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Abstract: In metalloenzymes the side chains that ligand the metal ion are nested in a hydrogen bonding network 
with other protein residues. In carbonic anhydrase II (CAII) the four zinc ligands, H94, H96, Hl 19, and water, 
donate hydrogen bonds to the carboxamide of Q92, the backbone carbonyl oxygen of N244, a carboxylate oxygen 
of El 17, and the hydroxyl of T199, respectively. To investigate the functional role of these hydrogen bonds, we 
determined the effects of varying the structure of the side chain at positions 92, 117, and 199 on zinc binding and 
catalysis. These functional changes are further illuminated by the X-ray crystal structures of these variants (following 
paper by Lesburg and Christianson). The data demonstrate that zinc affinity is increased by a factor of 10 per 
hydrogen bond, presumably by decreasing the entropic cost of zinc binding. The observed decrease in zinc affinity 
is additive for the Q92A/E117A CAII variant suggesting a maximal decrease of 104-fold for removal of all four 
hydrogen bonds. Furthermore, the hydrogen bond between Hl 19 and El 17 determines slow zinc dissociation. Finally, 
this hydrogen bond network "fine-tunes" the catalytic efficiency and the zinc—water pA"a of CAII by modulating the 
electrostatic environment of the zinc. The resulting negative Bronsted correlation indicates that electrostatic 
stabilization of both the transition state and hydroxide ion by zinc is the main determinant of catalytic efficiency in 
CAII. Therefore, indirect ligands are an essential feature of metalloenzymes and should be included in the structure-
assisted design of metal binding sites in order to obtain high affinity and reactivity. 

Introduction 

A current goal of protein engineering is to design and 
construct novel metal binding proteins with predictable structure 
and function. A step toward this goal has been the design of 
metal sites into a variety of protein scaffoldings (for recent 
examples see refs 1—7). However, none of these sites possess 
the avid metal binding and catalytic activity of metalloenzymes 
observed in nature.8 The engineered metal sites were designed 
using mainly the ligand geometry and stereochemistry of 
structurally-characterized metalloenzymes. Yet, the structure 
and chemical composition of the surrounding active site cavity 
in metalloenzymes, including a hydrogen bond network,9-11 also 
likely modulate the properties of the metal binding site. 
Hydrogen bonding interactions with metal ligands are proposed 
to orient the ligands for optimal metal coordination, enhance 
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the electrostatic interaction between the ligands and metal ion,12 

and modulate the p#a and reactivity of the zinc-bound solvent 
molecule.910 Carboxylate—histidine—metal interactions have 
previously been implicated in zinc binding in copper/zinc 
superoxide dismutase,13 hydrolytic activity in neutral endopep-
tidase,14 and the redox properties of cytochrome c peroxidase.15 

However, there is a paucity of detailed structure—function 
analysis of these important hydrogen bonding networks. 

To aid in the design of improved metal binding sites, we are 
dissecting the essential structural features of the metal binding 
site of the prototypical zinc enzyme, carbonic anhydrase II 
(CAn). The physiological function of CAII (EC 4.2.1.1) is the 
reversible hydration of CO2 to HC03~ and a proton that occurs 
with a second-order rate constant approaching the diffusion-
control limit.8'1617 The three-dimensional structure of this 
enzyme has been determined18 and refined at 1.54 A resolution.19 

The zinc cofactor lies at the bottom of the active site cleft where 
it is coordinated to H94, H96, Hl 19, and a solvent molecule in 
a tetrahedral geometry (Figure 1). The protonated nitrogen 
atoms in the imidazole rings of H94, H96, and Hl 19 donate a 
hydrogen bond to the carboxamide side chain of Q92, the 
backbone carbonyl oxygen of N244, and one of the carboxylate 
oxygens of El 17, respectively. (These hydrogen-bonded resi
dues are referred to as "indirect ligands".9) The side chain 
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Figure 1. Structure of the active site of wild-type CAII taken from 
the crystal structure of Alexander et a/.,54 showing the zinc tetrahedrally 
coordinated to H94. H96, Hl 19, and a solvent molecule and the residues 
that hydrogen bond with the zinc ligands. H94, Hl 19, and the zinc-
solvent donate a hydrogen bond to the side chains of Q92, El 17, and 
T199, respectively, and H96 donates a hydrogen bond to the backbone 
carbonyl oxygen of N244. 

hydroxyl group of Tl 99 accepts a hydrogen bond from the zinc-
bound hydroxide ion and donates a hydrogen bond to E106. 
This zinc coordination polyhedron is optimized to provide 
catalytically active zinc—hydroxide at neutral pH. 2 0 - 2 4 CAII-
catalyzed hydration proceeds through direct nucleophilic attack 
of the zinc-bound hydroxide ion on the carbonyl carbon of CO, 
to form a zinc—bound bicarbonate intermediate followed by 
product dissociation, resulting in the zinc—H2O form.16-25-26 

We are currently delineating the functional importance of the 
hydrogen bond network of the zinc ligands by characterizing 
the zinc affinity and catalytic efficiency of a series of CAII 
variants in the indirect zinc ligands, including Q92 (Q92A, 
Q92L, Q92N, and Q92E), El 17 (E117A, El 17D), and T199 
(T 199A) (see also refs 20—22). These data, in light of structures 
of many of these variants determined by Lesburg and Chris-
tianson,27 demonstrate that the indirect ligands optimize the 
catalytic efficiency of CAII and fine-tune the zinc—water pKa. 
However, the major significance of the hydrogen bonds to zinc 
ligands in CAII is the increased zinc affinity and slow zinc 
dissociation; about 1.4 kcal/mol of zinc binding energy is 
conferred per hydrogen bond for up to a 5 kcal/mol increase in 
zinc affinity for four hydrogen bonds. 

Material and Methods 

Preparation of CAII Variants. The CAII variants were produced 
using oligonucleotide-directed mutagenesis of the cloned human CAII 
gene in pCAM28 and the entire CAII gene of the variants was 
sequenced.29 The plasmids encoding the variant CAH's were trans
formed into the E. coli strain BL21(DE3), and cell growth and protein 
induction were performed as described previously.3tl The proteins were 
purified to >95% homogeneity either by sequential chromatography 
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on DEAE-Sephacel and S-Sepharose resins (Q92A, Q92N, E117A, 
El 17D. Q92A/E117A)30 or by sequential affinity and ion exchange 
chromatography on sulfonamide" and S-Sepharose resins, respectively 
(Q92L, Q92E, T 199A). 

Zinc Analyses, Dissociation Constant, and Dissociation Rate 
Constant. All solutions were prepared in plasticware using deionized 
water (18 MQ). Apo-CAH's were prepared using Amicon diaflow 
filtration32 against first 50 raM dipicolinate, pH 7.0 (0.65 mL/min, 100 
min), and then 10 mM Tris sulfate, pH 7.0, followed by chromatography 
on a PD-10 column (Sephadex G-25M, 5 cm x 15 cm, Pharmacia) 
equilibrated with 15 mM phosphate buffer, pH 7. Dissociation 
constants for zinc were obtained by dialyzing apoenzyme for 20 h at 
30 0C against a zinc/dipicolinate buffer (0-0.5 mM total zinc/1 mM 
dipicolinate or 0—0.14 mM total zinc/0.2 mM dipicolinate) in 10 mM 
Tris sulfate, pH 7; removing unbound zinc by chromatography on a 
PD-10 column; and quantitating the bound zinc concentration, [E'Zn], 
with 4-(2-pyridylazo)resorcinol (PAR).23" The concentration of free 
zinc ([Zn]free) in the dialysis buffer was calculated from the dipi
colinate—zinc stability constants.34 The dissociation constant was 
calculated using the KaleidaGraph (Synergy Software) curve-fitting 
program with eq 1, where C ranged from 0.9 to 1.3. 

[E-Zn]/[£]lol = C/( 1 + V[ZnIf1J (1) 

The rate constant for zinc dissociation was determined by diluting 
CAII into 10 mM Tris sulfate, pH 7.0, containing EDTA (final 
concentration 40—50 ,«M CAII, 34 mM EDTA) to trap zinc dissociating 
from the enzyme. At various times after dilution, free zinc and EDTA 
were removed by PD-10 chromatography and [E-Zn] was quantitated 
using the PAR assay.23-33 The total time after dilution was calculated 
as the sum of the incubation time and the time to complete the PD-10 
column (4 min). The dissociation rate constant, zero-point (An ranged 
from 0.74 to 1.0), and standard error were calculated using the curve-
fitting program KaleidaGraph with eq 2. 

[ E - Z n ] / [ E ] t o t = A 0 e , ^ ) (2) 

Catalytic Activity. The kcJKM for CAII-catalyzed p-nitrophenyl 
acetate (PNPA) hydrolysis was measured at 25 0C in 50 mM buffer 
(TAPS (pH 7.6-8.8), MOPS (pH 6.8-7.5), or MES (pH 6.0-6.7)), 
ionic strength = 0.1 M with sodium sulfate, 0.5 mM PNPA and 0.1 — 
20 fiM CAII. The initial rate of ester hydrolysis was monitored at 
348 nm (e.M8 = 5000 M"1 cm"1).35 Background rates were measured 
in the presence of 0.5 mM acetazolamide. The pA-.,. pH-independent 
second-order rate constant and standard error were calculated by a 
weighted fit to eq 3 using Kaleidagraph. However, the data for Q92E 
CAII were best fit by eq 4, in which an additional constant, A = 24 
M - 1 s - ' , was added. This may reflect ester hydrolysis catalyzed by 
the zinc-water form of this variant. 

KJKMobs = kJKM/(\ + l0^-pH)) (3) 

KJK* obs = A + (kJKM/( 1 + 10(p*«-pH))) (4) 

Initial rates of COi hydration were measured in a KinTek stopped-
flow apparatus at 25 0C by the changing pH-indicator method.36 The 
reaction was monitored at 578 nm in 50 mM TAPS buffer, pH 8.9, 25 
/iM m-cresol purple, 0.1 mM EDTA, ionic strength = 0.1 M with 
sodium sulfate, and 0.14—5 //M CAII. The CO2 concentration varied 
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Figure 2. Measurement of a zinc dissociation constant for CAII 
variants at pH 7. The zinc dissociation constant was obtained by 
dialyzing 0.5 mL of 60 ^M apo-CAII (either Q92E (A), E117D (O), 
or T199A (•) CAII) for 20 h at 30 0C against 1 L of a zinc/dipicolinate 
buffer (0.0-0.5 rnM total zinc/1 mM dipicolinate) in 10 mM Tris 
sulfate, pH 7. Enzyme bound zinc (E-Zn) was separated from free 
zinc (Znfree) by chromatography on PD-10 columns and then quantitated 
using a colorimetric PAR assay.33 The [Zn]free was calculated from 
[Zn],ot as designated in the methods. The data were fit to eq 1 and 
KD' S are listed in Table 1. 

Table 1. Zinc Dissociation Constants and Dissociation Rate 
Constants of Wild-Type and CAII Variants" 

CAII variant 

wild-type 
Q92A 
Q92L 
Q92N 
Q92E 
E117A 
E117D 
Q92A/E117A 
T199 A 

zinc K0 (pM)' 

4.0 ± ld 

18 ± 2 
30 ± 8 
5 ± 1 
5 ± 1 

40 ± 15 
12 ± 2 

160 ± 35 
60 ±10 

zincfcff(h ')c 

5.1 ±0.3 x 10~3e 

1.0 ±0.05 x 10"2 

0.12 ±0.02 
2.6 ± 0.2 x 10-2 

9.1 ±3.0 x 10"4 

1.5 ±0.3 
1.1 ±0.1 
1.6 ±0.6 
2.1 ±0.1 x 10~3/ 

fie (day) 

5.2" 
2.9 
0.24 
1.1 

31.7 
0.019 
0.026 
0.019 

14.4^ 

" Measured at pH 7.0, 25 0C as described in the legends of Figures 
2 and 3. 6Zinc KD calculated using eq 1. cZinc kof{ calculated using 
eq 2. d Taken from ref 52. ' Taken from ref 23. ^C-C. Huang and C. 
A. Fierke, unpublished data. 

from 3 to 24 mM. Background rates, measured in the absence of CAII, 
were subtracted from the observed rates. 

Results 

To probe the function of second shell hydrogen bonds 
between residues which ligand zinc (H94, Hl 19, solvent) and 
amino acid side chains (Q92, El 17, and T199, respectively), 
we constructed a series of CAII variants with alanine at position 
92, 117, or 199. In these variants the hydrogen bond acceptor 
is replaced with either a solvent molecule or another amino acid 
side chain.27 In addition, to delineate the essential structural 
features of these interactions, we changed the charge, size, and 
hydrophobicity of the amino acid at position 92: Q92 to E, N, 
and L. The following section describes the metal binding and 
catalytic properties of these CATJ variants. 

Metal Binding. To assess the effects of altering the indirect 
ligands on metal binding, we measured a zinc dissociation 
constant at pH 7 for the CAII variants at positions 92,117, and 
199 using equilibrium dialysis against a zinc/dipicolinate buffer 
(Figure 2 and Table 1). Substitution of a solvent molecule for 
the amino acid side chain functioning as a hydrogen bond 
acceptor for the zinc ligands in the Q92A, T199A, and E117A 
CAII variants decreases zinc affinity 4.5—15-fold relative to 
wild-type CAII. Furthermore, this effect is additive since the 
zinc ^TD of the double substitution variant, Q92A/E117 A CAII, 
is 40-fold larger than wild-type, consistent with the predicted 
increase based on the loss of zinc affinity for each of the 
substitutions alone (45-fold). However, zinc avidity is not very 
sensitive to the structure of the acceptor residue as long as the 
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Figure 3. Measurement of a zinc dissociation rate constant for CAII 
variants at pH 7. Measurement of the rate of zinc dissociation was 
initiated by diluting the CAII variant (either E117A (•), E117D (A), 
Q92L (•), Q92N (O), Q92A (A), T199A (O); or Q92E (T) CAII) 
into 10 mM Tris sulfate buffer, pH 7, containing EDTA (final 
concentration 50 fiM CAII, 35 mM EDTA). At various time intervals 
enzyme-bound zinc (E-Zn) was separated from EDTA and free zinc 
(Znfree) by chromatography on PD-10 columns and quantitated using 
the PAR assay.33 The data were fit to eq 2 and fc0ff's are listed in Table 
1. 

potential for forming a hydrogen bond is maintained; altering 
the length (Q92N, El 17D) or charge (Q92E) of the hydrogen 
bond acceptor decreases Ku ^3-fold. These data illustrate the 
importance of each of these interactions for "fine-tuning" zinc 
affinity. Furthermore, if all four hydrogen bonds are additive, 
as observed for two of the hydrogen bonds (Q92 and El 17), 
these indirect ligands may increase zinc affinity 104-fold. 

Furthermore, to probe the importance of the indirect ligands 
in determining the long half-time for dissociation of metals from 
CAII (fi/2 = 5 days23), we measured the effect of substitutions 
at positions 92, 117, and 199 in CAII on this half-time. The 
zinc dissociation rate constants (&0ff) (Figure 3 and Table 1) 
were determined from the time-dependent disappearance of 
CATJ-bound zinc after dilution into high concentrations of EDTA 
to trap the dissociated zinc. Unlike dipicolinic acid which 
efficiently catalyzes the dissociation of zinc from wild-type 
CAII,32 EDTA is believed to act only by lowering the free metal 
ion concentration.37 Alteration of the hydrogen bond between 
H94 and Q92 results in relatively modest changes in the 
dissociation rate constant relative to wild-type CAII; £0ff 
decreases 6-fold for substitution of a negatively charged 
carboxylate for the carboxamide (Q92E CAII) while for the 
remaining variants at position 92 fe0ff increases 2- to 24-fold, 
roughly paralleling the increases in KD. Conversely, alteration 
or removal of the hydrogen bond between Hl 19 and El 17 
causes significantly larger increases in fc0ff, up to 300-fold. 
Furthermore, £0ff for the double variant, Q92A/E117A CAII, is 
increased 310-fold compared to wild-type CAII, very similar 
to the fc0ff observed for E117A CAII. Therefore, the indirect 
ligand to Hl 19 plays an essential role in slow zinc dissociation. 
These data cannot rule out the possibility that EDTA is 
catalyzing zinc dissociation in some or all of the CAII variants 
due to changes in structure or charge. However, this seems 
unlikely for two reasons: (1) the smallest increases in /c0ff are 
observed upon substitution at position 94 which is the most 
solvent exposed of the three ligands and (2) feoff for El 17A CAII 
is nearly identical to fc0ff for E117D CAII where the negative 
charge on the side chain is retained. 

The rate constant for zinc association (Ic0n) with wild-type 
CAII can be estimated from the measured zinc Kn and &0ff 
assuming a single association step where kon = k0ff/Ku (=3.5 
x 105 M - 1 s-1)- Under similar experimental conditions, a 
slightly smaller value for feon (5^lO4 M - 1 s~') has been measured 

(37) Lindskog, S. Adv. Inorg. Biochem. 1982, 4, 115-170. 
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Table 2. Steady-State Kinetic Parameters for PNPA Hydrolysis 
and Zinc-Water pKa

a 
Table 3. Steady-State Kinetic Parameters of CAII Variants for 
CO2 Hydration0 

CAII variant 

wild-type 
Q92A 
Q92L 
Q92N 
Q92E 
E117A 
E117D 
Q92A/E117A 
T199 A 

^,/ /STM(M-1S-')4 

2500 ± 200c 

965 ± 55 
1750 ±45 
675 ± 45 

1362 ± 110* 
1325 ± 120 
1450 ± 40 
1540 ± 40 

44 ±2" 

P â* 

6.8±0.1c 

6.8 ±0.1 
6.4 ±0.1 
6.9 ±0.1 
7.7 ±0.1' ' 
6.9 ±0.1 
6.7 ±0.1 
6.8 ±0.1 
8.3±0.1e 

CAII variant 

wild-type 
Q92A 
Q92L 
Q92N 
Q92E 
E117A 
E117D 
Q92A/E117A 
T199 A 

kJKu ("M-1 s"1) 

110 ± 10" 
29 ± 0.4 
30 ± 0.8 
27 ±0.6 
12 ± 2.0 
19 ±0.4 
27 ± 0.8 
28 ± 6.4 

l . l±0.05 c 

ka. (XlO-5Hs-1) 

10 ± 1 " 
4.0 ±0.1 
3.7 ±0.1 
4.5 ±0.1 
2.0 ± 0.2 
4.0 ±0.1 
3.7 ±0.1 
4.6 ± 0.4 
0.081 ±0.006c 

KM(HIM) 

8.2 ±1.0* 
14 ± 1.0 
12 ± 1.0 
17 ±1.0 
17 ± 4.0 
21 ±1.1 
14 ±1.0 
20 ± 3.0 
7.4 ± 1.0C 

" Measured at 25 0C. * pifa and pH-independent k^JKu calculated 
using eq 3 and 4. c Taken from ref 53. d The pH independent kcJKu 
and pKa were calculated using eq 4. ' Taken from ref 20. 

directly for bovine CAII.38 Similarly, Ic0n for the CAII variants 
can be calculated, and as was observed for the zinc dissociation 
rate constants, the position 92 variants exhibit more moderate 
chang es in Son (7-fold decrease to 5-fold increase) than the 
variants at position 117 (30—70-fold increase). These data 
suggest that a well-formed hydrogen bond between Hl 19 and 
El 17 is a primary determinant of both slow metal ion dissocia
tion and association rate constants. 

Catalysis and ptfa of Zinc-Bound Solvent. To delineate 
the role of indirect ligands on the reactivity and pK3 of the zinc-
bound solvent, we measured the pH dependence of the second-
order rate constant for PNPA hydrolysis catalyzed by each of 
the CAII variants. As observed for wild-type CAII, the pH 
dependence of PNPA hydrolysis of the variants (except Q92E 
CAII) is consistent with the ionization of a single enzymic 
group; the p£ a and pH-independent rate constants are listed in 
Table 2. The pH dependence of the esterase activity of wild-
type CAII, and likely these variants as well, directly reflects 
ionization of the zinc—water moiety.25-26 Alteration of the 
hydrogen bond between H94 and Q92 or Hl 19 and El 17 
decreases the pH-independent second-order rate constant for 
PNPA hydrolysis modestly (1.4- to 4-fold). 

The zinc—water p/sfa is also perturbed when the indirect 
ligands are altered in CATI. The hydrogen bond formed between 
T199 and zinc—solvent significantly affects the reactivity and 
ionization of zinc—solvent, as previously described.20-22 For 
perturbation of the hydrogen bonds with the His ligands, the 
most significant changes in the zinc-water p£ a ' s are a 0.4 pH 
unit decrease and a 0.9 pH unit increase for Q92L and Q92E 
CAII, respectively. The pATa of the zinc—water ligand is 
indicative of the ability of the zinc to stabilize a negative charge 
on this ligand, and hence it reflects the effective positive charge 
on zinc. Therefore, the positive charge on zinc is decreased by 
the additional negative charge in Q92E CAII and increased by 
the weakened hydrogen bond in Q92L CAII. These data 
confirm that the indirect ligands do modulate the reactivity and 
electrostatic environment of the zinc in CAII. However, the 
high resolution crystal structures of these variants demonstrate 
that a hydrogen bond to the zinc ligand is maintained in all 
cases by recruitment of new hydrogen bond acceptors from the 
protein or solvent.27 Consequently, the observed changes in 
the pKa underestimate the magnitude of the effect of the 
hydrogen bond network on the electrostatic environment of the 
zinc-bound water. 

CO2 Hydration. There is considerable evidence that hydra
tion of CO2 by wild-type CAII consists of two main steps as 
shown in eqs 5 and 6:1639 (1) nucleophilic attack of zinc-bound 

(38) Henkens, R. W.; Sturtevant, J. M. J. Am. Chem. Soc. 1968, 90, 
2669-2676. 

(39) Tu, C. K.; Silverman, D. N.; Forsman, C; Jonsson, B. H.; Lindskog, 
S. Biochemistry 1989, 28, 7913-7918. 

" Measured in 50 mM TAPS buffer, pH 8.9, 25 ,uM m-cresol purple, 
0.1 mM EDTA, ionic strength = 0.1 M with sodium sulfate, 25 0C. 
4 Taken from ref 52. c Taken from ref 20. 

hydroxide on CO2 to form enzyme-bound HCO3 - followed by 
product dissociation resulting in the zinc—H2O form of the 
enzyme; and (2) proton transfer to solvent via a proton shuttle 
(H64) to regenerate the zinc—OH- species. For wild-type CAII, 

E - O H " + CO2 *» E - H C O 3
- + 

H 2 O ' -OH2 + HCO3" (5) 

E - O H 2 ** + H - E - O H " + B ** E - O H " + BH + (6) 

kcnlKu is some combination of the association and CO2 

hydration steps (IC0JKM % k\ as ki > k-\). At high CO2 and 
buffer concentrations, intramolecular proton transfer between 
zinc—water and H64 becomes rate-limiting as indicated by a 
solvent isotope effect of 3—4 On fccat (&cat 5^ &3 as £4 > £-3).4^ 
Therefore, ^ M reflects this change in rate-limiting steps, not 
CO2 affinity. 

The steady-state kinetic parameters for CO2 hydration, 
catalyzed by the CAII variants with substitutions in the indirect 
ligands, were measured at pH 8.9 (Table 3). Altering the 
hydrogen bond interactions with H94 or Hl 19 uniformly 
decreases kcJKM for CO2 hydration by 4-9-fold relative to 
wild-type CAII, indicating that these indirect ligands stabilize 
the pentacoordinate transition state for CO2 hydration relative 
to the ground state zinc—hydroxide. Similar decreases in fccat 

were measured for the CAII variants (2—5-fold), indicating that 
the rate constant for proton transfer from zinc—water to H64 is 
likewise moderately decreased by these substitutions. The effect 
on fccat does not parallel the ptfa of the zinc—solvent ligand, as 
observed for transfer of a proton between an acid and a base in 
model reactions and between H64 and bases.41 Therefore, the 
decreases in kcu are possibly caused by structural changes in 
the active site solvent/H64 proton transfer pathway.19,27 The 
KM values for the variants are increased only slightly (< 2-fold) 
relative to wild-type CAII. Finally, the effect of perturbing two 
hydrogen bonds (in Q92A/E117A CAII) on catalysis of CO2 

hydration is not additive. 

Discussion 

Metal Binding. The indirect ligands in metalloenzymes have 
been proposed to enhance metal affinity by orienting the ligands 
for optimal metal coordination and increasing the electrostatic 
interaction between the ligands and metal ion.8-1012 In CAII, 

(40) Steiner, H.; Jonsson, B. H.; Lindskog, S. Eur. J. Biochem. 1975, 
59, 253-259. 

(41) Rowlett, R. S.; Silverman, D. N. /. Am. Chem. Soc. 1982, 104, 
6737-6741. 
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Scheme 1 

E L + Zn 2+ (H2O)6 

Zn2+-(H2O) / l \ 

removal of the side chains that function as hydrogen bond 
acceptors for the zinc ligands by substitution of A or L for Q92, 
El 17, or T199 decreases zinc affinity by 0.9 to 1.6 kcal/mol at 
25 0C (AAG = -2.303^7,log(/^ariant/A?vild-tyPe). These energetic 
values are consistent with the values measured by Fersht42 for 
loss of a single hydrogen bond to an uncharged donor in an 
enzyme—substrate complex. However, the high resolution 
X-ray structures of these CAII variants demonstrate that a 
hydrogen bond to the zinc hgand is retained.2227 In two variants 
a compensatory hydrogen bond is formed between the histidine 
zinc ligand and either an inserted water molecule (Q92A CAII) 
or a chloride ion (E117A CAII).27 (In our assays that do not 
contain chloride, it is likely that a water molecule replaces the 
anion.) However, in other variants structural rearrangements lead 
to hydrogen bonds with alternative amino acid side chains. In 
T199A CAII the side chain of E106 is proposed to form a 
hydrogen bond with the zinc—solvent molecule22 and in Q92L 
CAII the side chain of N67 moves to form a poorly oriented 
hydrogen bond with H94.27 In all cases the hydrogen bond to 
the zinc ligand is weakened, due to either the entropic cost of 
sequestering a solvent molecule into the hydrophobic active 
site42 or the nonoptimal hydrogen bonding stereochemistry. 

Weakening the hydrogen bonds to the zinc ligands should 
increase the mobility of the histidine residues in the apo-enzyme 
and decrease the metal ion affinity due to the increased entropic 
cost of metal binding. Therefore, the role of indirect zinc 
ligands is to pre-organize the histidines for optimal metal 
coordination and avidity. 

Furthermore, removing two indirect ligands (Q92 and El 17) 
has an additive effect on zinc affinity, for a decrease in zinc 
binding of 2.2 kcal/mol. If removal of all four hydrogen bonds 
has a similar additive effect, the indirect ligands together might 
increase zinc affinity by as much as 5 kcal/mol. Therefore, 
these hydrogen bonding interactions may account for a signifi
cant fraction of the 8 kcal/mol of increased stability for 
formation of the CAII-Zn complex compared to interaction 
between zinc and histidine.34 These data indicate that the 
indirect ligands are an essential feature of metalloenzymes 
conferring avid metal binding and should be included in the 
construction of novel metal binding proteins. The de novo sites 
with three protein metal ligands bind zinc 106—107-fold less 
tightly than CAII,3-6 likely due to a combination of suboptimal 
arrangement of the direct ligands and absence of second shell 
hydrogen bonds. 

Substitution of Q92 with E was predicted to decrease the zinc 
KD relative to wild-type CAII due to enhanced electrostatic 
interaction between H94 and zinc in this variant9 or to a stronger 
hydrogen bond between E92 and H94 resulting in decreased 
conformational mobility of the His94 side chain. However, the 
Q92E CAII variant has metal ion affinity identical to wild-type 
(Table 1). The X-ray structure of this variant27 confirms that a 
favorable hydrogen bond forms between the carboxylate at 
position 92 and H94 with little perturbation of the active site 
structure. These data indicate that the charge of the indirect 
ligand at position 92 is not a primary determinant of metal 
affinity. 

Shortening the length of the side chain functioning as a 
hydrogen bond acceptor by one methylene group at either 

(42) Fersht, A. R. Trends Biochem. Sci. 1987, 12, 301-304. 

Zn2+-(H2O) 

position 92 or 117 might be predicted to weaken the hydrogen 
bond with the histidine ligand and, therefore, decrease zinc 
affinity. Substitution of El 17 with D decreases zinc affinity 
by 0.6 kcal/mol relative to wild-type CAII indicating that the 
hydrogen bond interaction has not been eliminated, but that it 
is less stable than the equivalent hydrogen bond in wild-type 
CAII. On the other hand, the zinc ^D for Q92N is identical to 
that for wild-type CAII. This is not surprising since the X-ray 
crystal structure of Q92N CAII27 reveals that a minor confor
mational change of the N92 side chain allows the carboxamide 
to form an optimal hydrogen bond with H94. The decreased 
steric hindrance and increased solvent accessibility at position 
92 relative to position 117 allows for greater flexibility of the 
amino acid side chain. 

Kinetics of Metal Binding. The increases in faf observed 
for all of the CAII hydrogen bonding variants, except Q92E, 
suggest a mechanism of zinc dissociation from CAII in which 
the rate-limiting step is exchange of the protein metal ligands 
with solvent.43 The weakening or removal of the indirect 
ligands in these CAII variants likely results in increased 
conformational entropy of the metal ligands, facilitating their 
exchange with solvent. Indeed, the rate constant for zinc 
dissociation from CAII decreases with improved geometrical 
positioning of the ligands for metal coordination in a series of 
CAII metal ligand variants.23'24 The decreased zinc &0ff for 
Q92E relative to wild-type CAII is likely a result of increased 
electrostatic interaction between H94 and zinc and/or decreased 
conformational entropy of H94 due to formation of a stronger 
hydrogen bond with the negatively charged acceptor.42 

A two-step mechanism for the binding of zinc to wild-type 
CAII, as well as to some small molecule ligands, is implicated 
due to the slow association rate constants.44-47 These data 
suggest that the rate of formation of many metal complexes is 
limited by the dissociation of inner-sphere water molecules from 
the positions to be occupied by the incoming ligands.4448 For 
wild-type CAII, the rate of formation of the protein—zinc 
complex may be limited by desolvation as suggested for small 
molecule complexes or, perhaps, by a protein conformational 
change enabling exchange of the metal ligands. As changing 
the protein structure should have no affect on kon if desolvation 
is rate-limiting, the changes in Ic0n observed for the CAII variants 
indicate that a rate-limiting protein conformational change is 
likely. 

One possible mechanism for zinc association with wild-type 
CAII (Scheme 1), proposed to explain the zinc binding 
properties of a series of CAII metal ligand variants,23 is also 
consistent with the metal binding properties of the hydrogen 
bonding CAII variants. In this model, an initial complex in 
which zinc is coordinated to two protein ligands occurs prior 
to formation of the tetrahedral complex containing three protein 
ligands and a solvent molecule. The rate-limiting step for zinc 

(43) Pocker, Y.; Fong, C. T. O. Biochemistry 1983, 22, 813-818. 
(44) Eigen, M. Proceedings of the 7th International Congress of 

Coordination Chemistry; Stockholm, 1962; p 97. 
(45) Eigen, M.; Hammes, G. G. Adv. Enzymol. 1963, 25, 1-38. 
(46) Holyer, R. H.; Hubbard, C. D.; Kettle, S. F. A.; Wilkins, R. G. 

lnorg. Chem. 1965, 4, 929-935. 
(47) Holyer, R. H.; Hubbard, C. D.; Kettle, S. F. A.; Wilkins, R. G. 

Inorg. Chem. 1966, 5, 622-625. 
(48) Eigen, M.; Wilkens, R. G. Advances in Chemistry Series, No. 49; 

American Chemical Society: Washington, DC, 1965; p 65. 
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association and dissociation is ligand exchange between a 
solvent molecule and the third protein ligand (Ic0n = kfalk-x 
and &0ff = k-i). For the position 117 variants, the increased 
conformational entropy of Hl 19 greatly increases the rate of 
this exchange such that it is no longer rate-limiting and fcon 

approaches the diffusion-control limit (Ic0n = k] = 2.5 x 107 

M -1 S- ' for El 17D). The large effects on ^0n and feoff for 
position 117 relative to position 92 variants may implicate Hl 19 
as the last ligand to form in zinc association, and the first to be 
replaced by solvent during zinc dissociation. Furthermore, the 
increased rate constant for association in the El 17D CAII variant 
may suggest that the Hl 19 side chain in the wild-type apo-
enzyme must reposition for optimal metal coordination. 

Zinc—Water pKa. Christianson and Alexander9 proposed 
that carbonyl and carboxylate hydrogen bonding interactions 
with His zinc ligands may modulate electrostatic interaction 
between the ligands and zinc. Changes in the electrostatic 
environment of the zinc in CAII should be reflected by the pKa 

of the zinc-water ligand since this measures the ability of zinc 
to stabilize a negatively charged hydroxide ion. Analysis of 
the zinc—water pKa's for the position 117 CAII variants 
indicates that alterations in the Hl 19/El 17 hydrogen bond have 
little effect on the p£a, and by analogy, the effective charge on 
zinc. However, the effect of deleting the hydrogen bond in 
El 17 A CAII may be mitigated by the binding of an anion at 
this site.27 On the other hand, substitution of neutral glutamine 
with negatively charged glutamate at position 92 increases the 
zinc-water pKa by almost one pH unit, probably due to 
increased electron density on zinc. This indicates that the zinc-
hydroxide is destabilized by 1.2 kcal/mol relative to zinc-water 
compared to wild-type CAII. Furthermore, the zinc—water pKa 

decreases 0.4 units in Q92L CAII where the hydrogen bond to 
the side chain of N67 is nonoptimal and likely weak.27 

Stabilization of the zinc-bound hydroxide is the predicted effect 
of removing electron density from zinc. As expected, changes 
in the indirect ligands have much smaller effects on the 
electrostatic environment of the zinc than alterations in the direct 
ligands; substitution of the neutral H94 by negatively charged 
aspartate or cysteinate destabilizes the zinc-bound hydroxide 
by >4 kcal/mol. Therefore, the indirect ligands "fine-tune" the 
electronic environment of the metal in CAII. Similarly, the Asp-
His-Fe network in cytochrome c peroxidase optimizes the 
reduction potential and electronic structure of the iron.15 

Catalysis. Any alteration of the hydrogen bond interactions 
with H94 and/or Hl 19 destabilizes the transition state for CO2 
hydration relative to wild-type CATI by a minimum of AAG* 
= 0.7 kcal/mol. This decrease in catalytic activity does not 
appear to correlate with the strength of the hydrogen bond with 
the histidine ligand nor is the effect additive, therefore it may 
be related to small structural changes rather than reflecting the 
electronic environment of the zinc. However, introduction of 
a negative charge at position 92 decreases stabilization of the 
transition state for CO2 hydration by an additional 0.5 kcal/ 
mol, compared to other amino acids at this position. Although 
this is a small effect, it is consistent with increased electron 
density on the zinc ion in this variant destabilizing the 
negatively-charged transition state for CO2 hydration. Indeed, 
CAII variants with negatively charged direct zinc ligands have 
significantly reduced catalytic activity (104-fold) for this 
reason.23-24 

Alteration of the hydrogen bond with the zinc—solvent in 
T199A CAII significantly decreases the second-order rate 
constants for PNPA hydrolysis (AAG* = 2.4 kcal/mol) and CO2 

hydration (AAG* = 2.7 kcal/mol).2021 However, this hydrogen 
bond is necessary for the correct positioning of the zinc— 

1; 7 i ii 
pH 

Figure 4. pH dependence of kcdKm for the PNPA esterase activity of 
Q92L (O), Q92N (•), Q92E (O), E117D (•), and Q92A/E117A (D) 
CAII measured at 25 0C in either 50 mM TAPS (pH 7.8-8.8), 50 mM 
MOPS (pH 6.8-7.8), or 50 mM MES (pH 6.0-6.8), ,U = ClM with 
sodium sulfate. The data for all of these variants were fit to eq 3 except 
Q92E CAII which was fit to eq 4 yielding the values listed in Table 2. 

hydroxide for nucleophilic attack on CO2 and for direct 
stabilization of the transition state. Taken together, these data 
suggest that the main role of the hydrogen bonds with the zinc 
ligands is to provide tight zinc binding and slow zinc dissocia
tion rather than activate the zinc-bound hydroxide ion, although 
these interactions do optimize catalytic activity. This result is 
in contrast to the large decreases in catalytic activity observed 
for substitution of D650 with E, Q, or A in the zinc protease, 
neutral endopeptidase 24-11.14 In this enzyme D650 is believed 
to hydrogen bond with a His zinc ligand on the basis of amino 
acid homology with thermolysin. However, the detailed mech
anism of this decrease cannot be determined in the absence of 
the pH dependence of catalysis and structural information. It is 
likely that D650 has a different or additional role in catalysis 
in this enzyme. 

Linear Free-Energy Relationships. A dominant factor 
controlling nucleophilicity in reactions involving attack of a 
nucleophile on an amide, ester, or carbonyl carbon is the basic 
strength of the nucleophile: the stronger the base, the greater 
the nucleophilicity.49 Indeed, Bronsted correlations with positive 
slopes are observed for nucleophilic attack on a carbonyl50 and 
hydration of CO2 by metal-bound hydroxides in inorganic 
complexes.51 Contrary to these results with organic molecules, 
plots of the pH-independent second-order rate constant (log Ic0J 
KM) for PNPA hydrolysis and CO2 hydration versus zinc—water 
p#a for the CAII variants show a rough negative correlation (R 
= 0.81, slope = -0.71; R = 0.86, slope = -0.78, respectively). 
A similar result was derived for the esterase and hydrase activity 
of a series of CAII variants in the metal ligands23 and at position 
199.20 Furthermore, the parallel effects of these amino acid 
substitutions on CO2 hydration and ester hydrolysis suggest that 
the rate-limiting step for both catalytic reactions is nucleophilic 
attack, even in the T199 variants where bicarbonate binding is 
enhanced.20-22 A plot of log(&cat//ifM) for CO2 hydration versus 
zinc—water pKa for all of these CAII variants is shown in Figure 
5. The slope of —0.65 indicates that the interactions which 
destabilize zinc—hydroxide relative to zinc—water similarly 
destabilize the negatively charged pentacoordinate transition 
state for CO2 hydration relative to zinc—hydroxide. These data 
suggest that the negative charge on oxygen in the transition state 

(49) Fersht, A. R. Enzyme Structure and Mechanism, 2nd ed.; W. H. 
Freeman & Company: New York, 1985; p 83. 

(50) Hudson, R. F.; Klopman, G. Chemical Reactivity and Reaction 
Paths; Wiley: New York, 1974; Chapter 5. 

(51) Martin, R. B. / lnorg. Nucl. Chem. 1976, 38, 511-513. 
(52) Kiefer, L. L.; Krebs, J. F.; Paterno, S. A.; Fierke, C. A. Biochemistry 

1993, 32, 9896-9900. 
(53) Fierke, C. A.; Calderone, T. L.; Krebs, J. F. Biochemistry 1991, 

30, 11054-11063. 
(54) Alexander, R. S.; Nair, S. K.; Christianson, D. W. Biochemistry 

1991,30, 11064-11072. 
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Figure 5. Plot of the log of the pH-independent second-order rate 
constant for CO2 hydration versus the zinc—water pKa for wild-type 
and variants of CAII, including position 92, position 117, and T199A 
CAII variants (•); H94C, H94D, and H119D CAII variants23 (A); and 
T199S, T199V, and T199P CAII variants20 (•). The data are fit to a 
line yielding R = 0.92, slope = -0.65. 

retains characteristics of the zinc—hydroxide and that stabiliza
tion of this negative charge is the determinant factor in catalysis, 
rather than the nucleophilicity of the zinc—hydroxide. The 

factor most likely destabilizing both zinc—hydroxide and the 
transition state for the CAII variants is the increased electron 
density on the zinc ion as a result of (1) replacement of a neutral 
residue in close proximity to the zinc with a negatively charged 
residue (position 92 variants), (2) replacement of a neutral metal 
ligand with a negatively charged ligand,23 and (3) alteration of 
the E106/T199/zinc-solvent hydrogen bond network.20 
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