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Abstract: Catalysis of®0 exchange between G@nd water catalyzed by a Co(ll)-substituted mutant of human
carbonic anhydrase Il is analyzed to show the rate of release'&Hrom the active site. This rate, measured

by mass spectrometry, is dependent on proton transfer to the metal-Buabeled hydroxide, and was
observed in a site-specific mutant of carbonic anhydrase Il in which a prominent proton shuttle residue His64
was replaced by alanine, which does not support proton transport. Upon increasing the concentration of
bicarbonate, the rate of release of'f0 increased in a saturable manner to a maximum of 40° s™4,
consistent with proton transfer from bicarbonate to the Co(ll)-bound hydroxide. The same mutant of carbonic
anhydrase containing Zn(Il) had the rate of release 8f®Ismaller by 10-fold, but rate of interconversion of

CO, and HCQ™ about the same as the Co(ll)-containing enzyme. These data as well as solvent hydrogen
isotope effects suggest that the bicarbonate transferring the proton is bound to the cobalt in the enzyme. The
enhancement dffO exchange caused by increasing bicarbonate concentration during catalysis by the zZn(l1)-
containing carbonic anhydrase from the archabtmthanosarcina thermophilauggests that a very similar
mechanism for proton donation by bicarbonate occurs with this wild-type enzyme.

Introduction Extensive studies have examined the proton-transfer reaction,

The carbonic anhydrases are zinc metalloenzymes that®9 2, in catalysis by the class of carbonic anhydrases.

catalyze the hydration of GOto produce bicarbonate and a Histidine 64, which has its side chain extending into the active-
proton. Catalysis proceeds by two processes: one is the reactiorsite cavity of human carbonic anhydrase Il (HCAacts as

of CO, with the zinc-bound hydroxide of the enzyme resulting @ shuttle residue transporting protons at a maximal rate ®f 10
in the produc“on Of b|Carb0na’[e and in the formation of Zinc- 371 betWeen the ZinC-bOund water at the aCtiVe Site and Solution.

bound water (eq 1), and the second is the regeneration of them mutants in which His 64 has been replaced by a residue that

zinc-bound hydroxide by proton transfer (eq'2j. does not support proton transfer such as alanine, the maximal
turnover for catalysi&.a: is decreased about 10-fold with very
[H,0] little effect onkeaf/Km.1° The activity of the mutant of human

CO, + EZnOH = EZnHCO," EZnH,0 + HCO;- carbonic anhydrase Il (HCA 1l) in which His 64 has been
) replaced with Ala (H64A HCA 1) can be enhanced to a level
. 4 nearly equivalent to the wild type by millimolar levels of
EZnH,0+B=EZnOH +BH @ exogenous proton donors/acceptors such as imidazole. Proton
o . . transport between the active site and solution is also required
Here B indicates exogenous proton acceptors in solution or a; explain catalysis by carbonic anhydrase fiidiethanosarcina

residue of the enzyme itself. This reaction is involved in many thermophila(Cam) which has a maximks for hydration of
physiological functiond;® and to date three classes of carbonic CO, at 6 x 10¢ 5111 Kinetic studies of si?te-specific mutants

anhydrase, designateul,3, andy, have been discoveréd hese of Cam by Tripp and Ferd} reveal a pattern of catalytic

are examples of convergent evolution with no structural . o .
homology between classes, although each is a zinc-containingpmpert'es that strongly indicate Glu 84 in Cam acts as a proton
! shuttle in a manner similar to His 64 in HCA Il. The crystal

enzyme and in two casea @ndy) three ligands coordinating

the metal are histidings® structure of Cam showed the side chain of Glu84 extended into
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the active-site cavity with three distinct side-chain conforma- eq 5% Here k. is a rate constant for maximal interconversion of

tions!3
We report here experiments which indicate that bicarbonate RY/[E] = koot 1SV(Keg” + [SD) (5)
substrate and produd{.«* is an apparent binding constant for substrate

itself can function as a proton donor in catalysis. We measured

tvvot rat?s In ]E:ata%yhs Isfpytc_arﬁ? nic ar;]hydralse‘?) tQatt are Imc]:lted by to enzyme, and [S] is the concentration of substrate.

proton transter. The nrst s the exchange etween _@ A second rate determined by tH© exchange method Ru,0, the

and water measured by mass spectrometry from which we yot0n transfer dependent rate of release from the enzyme of water
determined the rate of release from the enzym&®oflabeled bearing substrate oxygen (eq 4). This is the component of&be
water at chemical equilibriurt:!> The second method is  exchange that is enhanced by exogenous proton déhdte metal-
stopped-flow spectrophotometry from which we measured the bound!®O-labeled hydroxide as an anion is expected to bind tightly to
maximal turnover rate for COhydration at steady statél” the metal. In such enhancements, the exogenous donor acts as a second
substrate in the catalysis providing a proton (eq 4), and the resulting
effect on*®0O exchange is described by eq 6 below. This expression
describes the approach Bf,o/[E] to saturation as dependent on the
formation of a bound complex between the exogenous donor and the
enzyme.

Methods

Enzymes. Wild-type HCA II, wild-type Cam, and site-specific
protein mutants were expressedbn coli as described in previous
publications!®!218 All mutations were confirmed by sequencing the
DNA of the entire coding region for carbonic anhydrase in the
expression vector. Human carbonic anhydrases were purified by affinity
chromatography? wild-type Cam was purified by ion exchange
followed by hydrophobic interaction chromatograghgoncentrations
of human carbonic anhydrases were determined from the molar
absorptivity at 280 nm (5.5 10* M~ cm™); the concentration of
each purified enzyme sample was also determined by titration with of rejease of K20 into solvent water in the absence of buffer and
the tight-binding inhibitor ethoxzolamict.Concentrations of wild- represents the contribution to proton transfer from other sites on the
type Cam and mutant were determined from the molar absorptivity enzyme or possibly solvent water itself.

(1.6 x 10*M~* cm™). ) ) ) The pH dependence &§°"sis often bell shaped, consistent with the

Oxygen-18 Exchange.This method is described fully else-  transfer of a proton from a single predominant donor to the zinc-bound
where#*2!t is based on the measurement by membrane-inlet mass phygroxide. In these cases the pH profile is adequately fit by eq 7, in
spectrometry of the exchange'8D between C@and water at chemical  \yhich ks is a maximal, pH-independent rate constant for proton transfer
equilibrium (egs 3 and 4). and the values oK, represent noninteracting ionization constants of

the proton donor and acceptor.

Ry, o/[E] = kg TBI/(Key + [B]) + Ry o 7[E] 6)

Herekgsis the observed maximal rate constant for the release'8OH
to bulk water caused by the addition of the buff€g® is an apparent
binding constant of the buffer to the enzyme, [E] and [B] are the
concentrations of total enzyme and total buffer, &gh° is the rate

HCOO®0™ + EZnH,0 = EZnHCOJ®0™ = COO+ EZnO"*H"~ ) . X
3) kBO o= kB/{ 1+ Ka(donor![H DA +[H ]/Ka(ZnHZOQ} )

& n 18 [H,0] Stopped-Flow Spectrophotometry Initial rates of CQ hydration
EZnO*H™ +BH' = EZnH,"0+B—— were measured by the changing pH indicator method of Khétifading
EZnH,0 + H2180 +B (4) an Applied Photophy_sics SX.18MV or a KinTek Stopped-FIow SF-
2001. Saturated solutions of G@ere prepared by bubbling Gihto
. . ~water at 25°C. Concentrations of C£0.5 to 17 mM) were made by
Here EZnHO represents water bound as a ligand of zinc in carbonic g ting this saturated solution using syringes with gastight seals.
anhydrase; cobalt at this site also supports catafy&s{" represents  y/a1ious concentrations of the buffer 4-methylimidazole were used with
a proton donor, either an exogenous donor or a residue of the enzyme ¢ indicator phenol red (2.& 10°5 M) measured at 557 nm. The
Measurement of the isotopic content of @as made with an Extrel  tota] jonic strength of solution was maintained at 0.2 M by addition of
EXM-200 mass spectrometer with a membrane-inlet ptéBlutions the appropriate amount of M&O;. The mean of four to eight reaction
were maintained at a minimum ionic strength of 0.2 M by addition of  traces of the first 5 to 10% of the reaction was used to determine initial
the appropriate amounts of b&0y; in cases where the ionic strength  rates. The uncatalyzed rates were subtracted, and the steady-state
of substrate alone exceeded 0.2 M, no additionalS0a was used. constantca/Km andke were determined by a nonlinear least-squares
For determination of solvent hydrogen isotope effects, all pD measure- yjethod (Enzfitter, ElsevierBiosoft).
ments are presented as uncorrected pH meter readings. pH Measurements. All measurements are uncorrected pH meter
The kinetic equations for the redistribution 8D from the CQ— readings. This was done to allow a partial cancellation of two factors:
HCO;™ system to water were solved to obtain two rates for i the correction required of a pH meter to account for the solvefit D
eXChange Catalyzed by carbonic anhydrlés'éhe first is Ry, the rate (pD = meter reading{—O.4)25 and the Change inmfor almost all acids
of exchange of C@and HCQ™ at chemical equilibrium, as shown in in the region of K, from 3 and 10 (Kap,0) —PKagyo) ~ 0.5)28
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Human Carbonic Anhydrase Il (HCA Il). Ru,o/[E] cata-
lyzed by H64A Co(Il)-HCA Il has a hyperbolic dependence on
total substrate concentration (Figure 1, top). This is in contrast
to catalysis by H64A Zn(Il)-HCA Il in whichHRy,o/[E] appears
rather independent of total substrate concentration, although
there is a small dependence at total substrate less than 25 mM
(Figure 1, top).R/[E], a rate constant for interconversion of
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Figure 2. The pH profile forRu,0/[E], the rate constant for proton
03t transfer dependent release of'#0 from the enzyme as in eq 4,
/,,! catalyzed by [l) H64A Co(ll)-HCA 1l at a total concentration of all
CO; species at 150 mM and b#f H64A Zn(11)-HCA Il with a total

concentration of all C@species at 25 mM. Data were obtained at 25
°C with a total ionic strength of solution maintained at a minimum of
0.2 M with N&SQs. [E] is the total enzyme concentration. No buffers
were added. The solid line fdR.,o/[E] catalyzed by H64A Co(ll)-
HCA Il is a least-squares fit of eq 7 resulting in two values Kf pt
7.8+ 0.1 and 8.4+ 0.1 withks = (8.8+ 1.8) x 10° s> when the [,

of the zinc-bound water is taken as 7.8. When the assignments,of p
are reversed, theks = (3.5 + 1.3) x 1(° s"1. No measurements for

R//[E] (us™)

0.0 1 L ) Il Il
0 50 100 150 200 250 300 th? k?I(_)(II)-fcocnct)zaining enzyrcljwed were taken at pH7 because the
solubility o was exceeded.
[Total COz mM y

Figure 1. The dependence on the total concentration of al §@cies

([CO7] + [HCO57] + [COs?7]) of (top) Ru,o/[E], a rate constant for

release of K0 from the enzyme, and (bottorR)/[E], a rate constant 0.3 1
for the interconversion of Cand HCQ~ catalyzed by M) H64A

Zn(I1)-HCA 1l and by @) H64A Co(ll)-HCA 1. Data were obtained <
at pH 8.5 and 25C with a total ionic strength of solution maintained 3
at a minimum of 0.2 M with NgBO.. [E] is the total enzyme o
concentration. No buffers were added. The solid line Raso/[E] S 02
catalyzed by H64A Co(ll)-HCA Il is a least-squares fit of eq 6 with 8
Ket® = 64+ 9 mM. x
2
CO, and bicarbonate, shows a nearly linear dependence on total % r’/‘___'___.____,__-_—————r
concentration of C@species over this range of concentrations E 0.1

and is close to identical for the Co(ll)- and the Zn(ll)-containing
H64A HCA Il (Figure 1, bottom). The nearly linear dependence
of Ry/[E] up to 300 mM total substrate indicates that for both
enzymes the value dfc° of eq 5 is greater than about 200
mM. 0.0 T T T T
The pH dependence &,0/[E] for H64A Co(ll)-HCA I, 00 02 04 06 08 10

measured at a total concentration of all &Pecies of 150 mM Atom fraction deuterium in solvent

(in the plateau region of Figure 1), was bell shaped with a Figure 3. The variation with the atom fraction of deuterium in solvent

maximum at pH between 7.8 and 8.5 (Figure 2). These dataof () Ruo/[E] and @) Ri/[E] catalyzed by H64A Co(ll)-HCA Il. The

could be fit to eq 7 describing proton donation by one dataarethe meanand standard deviations of three or four experiments.

; i The uncorrected pH meter reading was 8.5, no buffers were used, the
redominant grou iving the values of thi mf the donor

P group, giving oD total concentration of all species of @Qvas 150 mM, and the

gnd acce_ptorhgroups, buft I IIT n(_)lfhpOSSIble from the dat? of Figure temperature was 28C. The solid and dotted lines represent fits of the
to assign them specifically. 71u_s, a rat_e constant for proton Gross-Butler equation to the data assuming one proton and two or

transfer kg (eq 7), near 9« 10° s™* is obtained when theky more protons in motion, as described in the text.

of 7.8 determined from the data is assigned to the zinc-bound

water and the i, of 8.4 is assigned to the donor group. If these (Figure 3; uncorrected pH meter reading of 8.5). These data

assignments are reversed, the valudgis 3.5 x 10° s, were obtained near the maximum in the bell-shaped pH profile
Ru,0/[E] and Ry/[E] for catalysis by H64A Co(ll)-HCA I of the rate constariR,o (Figure 2). For the catalysis by H64A

were linear functions of the atom fraction of deuterium in solvent Co(ll)-HCA 1l shown in Figure 3, the solvent hydrogen isotope
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Figure 4. The dependence on the concentration of 4-methylimidazole
of Ruy,of/[E] catalyzed by M) H64A Zn(l1)-HCA 1l and by () H64A
Co(Il)-HCA 11. Data were obtained at pH 7.8 and 25 with solutions
containing a 150 mM concentration of all species of;@@d with the
total ionic strength of solution maintained at a minimum of 0.2 M with
NaSOy.

effect (SHIE) for the maximal value &4,0/[E] was 2.0+ 0.1.
The SHIE forRy/[E] catalyzed by this Co(ll)-substituted variant
was 0.83% 0.05.

Figure 4 demonstrates the effect of the exogenous proton
donor 4-methylimidazole orRu,o/[E] for the Zn(ll)- and
Co(ll)-containing mutants at pH 7.8 and in the presence of 150
mM total concentration of species of GAH64A Zn(ll)-HCA
Il showed considerable enhancement upon increasing the
concentration of 4-methylimidazole, very typical of the chemical
rescue effect observed with mutants of carbonic anhydrase
lacking the proton shuttle residue His 84.In contrast,
Ru,0/[E] catalyzed by H64A Co(ll)-HCA Il was greater than
that for the Zn(ll)-containing enzyme and showed no significant
increase upon increasing concentration of 4-methylimidazole.
There was no enhancementRif[E] for H64A Co(ll)-HCA Il
upon increasing concentrations of 4-methylimidazole, but there
was a small decrease or inhibition with an apparent inhibition
constant near 150 mM (data not shown).

In contrast to these results on catalyZ8@ exchange at
chemical equilibrium, the response in the catalysis of,CO
hydration under initial velocity conditions to the exogenous
proton shuttle 4-methylimidazole was similar for both Zn(ll)-
and Co(ll)-containing H64A HCAII (Figure 5). The enhance-
ment ofke for hydration in these cases is about 2- to 4-fold
measuring from 5 mM 4-methylimidazole to approaching
saturation. However, it is apparent from the enhancements thal
the overall rescue effect would be greater if we had a value for
keat @t very low buffer concentration. This effect of 4-meth-
ylimidazole onk:owhich causes a similar activation for catalysis
by both the Co(ll)- and Zn(ll)-containing enzymes is a reflection
of the initial velocity conditions in the hydration direction before
the accumulation of appreciable product bicarbonate.

Carbonic Anhydrase from M. thermophila (Cam). Figure
6 shows the substrate dependencé&igb and R; determined
from the catalysis o¥%0 exchange by Cam at pH 8.5. The rate
constantRy,o/[E] is enhanced appreciably with increasing
concentrations of total substrate and in this aspect resemble
catalysis of'80 exchange by H64A Co(ll)-HCA 1l. The pH
profile of Ru,o/[E] at high substrate concentration during

150

200

catalysis by Cam is bell-shaped indicating the presence of one

or more prominent proton donors oKpeither 6.8 or 8.9, as

described in the legend to Figure 7. There was no increase in

Ru,0 catalyzed by Cam upon increasing the concentration of
4-methylimidazole up to 200 mM. Howevekgy for CO,

Tu et al.
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Figure 5. The steady-state turnover numbeg: in catalysis of the
hydration of CQ by (l) H64A Zn(I)-HCA 1l and by (0) Co(ll)-H64A

HCA 1l plotted versus the concentration of the exogenous proton donor
4-methylimidazole at pH 7.7. Data were obtained by stopped-flow
spectrophotometry at 2% and with the total ionic strength of solution
maintained at a minimum of 0.2 M with N&Cy.
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Figure 6. The dependence on the total concentration of al} §i§&cies

of (O) Ru,o/[E] for 0 exchange andi) Ry/[E] for the interconversion

of CO, and HCQ™ catalyzed by Cam. Data were obtained at pH 8.5
and 25°C with the total ionic strength of solution maintained at a
minimum of 0.2 M with NaSQ.. [E] is the total enzyme concentration.
No buffers were added.

100

value near 8« 10* s™1 by addition of 4-methylimidazole from
2.5 mM reaching a plateau at about 25 mM of this donor (data
not shown).

t

Discussion

There is a strong similarity in the enhancement of the rate of
release of labeled water from the active site of H64A Co(ll)-
HCA 1l caused by increasing concentration of £€pecies
(Figure 1) and the enhancement caused by exogenous proton
donors such as imidazole and derivative$his suggests that
a component of the total substrate concentration is acting as a
proton donor to H64A Co(ll)-HCA Il to a much greater extent
than to its Zn(ll)-containing counterpart (Figure 1). The proton
Sdonor to which this effect is attributed is surely HEGsince
carbonic acid, HCO;, is present in only very small amounts
(about 0.1% of C@?” and is not present at sufficient concentra-
tions to donate protons at the catalytic rates measured here.
These considerations suggest that for the Co(ll)-substituted
enzyme, bicarbonate is a source of protons that enhdftes
exchange andRy,0. Such a transfer of a proton between

(27) Butler, J. N.Carbon Dioxide Equilibria and their Applications

hydration catalyzed by Cam was increased about 4-fold to a Addison-Wesley Publishing Co.: Reading, MA, 1982; pp 15 and 16.
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0.10 Chart 1
O O
_ 0.08 H/ \04
- 1
ﬁ 0.06 181 |
[Ty . /O\ /O
= 0.04 H Co(ll)
3 ; / |\
(14 p
002 |
‘ of catalysis (eq 2), consistent with proton transport through a
0.00 . , hydrogen-bonded water chain connecting the zinc-bound water
6 7 8 9 with the imidazole ring of His 64 which is located at a distance

pH of abou 7 A from the zinc® We have sufficient precision to

Figure 7. The pH profile forRu,0/[E], the rate constant for proton comment that the da_ta fPV H64A Co(Il)-HCA ”_ are not
transfer dependent release of#0 from the Cam as in eq 4. Data  adequately fit to a logarithmic dependence on deuterium content,
were obtained at 25C with the total concentration of all species of ~as demonstrated by comparing the solid and dashed lines in
CO, at 200 mM and the total ionic strength of solution maintained at Figure 3, but are consistent with a linear dependence suggesting
a minimum of 0.2 M with NaSQ.. [E] is the total enzyme concentration.  the possibility of the transfer of a single proton.
No buffers were added. The solid line is a least-squares fit of eq 7 |n addition, wherea%%0 exchange catalyzed by Zn(ll)-H64A
resulting in wo values of g at 6.8+ 0.1 and 8.9 0.1 with ks = HCA Il is enhanced by the exogenous proton donor 4-meth-
(1.0 0.1) x 10° s™* when the K, of the zinc-bound water is taken  yjimiqazole, H64A Co(ll)-HCA Il shows no significant en-
as 6.8; when thefy of the zinc-bound water is taken as 8.9, k= hancement (Figure 4). This is presumably because H64A Co(ll)-
1.4 x 10" s'1. No measurements were taken at pH because the ; .
solubility of CO, was exceeded. HCA 1l already has a maximal proton shuttle mechanism from
another source. Measured at steady state, both the zZn(Il)- and
bicarbonate and the cobalt-bound labeled hydroxide, as in eqCo(ll)-containing enzymes are activated to nearly the same
4, would result in the formation of #£0 which exchanges extent in the C@ hydration direction by the external proton
rapidly with unlabeled bulk water. acceptor 4-methylimidazole (Figure 5). These data are also
The crystal structure of Co(ll)-HCA 1l is nearly identical with  consistent with the suggestion that bicarbonate is a source of
that of the native zinc-containing enzyme; both show a protons in thé®O exchange experiment at chemical equilibrium,
coordination about the metal that is very nearly tetrahedral with but not under initial velocity conditions in the hydration of €O
three histidine ligands and a fourth aqueous ligand. The root- for which the concentration of HGO is minimal.
mean-square deviation foroCatoms is 0.09 A in comparing We therefore suggest that H64A Co(ll)-HCA Il is enhanced
these two structure®:2° Hence, we anticipate no significant in catalysis ofl80 exchange by a mechanism in which HCO
difference in the structures of H64A Co(ll)-HCA Il and H64A  binds to the metal and transfers a proton directly to the cobalt-
Zn(I)-HCA 1l predominating at equilibrium. This suggests that bound hydroxide, as in Chart 1. The data suggest the presence
the appreciably enhanced proton shuttle mechanism in H64A of a proton transfer between ligands of the metal in the
Co(ll)-HCA 1l at chemical equilibrium is related to the metal enzyme: M(HCQ )(*80H~) == M(CO3%")(H,'0), where M
itself, and suggests a mechanism of enhancemerf by is cobalt. A mechanism similar to Chart 1 in which cobalt-bound
proton transfer from cobalt-bound bicarbonate. It is unlikely water donates a proton to cobalt-bound hydroxide provides an
that there is a binding site at other locations in the active-site explanation for the enhanced relaxation rate of the proton

cavity from which bicarbonate could influen&g,o, or it would magnetic resonance of water in the presence of Co(ll)-containing

also be present in H64A Zn(Il)-HCA 1I. carbonic anhydras®.Straer et al*® have shown that bicarbonate
The solvent hydrogen isotope effect (SHIE)Rno/[E] (2.0 bound to an arginine residue of leucine aminopeptidase acts as

+ 0.1) (Figure 3) provides support that the effect Rgo of a general base in catalysis facilitating proton transfer from a

increased concentration of GOpecies is at least in part due to  zinc-bridging water to product.

proton transfer. Moreover, the proton inventory of Figure 3 In Chart 1, we rely on the well-known property of the
shows thaRy,0 is consistent with a linear dependence on the carbonic anhydrases in tleclass to expand their coordination
atom fraction of deuterium in solvent. Such a linear dependencenumber about the zinc or cobalt to accommodate additional
suggests changes in the fractionation factor of one hydrogen inligands343% The visible and near-infrared spectra of the
the transition state of the rate-limiting step. This linear Co(ll)-carbonic anhydrases are particularly rich in evidence of
dependence is in contrast to the logarithmic dependence of suctthe variation of coordination geometries about the cobalt.

a plot fork.qccatalyzed by HCA IE"30The dotted line of Figure ~ These spectra show a range of absorbance that reflects four-
3 represents the dependenceRpio/[E] calculated from the and five-coordination as well as intermediate states upon anion
Gross-Butler equatiof! assuming a logarthmic dependence on binding. The crystal structure of the SCNcomplex with

the atom fraction of deuterium in solvent with the same overall Zn(ll)-HCA 1l shows that the coordination geometry about the
SHIE on Ru,o/[E]. For wild-type HCA I, the logarithmic metal has expanded to include both a thiocyanate and a water
dependence was interpreted to indicate changes in bonding tamolecule in an approximately square pyramidal coordinatton.
two or more hydrogens in the transition state of the second stageThe crystal structure of the bicarbonate complex with Co(ll)-
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substituted HCA 1l shows the coordination of two oxygens of to Cam, possibly to the zinc of Cam. This explanation is
the bicarbonate and the oxygen of a water molecule, all found consistent with the coordination geometry about the zinc in Cam
within 2.3 to 2.5 A from the cobaf® moreover, the structure  which is pentacoordinate, with two solvent ligands of the
of T200H Zn(Il)-HCA 11 also shows what the authors describe metall3 because it suggests that hydroxide and bicarbonate can
as “pseudo bidentate” coordination of bicarbonate to the metal bind simultaneously at the metal, as in Chart 1. In addition, the
with oxygen—metal distances of 2.2 and 2.5 A from the z#ic.  crystal structure shows that in binding to Cam bicarbonate
However, we suggest proton transfer in Chart 1 as the speciesdisplaces two water ligands and forms a bidentate complex with
that pertains in thé80-exchange experiments, and that bicar- the zinc!? It is possible therefore thdfO is exchanged from
bonate bound to the metal is monodentate allowing proton the active site to solution by a mechanism equivalent to Chart
transfer to the metal-bound hydroxide. It is likely that proton 1 but with zinc. These data also provide an explanation for the
transfer from bicarbonate is more efficient for the Co-bound exchange ot®O catalyzed by Cam as first reported by Alber et
than the Zn-bound mutant because expansion of coordinational.;}* a substantial contribution dRy,0 in that case is due to
about the cobalt favors the structure of Chart 1 to a greater extentactivation by bicarbonate.

than for zinc. Also like Co(ll)-substituted H64A HCA I, there was no

We assume from the data of Figure 2 that th&, pf the activation ofRu,0 caused by increasing concentrations of the
cobalt-bound water is 7.8 and that of the cobalt-bound bicarbon- exogenous proton donor 4-methylimidazole (data not shown);
ate is 8.4. For unbound bicarbonate in solution tkgip 9.8%7 however, there is substantial activatiorkgf for CO, hydration

The proton transfer appears from Figure 2 to be efficient, with measured under initial velocity conditions for a number of
a value of the rate constakg from eq 7 for proton transfer  buffers!®12including 4-methylimidazole (data not shown). The
from bound bicarbonate to the zinc-bound hydroxid&,(pf pH profile for Ry,o/[E] catalyzed by Cam in Figure 7 is
conjugate acid 7.8) of (8.& 1.8) x 10° s L. This is an efficient consistent with a single predominant proton donor withka p
proton transfer comparable to the rate constant neérs10 of either 6.9 or 8.9. Assuming that th&pof the zinc-bound
estimated for the contribution of His 64 to proton transfer in water is 6.9 and thel, of zinc-bound bicarbonate is 8.9 results
wild-type HCA 11.116.17We point out that we cannot firmly  in a rate constant for proton transfer between bound bicarbonate
assign the K, of 7.8 to the cobalt-bound water of Chart 1; if and the zinc-bound hydroxide of 1:0 10° s™1.

this is the X, of the bound bicarbonate and 8.4 is the,f It is useful to address the question of whether in living cells
the cobalt-bound water, thdg is (3.5+ 1.3) x 1(f s'1. The bicarbonate enhances carbonic anhydrase catalysis by acting as
pKa of the cobalt-bound water in the absence of bicarbonate is a proton donor by the mechanism of Chart 1 and eq 2 in which
near 6.9% Using eq 6, an apparent second-order rate constantBH* would designate bicarbonate. This is less likely in human
ke®*YKe® of 7 x 10° M~ s71 describes the bicarbonate and animal cells in which bicarbonate concentrations are near
activation of Ry,o/[E] for H64A Co(ll)-HCA Il in Figure 1. 25 mM than in archaea in which there is rapid intracellular
This is somewhat less than the diffusion-controlled value near production of carbon dioxide that could result in much higher
10° M1 s, but still indicates a very efficient proton transfer.  bicarbonate concentratiof&In these cases, bicarbonate may
In general, dianions do not bind at the zinc in carbonic contribute to overall dehydration activity by acting as a proton
anhydrase, although oxalate has been found to bind verydonor as suggested for wild-type Cam. Moreover, this effect
weakly3° The metal-bound carbonate, a dianion resulting from could be a significant contributor to catalysis by homologues
the proton transfer of Chart 1, might not need reprotonation to of Cam lacking Glu84 as a proton shuttle residuélhis
dissociate readily from the active site, or it might become mechanism for enhancement of catalysis by bicarbonate will
protonated and dissociate as bicarbonate or proceed in catalysitave a much smaller effect on GQydration catalyzed by

in the dehydration direction. The enhancemenReb by total carbonic anhydrase because catalysis in this direction requires
substrate for H64A Co(ll)-HCA 1l at pH 8.5 shows an approach transfer of protons from enzyme to solution and bicarbonate is
to saturation with a very weak binding constant for bicarbonate a poor proton acceptor.

that is estimated from Figure 1 to be near 64 mM.
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