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Abstract

The undisputed role of His64 in proton transfer during catalysis by carbonic anhydrases in the o class
has raised questions concerning the details of its mechanism. The highly conserved residues Tyr7,
Asn62, and Asn67 in the active-site cavity function to fine tune the properties of proton transfer by
human carbonic anhydrase 11 (HCA I1). For example, hydrophobic residues at these positions favor
an inward orientation of His64 and a low pK, for its imidazole side chain. It appears that the
predominant manner in which this fine tuning is achieved in rate constants for proton transfer is
through the difference in pK, between His64 and the zinc-bound solvent molecule. Other properties
of the active-site cavity, such as inward and outward conformers of His64, appear associated with
the change in ApKj; however, there is no strong evidence to date that the inward and outward
orientations of His64 are in themselves requirements for facile proton transfer in carbonic anhydrase.
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An important advance in understanding catalysis by carbonic anhydrase came in the report in
1975 from Steiner, Jonsson, and Lindskog [1] who used hydrogen/deuterium isotope effects
to deduce a rate-limiting, intramolecular proton transfer in the maximum velocity of catalysis
by human carbonic anhydrase Il (HCA I1). They suggested that His64 was the likely shuttle
group based on its position in the active site and its pK, near 7 that was consistent with the
kinetic pKj, of kgot. Direct evidence that this suggestion was correct came 14 years later; it was
the reduction in maximal velocity by about a factor of 20 caused by the replacement of His64
in HCA 11 with Ala which cannot support proton transfer [2]. Moreover, maximal velocity
catalyzed by the mutant H64A HCA 11 was rescued to levels close to that of the wild-type
enzyme by imidazole buffer in solution [2].

Because of its rate-limiting, intramolecular proton transfer in catalysis, carbonic anhydrase has
become a model for the examination of long range proton transfers and the role of hydrogen-
bonded water networks [1,3]. This is a step apparently shared by the numerous carbonic
anhydrases classified into genetically distinct classes, such as a, B, and y [4,5], all of which
carry out catalysis of CO, hydration in a two-step mechanism. The first stage in the hydration
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direction is the reaction of zinc-bound hydroxide with carbon dioxide to form bicarbonate (eq
1). A water molecule subsequently displaces the bicarbonate at the metal shown in eq (1).

H,O
CO,+EZnOH™ = EZnHCO3™ = EZnH,0+HCO3~ (1)
EZnH,0+B = EZnOH +BH* (2)

The second stage is the rate limiting proton transfer to regenerate the zinc-bound hydroxide
(eq 2). The zinc-bound water transfers a proton to an exogenous proton acceptor or a residue
of the extended active site represented by B in eq (2); the proton is ultimately removed to the
bulk solvent in the hydration direction. Human carbonic anhydrase I1, HCA 11, the most studied
of the enzymes of the a class, is emphasized in this review. Catalysis of the hydration of
CO, by HCA Il is sustained at a maximal catalytic turnover of 1 us2, limited by proton transfer
between the zinc-bound solvent and proton shuttle residue His64, represented as B in eq (2),
when in the presence of excess external buffer.

HCA 11 is monomeric, near 30 kDa molecular weight, and contains a catalytic zinc ion that is
located at the bottom of a conical cavity about 15 A deep, with tetrahedral coordination by
three histidine residues (94, 96, and 119) and a highly polarized water molecule or hydroxyl
group (Figure 1). In crystal structures, the active-site cavity is occupied with a hydrogen-
bonded chain of ordered water molecules labeled W1, W2, W3a, and W3b leading out of the
cavity toward the residue His64 (Figure 1). The cavity contains a region of hydrophobic
residues (Vall21, Val143, Leul98, and Trp209) which form a binding site for carbon dioxide
that allows facile reaction with the zinc-bound hydroxide [6,7]. Leading out of the cavity is a
patch of more hydrophilic residues (Tyr7, Asn62, His64, Ans67, Thr199 and Thr200).

Nair and Christianson [8] deduced from the crystal structure of HCA Il that the side chain of
His64 exists in two conformations related by a rotation about the Ca-Cp side-chain angle ;.
These are referred to as the inward and outward conformations. In the inward orientation the
imidazole of the side chain points toward the zinc (Figure 1)(y; and y» are 47° and 99° [9]);
this is the predominant conformer at pH near 8.5 [8]. At pH 5.7 the outward conformer
predominates (1 and y are —55° and 111° [9]) in which the imidazole of the side chain points
out of the active-site cavity near the hydrophobic residues Trp5, Tyr7, and Phe231. These
inward and outward orientations of the side chain of His64 have been observed in the crystal
structures of many variants of HCA 11 and, although the precise conformers differ somewhat
in angles x; and y», for our purposes we will simplify by referring to the inward and outward
conformational states only. Under crystallization conditions of pH 7.8 and at 1.05 A resolution,
the occupancy of the inward conformer is 80% and the outward 20% [9].

Proton shuttle residues have been identified in carbonic anhydrases of the § and y class as well.
His216 of the 3 carbonic anhydrase from Arabidopsis thaliana [10] and Glu84 of the y carbonic
anhydrase from Methanosarcina thermophila [11] have the properties of proton shuttles in the
catalytic mechanisms. These examples of convergent evolution in the hydration of CO, also
demonstrate convergent evolution of proton transfer mechanisms. It is also useful to point out
other carbonic anhydrases with dual conformations of proton shuttle residues. The proton
shuttle residue Glu84 in the B carbonic anhydrase from M. thermophila is observed in crystal
structures to have two distinct side chain conformations, one of which points toward the active
site [12]. The activation of catalysis by reacting F65A-Y131C murine CA V with 4-
chloromethylimidazole increased the rate of proton transfer in catalysis by three fold [13]. The
electron density at 1.88A resolution is interpreted as due to two different orientations of the
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modified side chain of Cys131 [14]. It is suggested that a solvent exposed and conformationally
mobile side chain for the proton shuttle facilitates proton transfer between the active site and
solvent in catalysis by carbonic anhydrase [14,15]. These arguments appear straightforward.
It would be an advantage in catalysis to have dual conformers of His64 so that the proton
transferred to inward His64 in the hydration direction can flip to the outward orientation and
deliver the proton easily to buffer in solution.

The energy barrier for the conformational change from inward to outward has not been
approached by experimentation, but a ready answer is provided by molecular dynamics
simulations. Maupin and VVoth [16] considered the energy barrier for the conformational change
from inward to outward in the EZnH,02*-His system in which the rotation barrier is 5.6 kcal/
mol with the inward orientation being more stable by 1.6 kcal/mol. For the EZnOH*-HisH*
system the rotation barrier from outward to inward is 6.2 kcal/mol with the outward conformer
more stable by 3.2 kcal/mol. This means that the rotational mobility about y4 is faster by several
orders of magnitude than the proton transfer with an energy barrier near 10 kcal/mol. Because
of the much slower rate of proton transfer with respect to conformer interconversion, an average
or thermally equilibrated ratio of inward to outward occurs during the catalytic cycle. However,
this ratio can change as catalysis proceeds.

Yet another consideration is the energy barrier to proton transfer between the zinc-bound
solvent molecule and His64 that is entirely inward or entirely outward. We anticipate a larger
barrier for His64 always outward because of the greater distance (by about 5 A compared with
inward) to the zinc-bound water and the need for more intervening solvent molecules for proton
transfer in the outward orientation. Multistate empirical valence bond computations show the
energy barrier for proton transfer is 11.4 kcal/mol for His64 always outward compared with
10.0 kal/mol for His64 always inward [17].

Distance between the proton donor and acceptor appears to be a significant factor for the
efficiency of proton transfer within the active site of HCA 11, according to a series of
experiments given in Table 1. These experiments use histidine placed at various sites (positions
62, 64, 67, 200) in the active-site cavity and test their capacity to promote proton transfer,
following the example of Liang et al. [18]. Other experiments use 4-methylimidazole (4-MI)
in chemical rescue of mutants lacking a proton shuttle residue, with accompanying
crystallographic studies to estimate the binding site of the 4-MI. These data show an optimal
distance for the most efficient proton transfer near 7.5A, which not surprisingly is the case for
wild-type containing His64.

However, it is not clear that distance is the feature that is optimized in the data of Table 1. In
such a study, a combination of factors needs to be considered for each enzyme including
structural and non-specific features of the active-site cavity, such as electrostatics. For example,
in wild type and H64A-N67H HCA 11 the proton donor and acceptor are separated by at least
two water molecules, and in H64A-T200H there are no water molecules intervening between
donor and acceptor; in H64A-T200H the side chain His200 forms a direct hydrogen bond with
the solvent molecule that coordinates the zinc directly. This close distance between proton
donor and acceptor appears not to diminish proton transfer capacity in T200H by a very
significant amount when compared with wild-type or H64A-N67H HCA 1l (Table 1). Other
factors need to be considered, but it is not straightforward that there is a distance dependence
on proton transfer in carbonic anhydrase, a point also discussed by Riccardi et al. [19].

In addition, experiments are not clear in supporting the hypothesis that an outward orientation
for His64 would diminish catalysis. The first experiment to reflect on this hypothesis was the
investigation of T200S HCA 11 in which the orientation of His64 appears predominantly
outward in crystal structures (crystallization conditions at pH 8.0), within experimental
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uncertainties [20]. This outward orientation occurs even though the side chain of residue 200
is some 5A away from His64 and there are no other conformational changes in T200S compared
with wild type, nor is there a significant interaction gained in the outward His64. Catalysis by
T200S HCA 1 shows no significant change in maximal velocity [20]. Certainly the conditions
for crystallization of T200S HCA Il and measurement of its catalysis are substantially different
including apparent ionic strength and the presence of azide in the crystallization conditions
[8]. That is, the preferred orientations of His64 could be different in the environment of the
crystal and in the solution conditions under which catalytic activity was measured.

We now have additional crystal structures of variants of HCA Il in which we can identify the
orientation of His64 and for which we have rate constants for proton transfer in catalysis kg,
all measured by the 180-exchange method [21]. These enzymes are listed in Table 2. Except
for wild type, they all contain one amino-acid replacement within the active-site cavity. The
replacements are at Tyr7, Asn62, and Asn67. These are hydrophilic residues the side chains
of which extend into the active site cavity and appear to form hydrogen bonds with the ordered,
hydrogen-bonded water chain in the active-site cavity [9]. The side chains of residues 7, 62,
and 67 are 7A to 9A from the zinc and 3A to 6A from the imidazole of His64 in its inward
orientation. The replacement of these residues is shown to cause changes in the orientation of
His64, changes in the pKj, of the imidazole side chain of His64 (and through electrostatics in
the pK, of the zinc-bound water), and changes in the structure of the ordered water network in
the active-site cavity [22].

Replacement of Tyr7 and Asn62 by hydrophobic side chains (Y7F; N62L,A,V) is associated
with a reduced pK, of His64 compared with wild type and an inward orientation of His64
(Table 2). These features are likely related. Introduction of hydrophobic residues near His64
will reduce the pK,, favoring the uncharged form of the imidazole side chain. Simulations
show that the inward orientation of His64 in the EZnH,0%*-His system of HCA Il is favored
by 1.6 kcal/mol compared with the outward [16]. On the other hand, the outward orientation
of His64 in N62D is understood by the opposite rationale. The presence of the charged
carboxylate of Asp62 promotes an increase in the pK, of His64 (Table 2), and simulations
confirm that in the system EZnH,0O*-HisH* the outward orientation is preferred [16]. Why
N67L HCA 11 has His64 in the outward orientation is unexplained. For another mutant N62T,
one assumes that the uncharged, hydrophilic Thr62 is sufficiently similar to Asn62 in the wild
type that, like the wild type, this mutant promotes an orientation of His64 that is inward and
outward (Table 2) [23]. Other than the differences in orientation of His64, there are no
significant changes observed in the backbone or side-chain structures of the mutants of Table
2, with a notable exception (N62D) mentioned below.

The values of the rate constants for proton transfer kg measured in the dehydration direction
by 180 exchange [21] for each of the mutants of Table 2 are presented in a free energy plot in
Figure 2 (filled symbols). Superimposed on this plot are the rate constants for proton transfer
in catalysis by H64A HCA 1l caused by the presence of imidazole and pyridine derivatives
which act as proton donors from solution (open circles) [24]. The usefulness of these
superimposed data is that they represent proton transfer from a donor chemically similar to
His64 but not tethered to the enzyme. Extensive study of this intermolecular proton transfer
shows that the rate constants kg for a number of different exogenous proton donors can be fit
to Marcus Rate Theory [25,26], which is significant because it allows the properties of proton
transfer in carbonic anhydrase to be compared with proton transfer in a number of model
systems, both experimental and theoretical.

In fact, the rate constant for proton transfer kg in catalysis by wild-type HCA 1l falls on a
Marcus curve [24], an observation that is again made in Figure 2. The two enzymes (wild type
and N62T) showing both the inward and outward orientation of His64 have high catalytic
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activity at ApKg near zero. This is a significant region of the free energy plot of Figure 2 since
carbonic anhydrase must catalyze both hydration and dehydration reactions in its physiological
function; this region of the curve at ApK, near zero provides the most facile intramolecular
proton transfer when both the hydration and dehydration directions are considered. Although
Table 2 is a very limited sample of enzymes, it gives little support to the suggestion that the
conformational access to both the inward and outward orientations is an important contributor
to efficiency of proton transfer. Two enzymes with predominantly inward orientations of
His64, N62L and N62V, show nearly as great rate constants for proton transfer kg as wild type.
In addition, the mutant N62T with dual orientations of His64 has about the same kg as N67L
with an outward orientation of His64. Overall, accumulated data to date included in Table 2
do not show convincing evidence that the inward and outward conformations of His64 in crystal
structures are relevant to proton transfer.

We observe from Figure 2 that the data for proton transfer from the exogenous proton donors
lie closely along the Marcus curve, and the data for the site-specific mutants are much more
scattered. What are the factors that account for the scatter of data points for intramolecular
proton transfer in Figure 2? This is a difficult question; the difference in energy barrier between
the least and most efficient enzyme of Figure 2 is only 2.4 kcal/mol. First we observe that the
kinetic constants kg for the dehydration direction for the mutants of Table 2 generally increase
with increasing ApK, (= pKa znH20 — PKj Hisga)- This is to acknowledge that the more acidic
the imidazole of His64, the better a proton donor it is. Other factors must be involved otherwise
the data of Table 2 would not be so scattered in Figure 2. Perhaps the data can be interpreted
more completely by a multi-state Marcus model as described for example by Warshel and
colleagues [27].

A structural difference can be invoked to account for the low value of kg for N62D HCA 1.
In this mutant the side chain of Asn67 and the side chain of GIn92 are shifted closer to His64
by as much as 1.4A compared with wild type [23]. Along with the presence of Asp62, this
increases the hydrophilic character of the active site cavity and may be a significant contributor
to the high pK, of His64 in N62D. As pointed out above, the side chains that are replaced in
HCA 11 for the mutants of Table 2 (residues 7, 62, 67) are 3 — 6A from the imidazole ring of
His64. In an earlier report, measurements of kg for mutants of K64H HCA |11 were fit to a
Marcus plot with less scatter than we observe for HCA 11 in Figure 2 [25]. The difference is
probably that in K64H HCA 111 a perturbing mutation was to replace Phe198 that is 12A from
His64. This is much more distant than the side chains replaced in Table 2. However, another
perturbing replacement in K64H HCA 111 was R67N which is 6A from His64, comparable to
this study.

The role of the ordered water in the active-site cavity may be discerned in two mutants of Table
2,Y7Fand N67L. For Y7F, the structure of ordered water is altered from a branched, hydrogen-
bonded chain in wild type to an array of single water molecules, not branched, that extend from
the zinc-bound solvent to His64 [22]. Computations show a more rapid proton transfer through
a single, non-branched chain of water molecules compared with branched chains [28-30]. Yet
experimental data show that the rapid rate constant for proton transfer observed for Y7F falls
close to the Marcus curve (Figure 2) which is the activity curve predicted solely on the basis
of ApK,. Correspondingly, a prominent feature of the crystal structure of N67L is that there is
no ordered water observed in this mutant [22], yet the proton transfer activity of N67L also
falls on the Marcus curve. Current concepts of the energetics of proton transfer drawn from
experimental evidence certainly emphasize the formation of the water chain connecting donor
and acceptor as a precondition for proton transfer [26,31]; however, the relevance of the ordered
water structure observed in the crystal structures of the enzymes of Table 2 is uncertain.
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Finally, it is appropriate to point out results supporting the conclusion that a change in
orientation of His64 does not contribute to the energy barrier of intramolecular proton transfer
in catalysis by carbonic anhydrase. Shimahara et al. [32] have devised a mechanistic scheme
in which the two neutral tautomers of the imidazole of His64 participate in a manner that does
not require reorientation of the side chain. In another approach, Riccardi et al. [19] have
presented computations pointing out that electrostatic interactions make a predominant
contribution to the energy barrier of proton transfer in carbonic anhydrase. Under these
computations, distance between donor and acceptor is not a factor, and both the inward and
outward orientations of His64 support proton transfer with equivalent facility.
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Figure 1.

The active site of HCA Il in a ball-and-stick diagram taken from ref [15]. The zinc ion and the
oxygen molecules of water molecules are shown as black and red spheres, respectively. The
water network of the active-site is labeled W1, W2, etc. and Wpyy is the deep water. Hydrogen
bonds involving solvent molecules are represented as dashed red lines. The dual conformation
of the His64 side chain is shown in both inward and outward conformations.
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Free energy plot of the logarithm of kg (s™1) versus ApKj, (PKa znn20 — PKa wissa) for (filled
symbols) the wild type and the mutants of HCA Il identified by number in Table 2; and (open
circles) for H64H HCA 11 with proton transfer provided predominantly by derivatives of
imidazole and pyridine acting as exogenous proton donors with the solid line a best fit of
Marcus Rate Theory (Figure 5 from ref [24]). Data were obtained by 180 exchange at 25 °C.
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Rate constants for proton transfer from various sites in human carbonic anhydrase Il and site-specific mutants.

Enzyme donor distance to Zn @ kB b Reference
A) (ms™)
H64A 4-MI 4.8 Inhibitory [33]
H64A-T200H His200 5.2 ~300 [34]
H64A-N67H His67 6.6 200 [35]
wild type His64 75 800 [35]
Heaw 4-MI € 8.0 130 [36]
H64A-N62H His62 8.2 ~30 [35]
HB4A 2-m1 @ 12 0 [24]

aDistance between the zinc and N1 or N3 of the imidazole donor.

bThe rate constant kg represents proton transfer to the zinc-bound hydroxide in the dehydration direction of catalysis as described in eq 2 and ref.

[24].

€4-methylimidazole (4-M1) bound at Trp64.

d4—methylimidazo|e bound at Trp 5
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Table 2
Rate constants kg for proton transfer in dehydration and pKj values for proton donor and acceptor in variants of
HCA1l.2
Enzyme Orientation of pPKa znH20 PKa Hissa kg
His64 (us)
1Y7F in 7.0 6.0 39
2 N62L in 6.0 6.0 0.2
3N62A in 6.5 6.2 0.4
4 N62V in 5.9 5.9 0.35
5 Wild type in/out 6.8 7.2 0.8
6 N62T infout 7.0 7.0 0.4
7 N67L out 6.0 75 0.2
8 N62D out 76 8.4 0.04

aUncertainties in the values of the pKg are generally + 0.1, the standard errors in kg are generally less than 20%. The data for Y7F, N67L and wild

type are from ref [22]; the data for N62L, N62A, N62V, N62T, and N62D are from ref [23].
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