilar overall, there are intriguing and significant differ-
this side chain in crystal structures (Nair and Christiansonences that may be clues to the mechanism of proton trans-
1991; Hakansson et al., 1992); moreover, adjacent residudscation through water chains. The work functiovi is
of considerable bulk are needed to impede this mobilitysignificantly smaller by~1 kcal/mol for proton transfer
(Jackman et al., 1996; Scolnick and Christianson, 1996)rom His**, as compared with H?¥ or GIu** (Table 2). The
Such bulky adjacent residues are lacking in human CA llllarger values ofd" for His®’ and GI#* may indicate that
(they are GIY® and ThF® Cy<® and Vaf®). In addition, proton translocation from these sites uses water chains
there is enhancement by imidazole of catalysis in mutants afifferent from those used by H§ Although the standard
HCA 11l not containing a proton donor at position 64; this errors are appreciable, the intrinsic barrier for the proton
enhancement at large imidazole concentrations is roughlyransferAG?, could be larger for GItf and Asj§* as donors,
equivalent to the enhancement observed with mutants corcompared with Hi&". This emphasizes Hig as the most
taining Hi$* (Silverman et al., 1993). Hence the work efficient proton shuttle among the sites studied, which is the
functions obtained from Marcus theory are assumed to haveanslocation site that occurs naturally in CA I, among the
a small contribution from the energy needed to orient sidemost efficient of the carbonic anhydrases (Steiner et al.,
chains. 1975; Tu et al., 1989). This conclusion was also supported
An important component of the work functiom§andw® by placing histidine residues at various positions in the
is believed to be the energy required to attain the propeactive site of HCA Il and noting that the wild-type with
orientation in the active-site cavity of the hydrogen-bondedHis®* has the largest catalytic turnover in ¢@ydration
water molecules that comprise the proton wire (Silverman efLiang et al., 1993).
al., 1993; Kresge and Silverman, 1997). This is analogous to It is useful to comment that there are nearby positions in
the conclusion of Ponsand Roux that formation and the active-site cavity of HCA Ill from which proton transfer
breaking of the hydrogen-bonded water chain is a limitingis not observed. The side chain of R8iis positioned along
factor in proton translocation through the gramicidin chan-the active-site cavity of CA Il and has itsecdocated 12.7
nel (Poms and Roux, 1996). Hence the variety of residuesA from the zinc (Eriksson and Liljas, 1993). This Asn side
that can act as a proton donor from site 64 and His at site 6Zhain extends out into solution with no residues between it
is likely due to the accommodation of the active site toand the zinc. The replacement R8r— His resulted in no
containing hydrogen-bonded water structures, each makingppreciable enhancement of activity compared with wild-
a roughly equivalent contribution to the free energy oftype HCA lll; the mutant had_, for hydration andg both
reactionw’ andwP. Besides this, there is proton transfer in near 5x 10°s™* (Ren et al., unpublished observations). We
a number of variants of HCA Il for which the proton donor thought that perhaps Hi$in this mutant was impeded in
is unknown, but the rate constant for proton transfgliés  mobility by the nearby bulky residues L8fsand Ard”.
on the free energy curve established for ¥isr GI**  However, triple mutant N62H/K64A/R67A HCA lI, in
(points a—d of Fig. 2). This similarity in work functiong  which these bulky residues are replaced with alanine, had
for three classes of donors in Table 2 suggests that the wonkalues ofk_,; andkg identical to those of the single mutant
functions to establish water chains to other proton donors\62H HCA lll. We conclude that Hf is too distant from
may also be similar to the values of Table 2. Such alternathe zinc to facilitate proton transfer or has an inappropriate
tive proton donors might possibly include groups closer toorientation with respect to an array of possible proton wires.



3188 Biophysical Journal Volume 74 June 1998

Another feature shown by these data pertains to the effedingberg, P., E. Millgvist, G. Pohl, and S. Lindskog. 1985. Purification and
; _ ; ; i~ some properties of carbonic anhydrase Ill from bovine skeletal muscle.
on protgn trgnsfer qf rather distant (715 A) side chalns N \rch. Biochem. Biophy241:628-638,
the active site cavity. Here we note that three different

. . Eriksson, A. E., T. A. Jones, and A. Liljas. 1988. Refined structure of
isozymes (wild-type CA Il and mutants of CA llland CAV, "~ ;man carbonic anhydrase Il at 2.0 A resolutiBroteins Struct. Funct.

the last three entries of Table 1) containing ¥iand all Genet.4:274-282.
havingApK, close to zero also have very similar values of Eriksson, A. E., and A. Liljas. 1993. Refined structure of bovine carbonic
the rate constant for intramolecular proton trangfein the anhydrase Il at 2.0 A resolutiorProteins Struct. Funct. GeneLé:

_ —42.
range 3—8x 10° s™* as measured bj?O exchange. One N
aakansson, K., M. Carlsson, L. A. Svensson, and A. Liljas. 1992. Structure

appremable difference in thgse enzymes Is th,at the m_urm of native and apo carbonic anhydrase Il and structure of some of its
CA V we used lacked 20 residues from the amino terminus, anion-ligand complexesl. Mol. Biol. 227:1192-1204.

including Tyr’, which in CA Il and CA Il extends into the Heck, R. W., P. A. Boriack-Sjodin, M. Qian, C. K. Tu, D. W. Christianson,
cavity and the side chain of which comes withf A of P. J. Laipis, and D. N. Silverman. 1996. Structure-based design of an
presumed proton transfer pathways. Another notable differ- gfgiﬂ]eorﬁgz%5‘-)5?8851@;? site in murine carbonic anhydrase V.
ence is that HCA 11l has Arg at position 91, murine CA V ’ ! -

has Lve wh HCA Il has I Th f ., 1 Heck, R. W., S. M. Tanhauser, R. Manda, C. K. Tu, P. J. Laipis, and D. N.
has Lys”, whereas C' 1as fie. 1he Cu for position 9 Silverman. 1994. Catalytic properties of mouse carbonic anhydrase V.
is 12.7 A from the zinc in CA Ill. Thus these results J. Biol. Chem269:24742—-24746.

demonstrate that the rate constakgsfor intramolecular  Hewett-Emmett, D., and R. E. Tashian. 1996. Functional diversity, con-

proton transfer are not exquisitely sensitive to the more servation, and convergence in the evolution of the carbonic anhydrase
distant surrounding residues gene familiesMol. Phylogenet. Evolutiorb:50-77.

Jackman, J. E., K. M. Merz, and C. A. Fierke. 1996. Disruption of the
active site solvent network in carbonic anhydrase Il decreases the
efficiency of proton transfeBiochemistry.35:16421-16428.

CONCLUSIONS Jewell, D. A., C. K. Tu, S. R. Paranawithana, S. M., Tanhauser, P. V.

LoGrasso, P. J. Laipis, D. N. Silverman. 1991. Enhancement of the
1. The free energy plots for the intramolecular proton trans- catalytic properties of human carbonic anhydrase Il by site-directed
fer from GILP* and Asf* to the zinc-bound hydroxide in ~ MutagenesisBiochemistry:30:1484-1490.

; Koenig, S. H., and R. D. Brown. 1981. Exchange of labeled nuclei in the
mUtar.]tS of HCA il can be fit to the Marcus ra_te t_hegry. Th.e CO,-HCOs;-solvent system catalyzed by carbonic anhydrBsephys. J.
resulting Marcus parameters show a small intrinsic barrier 35.59_7g

t . .
AGg near 2.2 kcal/mol and a §|zaple work funC'UC_)n near 1l esge, A. 3. 1975. What makes proton transfer fastets. Chem. Res.
kcal/mol in the dehydration direction, representing a ther- 8:354-360.
modynamic contribution to the free energy of reaction.  Kresge, A. J., and D. N. Silverman. 1997. Application of Marcus rate

2. These values of the Marcus parameters are very similar thelow to proton transfer in enzyme-catalyzed reactidfethods Enzy-
to those representing Hiand Hi$” as proton donors in Mol (n press). LS Lindskon. 1903 -
H ; ; Liang, Z., B.-H. Jonsson, and S. Lindskog. 1993. Proton transfer in the
mu,tantS, of HCA I, |nd|cat|ng a general Capac'ty of the catalytic mechanism of carbonic anhydrase. Effects of placing histidine
active site to accommodate proton translocation from these residues at various positions in the active site of human isozyme II.
sites. Biochim. Biophys. Actal203:142-146.
3. However, small differences of 1 kcal/mol in the work Lindskog, S. 1984. The kinetic mechanisms of human carbonic anhydrases
functions are consistent with less efficient proton donation !'and Il a computer approacti. Mol. Catal.23:357-368.
from His®”, GIW®, and Asf* compared with Hi&, and LoGrasso, P. V., C. K. Tu, X. Chen, S. Taoka, P. J. Laipis, and D. N.
r’] h . ) ducti ’ hain f Silverman. 1993. Influence of amino-acid replacement at position 198
sggeggst that the .|r_1terven|ng water conduction chain for on catalytic properties of zinc-bound water in human carbonic anhydrase
His®>* is more stabilized. IIl. Biochemistry.32:5786-5791.
4. The similar values of the intramolecular rate constantsoGrasso, P. V., C. K. Tu, D. A. Jewell, G. C. Wynns, P. J. Laipis, and
from Hi* to the zinc-bound hydroxide in CA Il and D. N. Silverman. 1991. Catalytic enhancement of human carbonic an-

variants of CA Ill and CA V show that the rate constant for gigga_s&%.by replacement of PHE with Leu. Biochemistry. 30:

thls_ proton tranSfer, IS n,Ot gre&}tly sensitive to more dIStanR/Iarcus, R. A. 1968. Theoretical relations among rate constants, barriers,
residues of the active site cavity. and Bronsted slopes of chemical reactiohshys. Cheniz2:891—899.

Mildvan, A. S., D. J. Weber, A. Kuliopulos. 1992. Quantitative interpre-
tations of double mutations in enzymesch. Biochem. Biophy94:

. . 327-340.
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