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ABSTRACT. Catalysis of the hydration of Cy human carbonic anhydrase isozyme Il (HCA 1) is sustained

at a maximal catalytic turnover ofids™! by proton transfer between a zinc-bound solvent and bulk solution.
This mechanism of proton transfer is facilitated via the side chain of His64, which is located 7.5 A from
the zinc, and mediated via intervening water molecules in the active-site cavity. Three hydrophilic residues
that have previously been shown to contribute to the stabilization of these intervening waters were replaced
with hydrophobic residues (Y7F, N62L, and N67L) to determine their effects on proton transfer. The
structures of all three mutants were determined by X-ray crystallography, with crystals equilibrated from
pH 6.0 to 10.0. A range of changes were observed in the ordered solvent and the conformation of the side
chain of His64. Correlating these structural variants with kinetic studies suggests that the very efficient
proton transfer{7 us ) observed for Y7F HCA Il in the dehydration direction, compared with the wild
type and other mutants of this study, is due to a combination of three features. First, in this mutant, the
side chain of His64 showed an appreciable inward orientation pointing toward the active-site zinc. Second,
in the structure of Y7F HCA II, there is an unbranched chain of hydrogen-bonded waters linking the
proton donor His64 and acceptor zinc-bound hydroxide. Finally, the differenci.infthe donor and
acceptor appears favorable for proton transfer. The data suggest roles for residues 7, 62, and 67 in fine-
tuning the properties of His64 for optimal proton transfer in catalysis.

The phenomenon of long-range proton transfer has beenstructures of HCA 1l show about equal occupancy of inward
observed in many biological systems, including bacterio- (directed toward the active site) and outward (directed away
rhodopsin, cytochromeoxidase, adenosiné-fiphosphate  from the active site) conformations of the side chain of His64
synthase, and the photosynthetic reaction center. Catalysig3, 4). The structure of the active site of HCA Il has been
by human carbonic anhydrase isozyme Il (HCAHne of well-characterized, and several amino acids (Tyr7, Asn62,
the fastest enzymes known, is sustained at a maximalHis64, Asn67, Thr199, and Thr200) appear to be involved
catalytic turnover near As* in the hydration of C@ HCA in the stabilization of a network of ordered water molecules
Il is a simple model system for studying long-range proton observed in crystal structures (Figure 1;2#,0/OH-, W1,
transfer in a protein, because the rate-limiting step in the W2, W3a, and W3b), which offer strong clues as to the
maximal velocity of catalysis is the transfer of a proton pathway of the intramolecular proton transfer between the
through intervening solvent molecules between the catalytic zinc-bound solvent and His68<5).
zinc-bound solvent and a proton shuttling residue His64, HCA Il catalyzes the hydration/dehydration of €@ two
which is located~7.5 A from the zinc {). It has been separate and distinct steps, eqs 1 an8-27).
suggested that efficient shuttling may require some confor- _ H,0
mational mobility of the side chain of His6£2) Crystal CO, + EZnOH =EZnHCO, =—

EZnH,0 + HCO, (1)
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T19;}. MATERIALS AND METHODS
\ Enzyme PreparatiorMutants of HCA Il were made by
T200 site-directed mutagenesis using expression vectors containing
", Zn-H,0/OH; the HCA Il coding region, 11). Residue Tyr7 was mutated
h to Phe, and residues Asn62 and Asn67 were separately
5 mutated to Leu using a plasmid encoding the sequence of

wild-type HCA 1l. Plasmids with the appropriate mutations
in the cDNA of HCA Il were made by site-directed
mutagenesis using the Qiagen QuikChange Il kit. The
sequences of these mutants were confirmed by sequencing
the DNA of the entire coding region for CA in the expression
vector. Expression of the mutated vectors was done by
transforming intdEscherichia colBL21(DE3)pLysS, which
does not express any indigenous CA under our conditions.
Purification of these mutants was performed by using affinity
chromatography on a gel containing-(aminomethyl)-
- benzene-sulfonamide coupled to agarose beEjsfollowed
N67 by dialysis against a 15 mM Tris solution at pH 8.0. HCA
¢ Il and these mutants bind sulfonamides tightly; therefore,
Ficure 1: Crystal structure of the active site of wild-type HCA Il the. enzyme co'ncentratlon Wa.s determined by titration of
at pH 7.0. Red spheres represent ordered water molecules and arCtive sites with ethoxzolamide measured by tH®

numbered (W1, W2, W3a, and W3b), and red dashed lines indicate€Xchange between G@nd water, analyzing data with the
distances consistent with hydrogen bonds {&& A). The side Henderson approachd). Concentrations determined in this

chain of His64 is shown in the inward and outward conformations. manner were in agreement with those determined from the
Data are from Fisher et ald) molar absorptivity at 280 nm of wild-type HCA Il (5.5

10* M~ cm™). Electrophoresis on a 10% polyacrylamide
gel stained with Coomassie Blue was used to confirm that
the purity of the enzyme samples was greater than 98%.

Oxygen-18 ExchangeThis method is based on the

N62

rate of catalysis compared with the wild tyde 9). Previous
studies have focused on the relation of the active-site water

structure with catalysis. Jackman et dl0Y replaced Ala65 depletion of 0 from species of C@as measured by

in_ HCA Il with a series of amino acids to determine_ that hembrane inlet mass spectrometty)( CO, passing across

disruption of the ordered solvent network Qbserved in the the membrane enters a mass spectrometer (Extrel EXM-200)

_crystal structure was related to a decrease in proton transfeioviding a continuous measure of isotopic content 06CO

in catalysis. In the first stage of catalysis, the dehydration of labeled
We have perturbed the structure of ordered water in HCA bicarbonate has a probability of transiently labeling the active

I by replacing three hydrophilic residues within the active- Site With%0 (eq 3). In a subsequent step, the protonation of

site cavity with hydrophobic residues (Y7F, N62L, and the zinc-bound®0-labeled hydroxide results in the release

N67L), and the effects of these substituents on proton transfer®f H2'°0 to the solvent (eq 4).

in the catalysis were measured. The X-ray crystal structure

of HCA Il shows that each of these side chains (Tyr7, Asn62, HCOO®0™ + EZnH,0 = EZnHCOJ°0™ =

and Asn67) are hydrogen-bonded to ordered water molecules 180~y 1

in the active-site cavity (Figure 18(4). The X-ray crystal COO+EZn™OH  (3)

structures of the corresponding three site-specific mutants P ) 1. HO

at 1.8-1.15 A resolution show a range of side-chain H His64—EZn"OH < His64-EZnH,"O~—

orientations for His64 and a number of changes in the ordered . 18

water structure. The data suggest that the very efficient proton His64-EZnH,0 + H, ™0 (4)

transfer &7 us™1) observed for Y7F HCA Il compared with

that of the wild type €1 us ) and the other mutants of this This **0-exchange approach yields two rates for @

study is due to several features of the structure that we have€Xxchange catalyzed by carbonic anhydrdsg. (The first is

observed. First, in this mutant, the side chain of Hise4 Fu the rate of exchange of GGand HCQ™ at chemical

showed an appreciable inward orientation pointing toward €auilibrium (eq 3), as shown in eq 5

the active-site zinc. Second, in the structure of Y7F HCA

I1, there is observed a nearly linear array of hydrogen-bonded Ry/[E] = kexlSV(KSs + [S]) ©)

water molecules, not branched, between the proton donor

His64 and acceptor zinc-bound hydroxide. Finally, tha p  Here, k3, is a rate constant for maximal interconversion of

of the imidazole ring of His64 is more acidic and hence a the substrate and producl(§ff is an apparent binding

better proton donor in Y7F HCA II. These features of residue constant for the substrate to enzyme, and [S] is the

7 as well as related results for residues 62 and 67 demonstrateoncentration of the substrate, either &®bicarbonatel’).

a function in fine-tuning the proton-transfer properties of The ratiok®/KS; is, in theory and in practice, equal kes/

His64. Km obtained by steady-state methods.
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A second rate determined by th©-exchange method is  represenk../Kn, for the catalyzed hydrolysis. The value of
Ru,0, the rate of release from the enzyme of water bearing K, is too large to measuriea:

substrate oxygen (eq 4). This is the component of*#ge Sobent Hydrogen Isotope Effects (SHIE#Je measured
exchange that is dependent upon the donation of protons tOSHIES: that is, the ratio of rate constants igCHto that in
the®O-labeled zinc-bound hydroxidé,(14). In such astep,  ggoy D:0. Deuterium oxide (99.9% D) was obtained from
His64 as a predominant proton donor in the catalysis providessigma-Aldrich and distilled from activated charcoal before
a proton (eq 4). The value 8,0 can be interpreted in terms ;e Measurements of pH in these experiments are uncor-
of the rate constant for proton transfer from His64 to the rected pH-meter readings, done to allow partial cancellation
zinc-bound hydroxide according eq 6, in whigh is the  of two factors: the correction required of a pH-meter to
rate constant for proton transfer to the zinc-bound hydroxide 5:count for solvent BD and the changes irkp for almost

and Ka)donorand Ka)znn,0 are the ionization constants of the 51 acids in the region of g, from 3 to 10 (.8).

proton donor and zinc-bound water molecule. The determi- Crystallography Crystals of the HCA Il single-site

nation of the kinetic constatg and ionization constants of . . .
i mutants were obtained using the hanging-drop vapor-

eq 6 was carried out by nonlinear least-squares methods .. ~. o
(Enzfitter, Elsevier-Biosoft, Cambridge, U.K.). diffusion method 19). The crystallization drops were

prepared by mixing %L of protein [concentration of+10

bs + + mg/mL in 50 mM Tris-HCI (pH 7.8)] with 5uL of the
kg™ = kg [1 + (Ka)gonof[H TI[1 + [H ]/(Ka)ZnHzol} (6) precipitant solution [50 mM Tris-HCI (pH 8.2) and 2.6 M
ammonium sulfate] at 293 K against 1000. of the

The uncatalyzed and carbonic-anhydrase-catalyzed ex-Precipitant soluti_on.. Useful crystals were observed 2 days
changes ofO between C@and water at chemical equi- after the crystallization setup. The different pH vaI_ues (pH
librium were measured in the absence of buffer unless stated0-0: 8-2, and 10.0) of the crystals were obtained by
otherwise at a total substrate concentration of 25 mM, using €quilibrating crystals in appropriate buffers [S0 mM MES
membrane-inlet mass spectrometty)( The temperature was &t PH 6.0, 50 mM Tris at pH 8.2, and 50 mM 3-(cyclohexy-

25°C, and the total ionic strength of the solution was kept &mino)-1-propanesulfonic acid (CAPS) at pH 10.0] and 2.6
at a minimum of 0.2 M by the addition of N8O. M ammonium sulfate. Crystals of Y7F HCA Il at pH 9.0

were obtained with 1.2 M sodium citrate as the precipitant

Stopped-Flow Spectrophotometritial rates of CQ [L00 mM Tris-HCI (pH 9.0)] using the same methods as

hydration were me_asgred by following th_e change in absor- described above. The pH stated is that measured at the start
bance of a pH indicator on an Applied Photophysics of the experiment

(SX.18MV) stopped-flow spectrophotometdi6f. The K, o

values and wavelengths for the pH indicatbuffer pairs The X-ray diffraction datasets for all of the mutant HCA
used to create pH profiles were as follows: Nerorpholi- 11 crystals (except the Y7F HCA Il at pH 9.0 data) were
no)ethanesulfonic acid (MES)Ka= 6.1) and chlorophenol ~ Obtained at room temperature, using an R-AXISHY

red (Ka = 6.3), 4 = 574 nm; 3-N-morpholino)propane-  IMmage plate system with Osmic mirrors and a Rigaku HU-

sulfonic acid (MOPS) (. = 7.2) andp-nitro phenol (jKa H3R Cu rotating anod.e operating at 50 kV and 100 mA.
= 7.1), A = 401 nm; N-2-hydroxyethylpiperaziné¢-2- The detectorcrystal distance was set to 100 mm. Each

ethanesulfonic acid (HEPES)Kp = 7.5) and phenol red dataset was colleqted at room tgmperature from one to three
(PKa = 7.5), 4 = 557 nm: tris-aminopropanesulfonic acid crystals mpunted in quartz capillaries. The oscillation steps
(TAPS) (K. = 8.4) andm-cresol purple (K. = 8.3),1 = were f.wnh a 7 min exposure per image. X-ray data
578 nm: and 2-(cyclohexylamino)ethylsulfonic acid (CHES) Processing was performed using DENZO and scaled and
(PKa= 9.3) and thymol blue (.= 8.9),4 = 596 nm. Final reduced with SCALEPA_CKZQ). Dataset statistics for N62L
buffer concentrations were 25 mM, and the total ionic @nd N67L HCA Il are given in Table 1a.

strength was kept at 0.2 M by the addition of 8. CO, The X-ray diffraction dataset for the Y7F-HCA Il (pH 9.0)
solutions were prepared by bubbling €to water at crystal from the sodium citrate condition was collected at
25 °C with final concentrations after mixing ranging from the Advanced Photon Source (APS) beamline SER-CAT-
0.7 to 17 mM. The mean initial rates at each pH were 22-ID with a wavelength of 0.9793 A. The crystal was quick-
determined from 5 to 8 reaction traces comprising the initial dipped in a cryo-protectant (20% glycerol in precipitant
10% of the reaction. The uncatalyzed rates were determinedsolution) prior to flash cooling and data collection at 100 K.
in a similar manner and subtracted from the total observed The crystat-detector distance was 100 mm, and 260data

rates. Determination of the kinetic constakis andkea/Knm with 1 s exposures were recorded to 1.15 A resolution on a
were carried out by a nonlinear least-squares method CCD detector. All data were indexed, scaled, and reduced
(Enzfitter, Elsevier-Biosoft). with HKL2000 (20). All Y7F HCA Il dataset statistics are

Esterase Actity. The catalysis by HCA Il and mutants  given in Table 1b.

of the hydrolysis of 4-nitrophenylacetate was measured by All manual model building was performed using Cadi)(

the method of Verpoorte et allT), in which the increase in  and refinement was carried out with the crystallography and
absorbance was followed at 348 nm, the isosbestic point of nuclear magnetic resonance (NMR) system (CNS) suite of
nitrophenol and the conjugate nitrophenylate ion using the programs, version 1.129). The wild-type HCA Il crystal
molar absorbtivity 5.0< 10° M~*cm™L. A Beckman Coulter ~ space group [Protein Data Bank (PDB) accession code 1TBT
DU 800 spectrophotometer was used to measure initial (4)] and therefore was isomorphous with all of the datasets
velocities. The buffers used at 25 mM were as identified in collected, was used to phase the datasets. To avoid phase
the previous paragraph. The rate constagtgeported here  bias of the model, the zinc ion, mutated residues, and water
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Table 1: Dataset, Refinement, and Final Model Statistics for the Crystallographic Study of (a) N62L and N67L HCA Il and (b) Y7F HCA Il

@)

N62L at pH 8.2

N67L at pH 8.2

N62L at pH 6.6

N67L at pH 6.6

unit cell dimensions 42.8,41.7,72.9, 42.6,41.7, 73.0, 42.8,41.6, 73.0, 42.6,41.6, 73.0,
[a, b, c (A),5 (deg)] 104.8 104.6 104.7 104.5
resolution (A) 20.6-1.70 20.6-1.65 20.6-1.80 20.6-1.80
number of unique 25 698 (2422) 27 340 (2590) 20 541 (2031) 21 266 (2142)
reflections
completeness (%) 93.1(88.9) 91.0 (87.4) 88.2 (86.9) 91.7 (92.6)
redundancy 3.2(3.3) 3.1(3.1) 4.1 (4.0) 3.4(3.2)
Rsymn? 0.108 (0.286) 0.085 (0.448) 0.106 (0.339) 0.075 (0.349)
number of protein/ 2058/132 2058/116 2058/108 2058/97
solvent atoms
Rerys®/Reree” 0.179/0.217 0.186/0.201 0.189/0.226 0.187/0.224
averageB factor (A2)
main/side chain 16.1/19.5 18.2/21.4 16.8/20.1 18.6/22.2
Zn/solvent/sulfate 10.4/29.6/na 11.5/29.6/na 10.5/28.7/129.7 13.4/29.5/31.8
(b) Y7F at pH 8.2 Y7F at pH 10.6 Y7F at pH 9.6
unit cell dimensions 42.8,41.7,72.9, 42.9,41.7,73.0, 42.3,41.4,72.3,
[a, b, c (A),5 (deg)] 104.7 104.8 104.3
resolution (A) 20.6-1.70 20.6-1.80 20.6-1.15
number of unique 25 613 (2444) 20874 (1951) 85 073 (8284)
reflections
completeness (%) 92.7 (89.8) 89.4 (83.9) 99.1 (96.8)
redundancy 3.9(3.9) 3.1(3.2) 4.2 (3.2)
Resymn? 0.060 (0.332) 0.071 (0.238) 0.079 (0.364)
number of protein/ 2057/115 2057/115 2057/270
solvent atoms
Rerys/Riree 0.181/0.199 0.179/0.200 0.161/0.186
averageB factor (A2)
main/side chain 16.6/20.1 15.1/18.5 11.3/16.1
Zn/solvent/sulfate 10.4/29.4/33.4 10.0/28.3/29.4 7.3/27.1/na

2Values in parentheses are for the highest resolution $hRljmm= Y|l — OOV (1 ¢ Reryst = 3 [|Fol — |Fel /3 |Fol- @ Reree is calculated the same
as Reys: for data omitted from refinement (5% of reflections for all datasets).

molecules were removed. After one cycle of rigid-body 2 and 4). In addition, the crystal structures of these variants
refinement, annealing by heating to 3000 K with gradual of HCA Il were determined.

cooling, geometry-restrained position refinement, and tem-
perature-factor refinementf2 — F. andF, — F. Fourier
electron-density maps were generated. These electron-densit
maps clearly showed the position of the zinc and mutated
residues, which were subsequently built into their respective
models. After several cycles of refinement, solvent molecules
were incorporated into the models using the automatic water-.
picking program in CNS until no more water molecules were
found at a 2.0 level. Refinement of the models continued

until convergence oR:ys; and Ryee Was reached.

The refinement of the Y7F HCA 1l (pH 9.0) structure,
which diffracted to 1.15 A resolution, was continued further
using SHELXL97 with the conjugate-gradient least-squares
(CGLS) mode using default restraints for protein geometry
(23, 24). After each round of CGLS refinemerft, — F.

Catalyzed Exchange dfO. The pH dependence of the
constantk/KS, for the hydration of C@was determined
Yor each mutant fromO exchange using mass spectrometry
(eqs 3 and 5). The pH profiles fdﬁ;/KEﬁ were quite
similar over the pH range from 5 to 9 (Figure 2). The values
of the kinetic Kaizno from these data represent the
ionization of the zinc-bound wateB,(15). The apparent
values of fXazmo were in the range from 6.4 to 7.3

determined from these pH profiles (Table 2). Maximal values

of KX/KS, from 90 to 140uM~! s'* were determined for
these variants of HCA Il (Table 3). These are similar to
values for wild-type HCA Il also given in these tables
determined in this and prior studie§, @, 16).

The rate constan®,,o/[E] measured by®0O exchange are

and F, — F. electron-density maps were generated and the determined by the transfer of protons between the zinc-bound

model and maps were visually inspected using C@&dj.(
All non-hydrogen atoms were refined anisotropically using
SHELXL97 default anisotropic displacement parameters.
Refinement of all models continued until convergence of
Reryst and Riee Was reached.

All refinement and final model statistics are given in parts

a and b of Table 1.
RESULTS

The site-specific mutants Y7F, N62L, and N67L HCA I
were investigated for their catalytic properties, both in the
interconversion of C@and bicarbonate (eqs 1 and 3) and

solvent molecule and His64 in wild-type HCA [1,(8). The

rate constarf®.,o/[E] measures the proton-transfer-dependent
release of K80 from the enzyme (eq 4) and is determined
at chemical equilibrium, which has the advantage that

measurements can be made in the absence of buffers, because

pH control is not a significant problem. Buffers can

participate in proton transfer and complicate interpretation.
The pH profiles for the rate constaRfi,o/[E] are complex
but appear bell-shaped for much of the region between pH

6 and 9 (Figure 3). The bell-shaped componentlgé/[E]
were fit to eq 6 describing the proton transfer in terms of
the ionization constants of His64 and the zinc-bound water

in the proton-transfer-dependent components of catalysis (eqanolecule, an equation that has been used previously to



Carbonic Anhydrase Il

log(kcat" /Kett")

FiIGURE 2: pH profiles for K%/KS, for the hydration of CQ
catalyzed by the following variants of HCA I1:4() wild type, (»)
Y7F, (O) N62L, and @) N67L. Data were obtained by%O
exchange using solutions at 26 containing 25 mM of all species
of CG; at sufficient NaSQ, to maintain 0.2 M ionic strength. No
buffers were added.

Table 2: Apparent Values ofifa Obtained by Various Kinetic
Measurements of Catalysis by HCA Il and Mutants

pKa ZanOb PKa znH0
enzyme a iss#  PKa znkpo® (KEIKS) (esterase)
wild type 7.2 6.8 6.9 6.9
Y7F 6.C° 7.0 7.1 7.0
N67L 7.5 6.0 6.4 6.7
N62L d d 7.3 7.0

@ Measured from the fits of eq 6 to the data of Figure 3. The values
of the Ka zno have a standard errors generally negd.1 and no
greater thar:0.2. ° Measured from the data of Figure 2. As evident in
Figure 2, small perturbations were observed that could be fit by
including a second ionization; however, these were not included in this
table. The standard errors ifKpare mostly+0.1 and no greater than
+0.2.¢ These measurements were at°IDto enhance stability; the
plot is shown in Figure 4. All other data in the table were obtained at
25°C. 9The pH profile was irregular, with no predominant ionizations
apparent (Figure 3).

describe this processl], 25). This procedure gave an
excellent fit to the experimental values Bf,o/[E] for the
wild type and N67L HCA 11, as shown by the solid lines in
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greater than the value O:& ! for the wild type, to 0.2us7*

for N67L HCA Il. The SHIE onkg for catalysis by Y7F
HCA Il was 2.5+ 0.3, measured at an uncorrected pH-meter
reading of 6.2, at the maximum of the pH profile. This value
is consistent with rate-limiting proton transfer.

The varied access of buffers to the active site is demon-
strated by the activation &,0/[E] by added 4-methylimi-
dazole (4-Ml, K, = 7.8), shown in Figure 5. Here, clearly,
4-Ml is a more efficient activator for Y7F HCA 1l than the
other variants likely because of enhanced access to the active
site. The downward slope observed for wild-type and Y7F
HCA 1l at higher concentrations of 4-Ml is due to an
inhibition at higher concentrations of 4-MI. This effect was
studied by Elder et al.2g).

Stopped-Flow Spectrophotometiyalues of k.o/Kn, for
hydration predominantly depend upon the fraction of the
aqueous ligand of the zinc that occurs in the zinc-bound
hydroxide form 8). Maximal values ok../Kn, for hydration
are given in Table 3 for the enzymes of this study. The SHIE
on Keof Ky for dehydration by Y7F HCA 1l (uncorrected pH-
meter reading 5.6) was 0.74 0.07. Values of the steady-
state constark.,; for hydration have a maximum at high pH
(8). The pH profiles for the steady-state constagtfor the
hydration of CQ catalyzed by variants of HCA Il had
considerable scatter, with individual points clustered or
grouped according to the buffer used (Supplementary Figure
1 in the Supporting Information). This feature is due, in part,
to varied access of buffers as proton acceptors in the active-
site cavity. Nevertheless, the data do show the expected
increase ink.,: With increasing pH; maximal values &fa
are given in Table 3. The SHIE dg, for dehydration by
Y7F HCA Il (uncorrected pH-meter reading 5.6) was 0.81
+ 0.10.

Esterase Actiity. As another measure of catalysis and the
ionization of the zinc-bound water molecule, we determined
the capacity of the mutants of Table 2 to catalyze the
hydrolysis of 4-nitrophenyl-acetatd¥). In this case, we
measured the pH profile d§./Kn, for hydrolysis;Ky, is too

Figure 3, with parameters for the constants of eq 6 measuredarge to allow for the measurement k; for this esterase

at 25°C given in Table 3. The fit of eq 6 to the data for
Y7F HCA 1l was not adequate because of instability at low
pH; we measured this pH profile at 2C€, data for which

function. The data were fit to a single ionization (Supple-
mentary Figure 2 in the Supporting Information), with values
of the kinetic K, between 6.7 and 7.0 (Table 2), a measure

are adequately represented by eq 6 (Figure 4). The pH profileof the ionization of the zinc-bound water. The maximal value

for N62L HCA Il showed only a complex pH dependence
at pH 5-7 (Figure 3), making interpretation difficult.

The fit of the data foR4,o/[E] using eq 6 gives estimates
of the K, for the donor (His64) and acceptor (zinc-bound

of keaf Ky for Y7F in this esterase function was significantly

larger and the maximal value d&../K, for N67L was

significantly smaller than that of the wild type (Table 3).
Crystallography. All crystals were isomorphous and

water) (Table 2), as well as a rate constant for proton-transferbelonged to space group2; with mean unit cell dimen-

ks in the dehydration direction (Table 3). The data demon-
strate that the values oK znio Of the zinc-bound water
near 7 for the wild type and Y7F and to a lesser extent N67L

sions:a=42.7+0.3A b=4164+0.2A,c=729+05
A, and p = 104.6 + 0.3°. The HCA Il mutant datasets
collected at pH 8.2 were processed to 1065 A resolu-

HCA Il are confirmed by independent measurements of tion, while the other pH datasets were processed to 1.8 A
PKa znmo from K/KS, for hydration andkea/Km for cataly- resolution. In addition, the structure of Y7F HCA Il at pH

sis of the hydrolysis of 4-nitrophenylacetate (Table 2). These 9.0 was collected at APS and processed to 1.15 A resolution.
assignments of i, values are used to determine values of A summary of the datasets and final model statistics are given

ks from fits of eq 6. These fits also allow an estimate of the

pK, of His64, which is shown in Table 2; note that thi€p

at 6.0 for Y7F is lower than that for wild-type HCA II.
With appropriate assignments oKy values ofkg could

be determined. The values ki varied considerably from

about 4us™! for Y7F HCA Il (measured at 10C; a value

of 7 us™! is estimated at 25C), which was considerably

in parts a and b of Table 1.

Atomic coordinates for Y7F [pH 8.2 and 10.0 (ammonium
sulfate) and pH 9.0 (sodium citrate)], N62L [pH 8.2 and 6.0
(ammonium sulfate)], and N67L [pH 8.2 and 6.0 (ammonium
sulfate)] HCA Il have been deposited with the PDB as entries
2NXR, 2NXS, and 2NXT; 2NWO and 2NWP; and 2NWY
and 2NWZ, respectively.
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Table 3: Maximal Values of Rate Constants for the Hydration ob,d@hydration of Bicarbonate, and Hydrolysis @Nitrophenylacetate
Catalyzed by HCA Il and Variants

(KA KS)P (KealKm)® KealKm Keaf kg" Keaf
variant orientation hydration hydration esterase hydration dehydration dehydration
of HCA Il of His64 WM tsh (uM~ts™h (M-1s™h) (us™) (us™) (us™)
wild type infout 120 120 2800 1.4 0.8 0.29
Y7F in 120 100 4400 14 399 0.05
N67L out 90 80 1150 1.0 0.2 0.05
N62L in 140 100 2050 0.4 021 0.10

aThe standard errors for these rate constants are generally 20% drNésasured from the exchange 8O between C@and water using eqs
5 and 6. Measured by stopped-flow spectrophotometiJhese measurements were at°@to enhance stability; the plot is shown in Figure 4.
All other data were obtained at 2&. ¢ The pH profile was irregular, with no predominant ionizations apparent (Figure 3). We eskisregehe
maximal value ofRy,0/[E] from Figure 3.

0.4
— —~ 03
my a
3 2
g —
D::: w 0.2
°
=] I
[} I
- T o1
0 . L . )
5 6 7 8 9 0 50 100 150 200
pH [4-methylimidazole] mM

FiGURe 3: pH profiles forRy,o/[E], the rate constant for the release  FIGURE 5. Enhancement by 4-Ml oRy,o/[E] catalyzed by the
of H,180 from the enzyme, catalyzed by the following variants of following variants of HCA II: @) wild type, (A) Y7F, (O) N62L,
HCA 1l: () wild type, (&) Y7F, (O) N62L, and @) N67L. and @) N67L. Data were obtained at pH 7.8 with other conditions
Conditions were the same as in Figure 2. All of these data were as described in Figure 2.

observed at 25C.

the wild type. The presence of this hydrophobic residue at
position 67 most likely caused the observed disruption and
consequent displacement of the waters in the active site
A (Figure 6B).

In the Y7F HCA Il mutant structures at pH 8.2 and 10.0
(ammonium sulfate precipitant) and pH 9.0 (sodium citrate
precipitant), the water network is mostly conserved
Aa (Figure 7). As might be expected, the loss of the hydroxyl
A group at residue 7 in Y7F HCA Il resulted in the removal
0 : : : of water molecule W3a, which is part of the active-site water

5 6 7 8 ° network in wild-type HCA Il (Figure 1). The side chain of
PH Phe7 occupied a similar orientation as Tyr7 in wild-type

Ficure4: pH profile ofR.,0/[E] in catalysis by Y7F and measured  HCA |1, with His64 entirely in the inward position with no
at 10°C. Other conditions as listed in Figure 2. observed dual conformation at this resolution (Figure 7C).

For the N62L HCA Il mutant crystallized at pH 8.2, the Whe_n _Y?F was crystz_illized using ammonium sulfate as the
His64 side chain appears entirely in the inward position, with Precipitant, a sulfate ion was observed bound to the zinc at
no evidence of the outward orientation (Figure 6A). The side PH 8.2 (Figure 7A). In wild-type HCA I, sulfate binding at

chain of Leu62 has also shifted compared to that of Asn62 the zinc only occurs at low pH-(5.0) as determined from
in the wild type (Figure 1). In this mutant, Leu62 moved both the crystal structuré) and inhibition of catalysisZ7).

into a more hydrophobic region in close proximity to Leus0. !N the mutant Y7F HCA II, Phe7 could be causing a higher
Because of the alternate conformation of Leu62 away from affinity of sulfate in the active site.
the solvated area in the active site, this side chain appears From structural studies of wild-type HCA 11, it is known
to have little influence upon disrupting the network of thatthe presence of sulfate does not affect the water network
ordered water molecules. Consistent with this, the water or the orientation of His64 in the active sité)(To assess
network is conserved with that of the wild type but with the the effect of sulfate in the N62L and N67L HCA Il mutants,
hydrogen bond between Leu62 and W3b removed their structures were determined at pH 6.0 to induce sulfate
(Figure 6A). binding. As predicted, sulfate was observed bound in both
In contrast to the N62L HCA Il at pH 8.2 structure, the of these mutants and the conformation of His64 was
N67L HCA Il active-site water network is completely unchanged (parts C and D of Figure 6). His64 was either
disrupted at the same pH (Figure 6B) and His64 is observedall in the inward orientation for the N62L HCA Il structure
to be entirely in the outward position. The conformation of or all in the outward orientation for the N67L HCA I
the side chain of Leu67 is consistent with that of Asn67 in structure.

0.3 7'y

o
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Ri20/[E] (us”)




Carbonic Anhydrase |l Biochemistry, Vol. 46, No. 12, 2003809

(A) A T199 (B) _FT199
- '\ Zn H,JO:"DH 200 ‘\ Z1-H,0/0H'
L \-. °/ Y H94
‘VQ’ W‘ér.z * ¢ o .
F2

p
Ve H119 H119%

: H96 . H96
Ho4 = ; Do
E‘ 7, H64

\ “out” 7,
/“r/ N67 vez /

_AT199 D) Y"’Tl 99
T200 \ sulfate 200 sulfate

' —
5 pe
Ve

(©€)

H119
’ — ¢ H96
“in Hé4 7/ /
“out” "\
\"' NET woz & L67

Lé2 /

FIGURE 6: Active site of site-specific mutants of HCA Il crystallized at pH 8.2 and 6.0. (A) N62L at pH 8.2, (B) N67L at pH 8.2, (C) N62L
at pH 6.0, and (D) N67L at pH 6.0. Active-site residues are shown as yellow ball-and-stick models; the zinc atom is a black sphere; and
solvent water molecules are red spheres. This figure was generated and rendered with BobScript and Raster3D, re3petfively (

Therefore, the determination of all three mutant structures DISCUSSION
in the presence and absence of sulfate indicates that sulfate
binding does not have any significant effect on the crystal We have replaced three hydrophilic residues in the active-
structures of either His64 conformation or the active-site Site cavity of HCA Il with residues of approximately
water network (Figures 6 and 7). equivalent size but with hydrophobic characteristics (Y7F,
An interesting observation was the effect of pH on the N62L, and N67L HCA I1). Each of these residues in wild-

conformation of Leu62 in the N62L HCA Il structures, which  YP& HCA Il are hydrogen-bonded to a conserved water in
exhibits a pH-dependent preferred orientation (parts A and & Nétwork of ordered hydrogen-bonded waters observed in
C of Figure 6). At the lower pH 6.0, Leu62 extends more the X-ray crystal structure (.Flgure. 1). We have determined
into the active site and appears to disrupt the water network that these substituted amino acids have effects on both
in a similar way to Leu67 in N67L HCA Il (Figure 6B). structure _and cataIyS|s; .they cause c_hanges in the water
This is in contrast to its conformation at pH 8.2, where it Structure in the active site, changes in the apparéat p
folds back into a hydrophobic region without affecting the €hanges in ratios of inward and outward conformations of
solvent network (Figure 6A). the side chain of the proton shuttle H|_364, and _changes in
The Y7F HCA Il mutant structure was determined at pH }:'EGTt:ngotﬂsetaz?r:Jgoﬁgtg%a:;?mfer in catalysis between
10.0 in an attempt to have a sulfate-free active site. '
Unexpectedly, sulfate was still bound even at this high pH;  CatalysisIn general, the mutations at positions 7, 62, and
however, the water network was still intact, and His64 still 67 caused, at most, minor changes in the rate constants that
occupied the inward position exclusively. Because efforts report the catalytic interconversion of G@nd bicarbonate.
to remove the zinc-bound sulfate by changing the pH of Measurements b0 exchange okSX/KS; for the hydration
ammonium-sulfate-grown crystals were unsuccessful, crystalsof CO,, the first stage of catalysis (eqs 1 and 3), showed no
were prepared using sodium citrate as described in thesubstantial changes between the wild type and mutants of
Materials and Methods. These efforts resulted in the high- HCA Il of this study (Figure 2 and Table 3) The apparent
resolution structure of Y7F HCA Il at pH 9.0 to 1.15 A pKj zn0 Obtained from the pH profile /K3, represents
resolution, which lacked the zinc-bound sulfate. Additionally, the ionization of the zinc-bound water, and these values were
there were no observable structural changes compared to thalso similar for the wild-type enzyme and mutants
sulfate-containing crystal structures (Figures 6 and 7). (Table 2). The values of the apparerf .0 Were also
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displayed evidence of altered proton transfer compared with
the wild type, as evident in the pH profiles &,0/[E]
(Figure 3), a rate constant for the release @ from the
enzyme to solution, which depends upon proton transfer to
the zinc-boundO-labeled hydroxide in the dehydration
direction (eq 4). These data have been analyzed in terms of
eq 6, which describes proton transfer from a donor group
(predominantly His64) to the zinc-bound hydroxide, predict-
ing a bell-shaped pH profile fdR4,o/[E]. Such bell-shaped
pH profiles were observed over the range of pH from 5to 8
for wild-type, Y7F, and N67L HCA Il (Figures 3 and 4);
the values oRy,o/[E] for N62L HCA Il were less dependent
upon pH. Each of the pH profiles of Figures 3 and 4 showed
a region of pH independence at pH8; we do not know
the source of this effect, although it may represent the
dissociation oft80-labeled hydroxide from the metal.

The interpretation of these bell-shaped curves requires
accurate assignment of th&pvalues because switching the
assignments of thelf for the donor and acceptor also fits
the data 80). We have listed in Table 2 the values of
PKa znno for the zinc-bound water determined in two
independent experiments: from pH profiles k§f/KS, for
the hydration of CQ@ determined by®0O exchange and of
keafKm for the hydrolysis of 4-nitrophenylacetate. These
confirm the assignment ofa znn,0 Used in fitting the data
of Figures 3 and 4. The parameters of this fit to the bell-
shaped components of Figure 3 (and Figure 4 for Y7F at
10 °C) are given in Tables 2 and 3, showing that the rate
constant for proton-transfdg (eq 6) appears considerably
larger for Y7F and lower for N67L HCA Il compared with
that for the wild type. In fact, the value & for Y7F HCA
Il near 4us ! at 10°C (an estimated value isg#s™* at 25
°C) is the largest observed for a carbonic anhydrase to our
knowledge. This is explained in part by the more acidig p
of His64 in Y7F compared with that in the wild type
(Table 2) and in part to structural effects discussed below.

Maximal values of the steady-state constdgi; for
hydration catalyzed by Y7F HCA Il were determined by
Liang et al. 8) to be similar to those for the wild type,
also consistent with the results of Table 3. For dehydration,

FIGURE 7: Active site of Y7F HCA Il crystallized at various pH.  values ofk:o are smaller for Y7F HCA Il compared with
(A) pH 8.2, (B) pH 10.0, and (C) pH 9.0 crystallized with sodium  that for the wild type (Table 3). However, these data are not

citrate. Active-site residues are shown as yellow ball-and-stick . . : :
models; the zinc atom is a black sphere; and solvent water moleculesmconSIStent with théBO-eXChange results di discussed

are red spheres. This figure was generated and rendered with@bove. The value ok depends upon several steps in the
BobScript and Raster3D, respectiveBo( 40). catalysis, whereakg obtained from'®0-exchange experi-

ments is more representative of intramolecular proton transfer

obtained from the catalyzed hydrolysis of 4-nitrophenylac- 2nd less dependent upon other steps of the catalysis. The
etate, also given in Table 2. These data signify no large SHIES are helpful in this regard. The SHIE on the maximal
changes in the structure in the near vicinity of the zinc for Value ofks was 2.5 observed for catalysis by Y7F HCA II
the mutants compared with the wild type [confirmed by in the dehydration direction and consistent with a rate-
X-ray crystallography (Figures 6 and 7)] and no substantial limiting proton transfer. The maximal value & in H;O
changes in the chemistry of the catalysis of interconversion Was 4us™*. The SHIE onke for dehydration catalyzed by
of CO, and bicarbonate. This is not unexpected because each’ 7F was slightly inverse at 0.&t 0.10 on a value Ok in
of the side chains of residues 7, 62, and 67 a8 A from H20 of 0.05us7%, strongly suggesting that steps other than
the active-site zinc. The residues that affect the hydration of proton transfer are rate-limiting, perhaps the dissociation of
CO, are closer to the metal, such as Thr199 and Glul06 product bicarbonate from the enzyme. It is interesting that
(~4.0 A for both) @8, 29). the SHIE onk..{K, for dehydration catalyzed by Y7F was

In the second stage of the catalysis (eqs 2 and 4), protonsalso inverse at 0.74 0.07. This is not unprecedented with
are transferred between His64 and the zinc-bound solventthe carbonic anhydrases; inverse isotope effects are com-
(1, 7). The mutants Y7F, N62L, and N67L HCA Il all monly observed on the esterase functi8n3l).
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In addition, the difference betwedr, at steady state and remaining solvent network compared with the wild type
ks at chemical equilibrium (Table 3) reflects the different (Figure 7). Furthermore, the Y7F mutation caused His64 to
natures of these experiments. The steady-state experimenbe in an inward-only conformation and directly hydrogen-
in the dehydration direction reflects the necessity of a net bonded with W2, whereas in the wild type, His64 showed
proton flux from His64 to the zinc-bound hydroxide. The weak electrostatic interactions8.4 A) with W2, W3a, and
steady-state concentration of protonated His64 at maximumW3b.
velocity is expected to be greater than the equilibrium  We suggest that the very efficient proton transfer observed
concentration because it represents a species accumulatinépr Y7F HCA Il may be due to the combined effect of the
before a rate-limiting step. Th&O experiment involves  following three features of the structure that we have
equilibrium concentrations of enzyme species and does notobserved. First, in this mutant, the side chain of His64
involve a net flux of protons. showed an appreciable orientation pointing toward the active-

The steady-state experiment requires the presence ofsite zinc. We believe that access to an inward conformation
buffers, and there is evidence that catalysis by Y7F HCA Il is necessary but not sufficient for efficient proton transfer.
is more susceptible to a contribution of buffer to proton An et al. (L1) presented arguments to show that His64 in
transfer than the other enzymes of Table 3. The enhancementhe outward conformation considered alone is not associated
of catalysis by Y7F HCA Il caused by the addition of 4-MI  with proton transfer in catalysis. However, a suggestion that
(Figure 5) may be due as much to electrostatics and solvationthe orientation of His64 found in the crystal structures may
in the active-site cavity as with removing steric contrictions; not reflect its efficiency in proton transfer was made after
i.e., the Phe7 side chain of Y7F overlaps that of Tyr 7 in the observing that the mutation T200S caused a change in the
crystal structures (Figures 5 and 6). Other kinetic data are orientation of His64 with little consequence to the catalysis
consistent with an enhanced access into the active site ofcompared with the wild type3().

Y7F; for example, the catalyzed esterase hydrolysis is Second, in the structure of Y7F, there is observed an array
appreciably greater for Y7F than for wild-type HCA 1l or  of single water molecules, not branched, between the proton
the other mutants (Table 3 and Supplementary Figure 2 indonor His64 and acceptor zinc-bound hydroxide. Although

the Supporting Information). the relationship between the water structure observed in the

Structure.The side-chain orientation of His64 in wild- crystal and that necessary for proton transfer is problematic,
type HCA Il has been observed by X-ray crystallographic the crystal structure shows an ordered solvent network that
studies to have two orientations that appear about equallymay represent fragments of a dynamic water structure that
occupied near physiological pH, one inward with the side provides a proton-transfer pathway. The observation of a
chain oriented toward the zinc at the active site and a secondnonbranched water structure in the crystal should indicate
outward with the side chain oriented toward and in partial that such a structure is represented among the ensemble of
contact with bulk solution3, 4). The mutants Y7F and N62L  flickering arrays of active-site water, structures with lifetimes
both have nearly a total fraction of His64 in an inward measured in picoseconds. It is this expectation that links these
conformation (Figures 6 and 73,(4). N67L has an outward  results with the computations of proton transfer and solution
conformation (Figure 6). studies. Third is the acidicky, of His64 in Y7F HCA I,

Computations suggest that the efficiency of intramolecular making this side chain a better proton donor in the dehydra-
proton transfer in HCA Il is strongly dependent upon the tion direction (Table 3).
solvation structure in the active site and particularly the  This combination of features supporting rapid proton
number of water molecules through which this transfer transfer was not observed for N67L and N62L HCA II, which
proceeds 32, 33). It is hypothesized that a significant limit  show values okg at 0.2 and 0.s™* (Table 3). N67L has
in the rate of proton shuttling in carbonic anhydrase would an outward orientation of His64 with an ordered water
be the capture of a proton in the form of a solvent species structure much decreased compared with wild-type and Y7F
with partial hydronium ion character;®* in an Eigen-like HCA |l (Figures 6 and 7). The data for N62L HCA Il were
complex (HO4™) during the catalysis32, 34, 35). Specif- difficult to interpret because it had a complex pH dependence
ically, the solvent molecule W2 could have such character (Figure 3). Its structure shows His64 in the inward orientation
because it appears hydrogen-bonded with three adjacenbut is observed to have a pH-dependent conformation of the
solvent molecules (W1, W3a, and W3b) in a semi-pyramidal side chain of Leu62 that probably complicates the kinetics
arrangement3; 4) resembling the solvated hydronium ion of its catalysis (Figure 6).
in such an Eigen ion complex3). In fact, computations Although the effect of the mutations of residues 7, 62,
show a much more efficient proton transfer without a and 67 is complex on the structure and catalysis, the data
branched solvent structure, allowing for a more concerted do lend a significant overall conclusion. These residues
proton transfer without passing through a partial hydronium appear to fine-tune the proton-transfer efficiency of His64,
ion (32). We can evaluate this hypothesis with the mutant while having a much smaller effect on the interconversion
Tyr7, in which the solvent molecule W3a is not observed in of CO, and bicarbonate. It is significant that the identity of
the crystal structure. This structure, if applicable to the proton these residues (Tyr7, Asn62, and Asn67) is invariant in CA
transfer, would prevent the formation of the stable and Il from a wide range of species from chicken, rodents,
possible rate-limiting B0, in the transition state. bovine, and humans38). Moreover, these residues are not

The crystal structure of Y7F HCA Il to 1.15 A resolution  conserved in isozymes of carbonic anhydrase irotloéass
showed that the W3a solvent molecule was indeed no longerthat do not have histidine at residue 64, such as HCA Il
observed in the array of ordered solvent molecules, andwith Lys64 and Arg67. In addition, CA Il has the advantage,
because the amino acid mutation was of similar volume to with the K, of both His64 and the zinc-bound solvent near
the wild type, there was no further disruption of the 7, to have maximal velocity about equal in the hydration
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and dehydration directions, a necessary feature becausel3
catalysis in both directions is utilized in the physiological
function of carbonic anhydrase. With a mutant such as Y7F,
the ApK, near 1.0 between the acceptor and donk (ao—

PKa Hissd IS more favorable for proton transfer in the
dehydration direction according to free-energy pldt§ put
may be less favorable at1.0 in the hydration direction.
These are features of the fine-tuning of the active site with
respect to proton transfer.
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