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Neutron Structure of Human Carbonic Anhydrase II: Implications for Proton Transfer†
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ABSTRACT: Human carbonic anhydrase II (HCA II) catalyzes the reversible hydration of carbon dioxide to
form bicarbonate and a proton. Despite many high-resolution X-ray crystal structures, mutagenesis, and
kinetic data, the structural details of the active site, especially the proton transfer pathway, are unclear. A large
HCA II crystal was prepared at pH 9.0 and subjected to vaporH-Dexchange to replace labile hydrogens with
deuteriums. Neutron diffraction studies were conducted at the Protein Crystallography Station at Los
Alamos National Laboratory. The structure to 2.0 Å resolution reveals several interesting active site features:
(1) the Zn-bound solvent appearing to be predominantly a D2O molecule, (2) the orientation and hydrogen
bonding pattern of solvent molecules in the active site cavity, (3) the side chain of His64 being unprotonated
(neutral) and predominantly in an inward conformation pointing toward the zinc, and (4) the phenolic side
chain of Tyr7 appearing to be unprotonated. The implications of these details are discussed, and a proposed
mechanism for proton transfer is presented.

Human carbonic anhydrase II (HCA II) is an ∼29 kDa
monomeric metalloenzyme that uses a Zn hydroxide mechanism
to catalyze the reversible hydration of CO2 to HCO3

- and a
proton. Catalysis by HCA II involves a two-step, ping-pong
mechanism (eqs 1 and 2). The first step is the nucleophilic attack
on CO2 by a Zn-bound OH- to produce HCO3

-. The product is
displaced by a water molecule, and the second step requires a
proton transfer event to regenerate the catalytic OH- from the
Zn-bound H2O. The symbol B in eq 2 represents a buffer in
solution or an endogenous Hþ acceptor (1-3).

EZnOH- þCO2 a EZnHCO3
- a EZnH2OþHCO3

- ð1Þ

EZnH2OþB a EZnOH- þBHþ ð2Þ
The details of substrate binding and conversion, as depicted in

the first step, are fairly well understood, especially in light of
recent reports of the crystal structure of the CO2-HCA II
catalytically productive complex (4, 5). The structure reveals
the binding mode of CO2 in a side-on configuration but not
coordinated to the zinc, in the hydrophobic pocket (Val121,
Val143, Leu198, Val207, and Trp209) located behind the Zn-
bound solvent (ZS). The binding of CO2 displaces a solvent
molecule, termed deep water (DW) because of its location. This

DW is involved in a H-bond with the ZS in the absence of
substrate (6, 7). The rate of the CO2 hydration step is near
diffusion control (108 M-1 s-1). For CO2 hydration, both kcat
and kcat/KM have pH profiles that are described by a single
ionization with a pKa near 7 and increasing in activity as the pH
increases (1).

The proton transfer step, the second stage of catalysis, is
hypothesized to proceed via a hydrogen-bonded network of six
water molecules that span an ∼8-12 Å distance between the ZS
and proton shuttle residue, His64. A number of studies have
shown thatHis64 functions as a proton acceptor and donor in the
shuttling pathway (3, 8, 9). Crystallographic studies have shown
His64 observed in two distinct conformations, the inward con-
formation in which the imidazole is pointing toward the zinc and
the outward conformation in which it points toward the exterior
bulk solvent (10, 11). The mechanism of transfer of protons
through intervening water molecules to His64 is not clear; one
possibility is via a Grotthuss mechanism with protons moving in
a concertedmanner throughahydrogen-bondedwater chain (12).
Other mechanisms involve the movement of the proton through
a series of H5O2

þ (Zundel cation) and/or H9O4
þ (Eigen cation)

configurations and emphasize the importance of electrosta-
tics (13, 14). A variety of plausible proton transfer pathways
have been suggested (15).

There are several hydrophilic residues (Tyr7, Asn62, Asn67,
Thr199, and Thr200) that line the active site of HCA II and
interact with solvent molecules (3, 13, 16). Crystallographic
studies ofHCA II have identified several orderedwatermolecules
in the active site, and their positions are conserved over awide pH
range (5.0-10.0) (11). Replacement of hydrophilic residues
followed by structural and kinetic studies shows that disruption
of the solvent positions can be correlated with changes in the
rate of proton transfer in catalysis (16). Several high-resolution
(to ∼1 Å) X-ray structures of the wild type and mutants of
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HCA II have been reported; however, the protonation states of
active site residues and the nature and hydrogen bonding
orientations of the active site solvent have not been directly
observed (17, 18). In instances where H atoms were partially
visible in the high-resolution X-ray data, the densities were
ambiguous and therefore difficult to interpret.Despite the kinetic
and structural data obtained for this enzyme over the last few
decades, many issues related to hydrogen bonding and proton-
ation states remain unclear. To address these questions, neutron
diffraction studies of HCA II were initiated.

UnlikeX-rays, neutrons diffract equally strongly fromH, albeit
negatively (scattering length of -3.7 fm), as from other atoms
found in proteins (6.6 fm for C, 5.8 fm for O, 9.4 fm for N, and
2.8 fm for S), making the visualization and assignment of H atom
positions feasible, even atmedium resolution (19, 20). Substitution
of H with its isotope, D (scattering length of 6.7 fm), leads to an
improvement in the coherent scattering (as H has a large negative
scattering length and incoherent cross section) and facilitates the
determination of D positions (19). In this way, neutron data can
give important details regarding H-D exchange, orientations of
solvent molecules, and protonation states of residues (21).

In electron density maps, water molecules usually appear as
spherical peaks, indicating the position of theOatom. In contrast,
the nuclear densities obtained for solvent through nuclear density
maps appear extended, and these features are due to the strong
scattering from one or two D atoms. X-ray and neutron diffrac-
tion data used together for model refinement are highly com-
plementary and allow the accurate placement of O atoms and the
subsequent refinement of the extended nuclear peaks as D atoms.
This allows the accurate placement and orientation of D2O
molecules, resulting in a detailed understanding of the hydrogen
bonding, via the deuterium patterns, which can facilitate the
elucidation of catalytic mechanisms (22, 23).

A large, single, crystal of HCA II was prepared and allowed to
undergoH-Dvapor exchange for 2months at room temperature
(RT) to replace exchangeable protons with deuterons. Neutron
diffraction data to 2.0 Å were collected at the Protein Crystal-
lography Station at Los Alamos Neutron Science Center.
An additional X-ray data set, from a crystal prepared under
identical conditions, was also collected to enable a combined
X-ray and neutron structure refinement (21). Several interesting
active site featureswere observed in the neutron structure ofHCA
II: (1) the imidazole side chain of His64 being unprotonated/
neutral and occupying a predominantly inward conformation, (2)
the ZS appearing to be predominantly a D2O molecule, (3) the
orientations of the solvent and their interactions being visible, and
(4) the phenolic side chain of Tyr7 appearing to be unprotonated.
The implications and possible importance of these observations
for proton transfer in the catalytic mechanism are discussed. This
is the first report of a neutron structure of a carbonic anhydrase.

MATERIALS AND METHODS

Crystallization. Human carbonic anhydrase II was ex-
pressed, purified, and crystallized for neutron diffraction as
described elsewhere (24). Briefly, after expression and purifica-
tion, the enzymewas buffer exchanged into 100mMTris (pH8.0)
using a desalting column from GE Healthcare. The enzyme was
concentrated to ∼15 mg/mL with an Amicon Ultra centrifuga-
tion filtration device with a molecular mass cutoff of 10 kDa.
HCAIIwas crystallized atRTusing the sandwich box setup from
Hampton Research with nine-well glass plates. Each well con-

sisted of 400 μL: 200 μL of the protein solution and 200 μL of
crystallization solution [1.15 M sodium citrate and 100 mM Tris
(pH 9.0)]. The crystallization drops were equilibrated against
30 mL of well solution [1.3 M sodium citrate and 100 mM Tris
(pH 9.0)]. No crystal growth occurred within a week; accord-
ingly, sodium citrate salt was added to the well solution to a final
concentration of∼1.6M. The sodium citrate recrystallized in the
well, indicating saturation. Useful HCA II crystals appeared
within a week and grew to a maximum size within 2 weeks. All
expression, purification, and crystallization procedures were
performed usingH2O as a solvent and in precipitant suspensions.
Neutron and X-ray Data Collection and Processing.

Neutron and X-ray data collection were conducted as described
previously (24). Briefly, a suitable crystal for neutron diffraction
(volume of ∼1.2 mm3) was mounted in a quartz capillary, with
mother liquor plugs containing 99% D2O introduced prior to
sealing. The crystal was then left to undergo H-D exchange by
vapor diffusion at RT for at least 2 months prior to data
collection. Time-of-flight neutron Laue data were collected
at RT on the Protein Crystallography Station (Los Alamos
Neutron Science Center) He3-filled position sensitive detector,
with the sample mounted on a Huber κ-circle goniometer (25).
Forty-one settings were collected, with an approximately 32 h
exposure per image, with maximum usable diffraction to ∼2 Å
resolution. Table 1 shows the data set and refinement statistics.
The imageswere processedwith amodified version of d*Trek and
wavelength normalized with LAUENORM (26, 27). Finally,
data were merged with SCALA from the CCP4 suite; all data
collection and refinement statistics are given in Table 1 (28).

A crystal of similar dimensions from the same drop and
subjected to the same H-D vapor exchange was used for RT
X-ray data collection. Diffraction data to 1.5 Å resolution were
recorded on a R-AXIS IVþþ image plate using a Rigaku HU-
H3RCu rotating anode, with oscillation steps of 0.5� and a 2min
exposure per frame. The crystal-detector distance was 80 mm.
Data processing and reduction were conducted using
HKL2000 (29). X-ray data set statistics are given in Table 1.
Joint X-ray and Neutron Refinement. Refinement of the

model was conducted utilizing a version of CNS modified for
neutron refinement, nCNS, and a starting model generated from
Protein Data Bank (PDB) entry 2ili, a high-resolution structure
crystallized using similar conditions (18, 21, 30). The model was
initially refined against only the X-ray data using SHELXL, until
theR factors converged (31). At this point,H atomswere included
in the model, as were D atoms at labile positions. Then the
refinement against both X-ray and neutron data was moved into
nCNS and included rigid body refinement, followed by iterative
rounds of positional, individual B factor, and occupancy refine-
ment. Visual inspection of nuclear and electron density 2Fo - Fc

and Fo - Fc maps allowed for the placement of D2O molecules
and identification of the protonation states of amino acid side
chains. In cases where the neutron data were not clear, H or D
atoms and solvent were oriented to accommodate H-bonds and
electrostatic interactions. All manual model building was con-
ducted using Coot, and figures were generated with PyMOL
(32, 33). Table 1 shows a summary of the refinement statistics.

X-ray data from an isomorphous crystal are required to
provide a starting model and structure factors for the joint
X-ray and neutron refinement, as this approach vastly improves
the nuclear density maps (21). The final model, refined against
both neutron and X-ray data sets, had Rcryst values of 27.5 and
16.1% and Rfree values of 28.6 and 17.3%, respectively. The
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model contains 232 water molecules, modeled as D2O, and has
standard geometry with a root-mean-square deviations (rmsds)
for bond lengths and angles of 0.01 Å and 1.8�, respectively.
Model coordinates and experimental data have been deposited in
the Protein Data Bank as entry 3KKX.

RESULTS AND DISCUSSION

Active Site Zn-Bound Solvent and Interactions. From the
shape of the nuclear densitymaps, the location of two deuteriums
on the ZS is clearly visible. Thus, it appears that the ZS is present
under these crystallization conditions as a zinc-bound D2O
molecule (Figure 1a). This is the first direct observation showing

the metal-bound solvent to be a water molecule in carbonic
anhydrase. Even using atomic-resolution (∼1 Å) macromolecular
crystal structures, it is not possible to distinguish between
Zn-OH- andZn-H2Ospecies, basedonmetal-oxygendistances
alone. In both cases, the distances range from∼1.98 to 2.11 Å, and
possibly the only way to distinguish these structurally is to look at
high-resolution neutron diffraction data of small molecules (34).
Another possibility is that we observe the ZS as an OD- bound in
two orientations, one a H-bond donor to DW and the second a
H-bond donor to Thr199, or even the superposition of a single
OD- andD2O.The pKa of zinc-boundwater inHCAII in solution
is well established as∼7.0 (1, 8). Replacing exchangeable HwithD
could increase the pKa of zinc-bound D2O to around 7.5 if it
behaves like a normal acid (35). Also, there is evidence that the pKa

of the Co(II)-bound solvent is increased from 7.0 to 8.4 for crystals
of Co(II)-substituted HCA II prepared in 1.4 M citrate (36). The
starting crystallization pH in this studywas∼9.0, and crystals were
prepared in 1.15 M citrate, implying that the pKa of ZS could be
higher than expected, leading to a D2O bound at the metal.

Attempts to model combinations of OD- in two orientations
or superimposed with D2O led to unresolved Fo - Fc nuclear
density, andmodeling a singleD2Omolecule provided the best fit
to the observed data. Figure S1 of the Supporting Information
shows anFo- Fc nuclear omitmap generated with bothD atoms
on ZS removed, and this strongly suggests the presence of a D2O
molecule. An occupancy refinement of just these two D atoms
resulted in occupancies of 1.0 and 0.94, also supporting the
assignment of a single D2O bound to the metal.

The ZS is a H-bond donor to the hydroxyl group of Thr199
with a H-bond distance of 2.9 Å (Figure 1b and Table 2). ZS
is also a H-bond donor to DW and an acceptor from water
molecule W1 (Figure 1a and Table 2). The O 3 3 3O distances for
the H-bonds between ZS and DW and W1 are both ∼2.5 Å in
these data at 1.5 Å resolution and could represent strong
H-bonds (Table 2). This is consistent with the bond distances
observed in anX-ray structure ofHCA II at 0.9 Å resolution (37).
Water Molecules and Interactions with Active Site

Residues. A network of water molecules extends from the ZS
to the proton shuttle residue His64 in its inward orientation
(Figures 2 and 3a). This network as observed in the crystal is a
low-energy conformation of water molecules and provides im-
portant clues about the pathways of proton transfer during

Table 1: Data Collection and Refinement Statistics

X-ray neutron

wavelength λ source 1.54 Cu κR anode 0.7-6.3 Spallation neutron source LANSCE

unit cell dimensions a = 42.6 Å, b = 41.6 Å, c = 72.8 Å, β = 104.6�
space group P21
no. of settings 1255 41

resolution (Å) 20.0-1.50 (1.55-1.50)a 20.0-2.00 (2.11-2.00)a

no. of reflections 959116 (38510)a 14136 (1760)a

redundancy 9.4 (8.6)a 3.0 (2.0)a

completeness (%) 95.9 (91.9)a 84.6 (72.8)a

mean I/σ(I) 31.0 (5.7)a 3.8 (1.6)a

Rsym
b 5.8 (30.8)a 27.1 (38.4)a

Rpim
c not available 17.1 (28.5)a

Rcryst
d/Rfree

e 16.1/17.3 27.5/28.6

no. of protein atoms/no. of D2O molecules 4072 232

average B factor (main chain/side chain/D2O) 21.5/24.2/38.7

root-mean-square deviation for bond lengths (Å), angles (deg) 0.010, 1.793

aValues in parentheses are for the highest-resolution shell. bRsym = (
P

|I - ÆI æ|/
P

ÆI æ) � 100. cRpim = {
P

[1/(N - 1)]1/2/
P

|I - ÆI æ|/
PP

I } � 100.
dRcryst = (

P
|Fo - Fc|/

P
|Fo|) � 100. eRfree is calculated in the same way as Rcryst for data omitted from refinement (5% of reflections for all data sets).

FIGURE 1: Stereoview of the catalytic Zn-bound solvent and inter-
actions with Thr199. (a) H-Bonds between Zn-bound solvent (ZS),
deep water (DW), and W1. (b) H-Bonded network between Thr199
and Glu106. D atoms are colored cyan; nuclear density maps are
colored green and are contoured at 2.0σ, and electron density maps
are colored orange and contoured at 4.0σ.
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catalysis. In solution, water clusters in the active site cavity form
with a lifetime in the low picosecond range (13). Novel data

provided by neutron diffraction are the orientations of H-bonds.
The cluster of three water molecules (DW, ZS, and W1) is ori-
ented such that DW and ZS are H-bond acceptors (Table 2). In
a second cluster, water molecules W2, W3a, and W3b are
H-bonded to each other with D atoms oriented toward but not
directly H-bonded to His64 in its inward conformation
(Figure 3a). There is no H-bond formed between W1 and W2
(Figure 2 and Table 2). In the crystal, there is no continuous,
H-bonded water chain connecting ZS and the shuttle residue,
His64. These are features that are also evident from the X-ray
diffraction studies (18). Even though it is known that the O
positions of the active site waters are conserved over a wide pH
range, it is not known whether this is also the case for the H
orientations and H-bond interactions in which they partici-
pate (11). It is very important to determine a neutron structure
of wild-type HCA II at lower pH to determine how ionization
and pH could affect the water orientations.

Table 2: H-Bond Distances in the Active Site

donor-acceptora O 3 3 3O distance (Å) D 3 3 3O distance (Å)

ZS-DW 2.5 1.7

W1-ZS 2.5 1.5

W1-W2 2.8 n/a

W2-W3a 2.7 1.9

W2-W3b 2.8 1.8

W1003-Glu106 2.8 1.9

W1003-Thr199 2.8 1.9

ZS-Thr199 2.9 1.9

T199-Glu106 2.6 1.7

W3a-Tyr7 2.9 2.0

Tyr7-W1003 2.6 n/a

aDonor-acceptor groups for amino acids refer to the side chains only.

FIGURE 2: Water structure and its interactions with active site resi-
dues. Amino acid residues and solvent are as labeled. H-Bonding
distances between the solvent and residues are listed in Table 2.
D atoms are colored cyan. The 2Fo - Fc nuclear map is colored
green (top panel) and is contoured at 1.5σ. The 2Fo - Fc elec-
tron density is colored orange (bottom panel) and is contoured
at 2.0σ.

FIGURE 3: Orientation and charged state of His64 and Tyr7. (a)
His64 is oriented completely in the inward conformation and is
neutral with the exchanged D atom on ND1. The dashed lines
indicate the N-O distances between His64 and the solvent. (b)
Tyr7 appears to be deprotonated and is coordinated with W1003
andW3a. The dashed lines indicateH-bonds, and distances are listed
in Table 2. D atoms are colored cyan. Positive 2Fo- Fc nuclear maps
are colored green and are contoured at 1.5σ; electron density maps
are colored orange and are contoured at 2.5σ.
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There is a cluster of H-bonds among the hydroxy group of
Thr199, Glu106, and buried water W1003 (Figure 1b and
Table 2). These interactions serve in part to orient the side chain
of Thr199 towardZS and likely help to stabilize the deprotonated
ZS in an orientation to enhance catalysis (38).

The H-bond interactions between W3b and Asn62 and Asn67
can also be seen for the first time (Figure 2). The oxygen ofW3b is
H-bonded not only to one of the D atoms of W2 but also to the
ND2 atom of the side chain of Asn62, while one of the D atoms
interacts with the OD1 atom of the Asn67 side chain (Figure 2).
W3a donates one of its D atoms to a H-bond with Tyr7 and the
other to the backbone carbonyl of His64.
Proton Shuttle His64. Figure 3a shows the uncharged state

and conformation of the imidazole side chain of the proton
shuttle, His64. The side chain of His64 appears predominantly in
the inward conformation, consistent with previous observations
of the flexible side chain ofHis64 preferring an inward occupancy
with an increase in pH (10, 11). It is also clear from the nuclear
density maps that His64 is neutral in this conformation (at this
pH) and that the D atom located on the ND1 group is oriented
away from the active site (Figure 3a). This supplements the
observations made from the 1.05 Å resolution X-ray structure
of HCA II. In that case, it was difficult to assign the H atom
positions because His64 was occupying both the inward
and outward conformations, making the densities ambiguous
(18). However, with neutrons, the scattering from this D atom
is very strong and the peak is easy to interpret, even at 2.0 Å
resolution.
Tyrosine 7. An unexpected observation involves the phenol

side chain of Tyr7. It appears that the phenolic oxygen of Tyr7 is
primarily not protonated in the neutron crystal structure
(Figure 3b). There is no D or H atom observed in either omit
Fo - Fc or negative 2Fo - Fc nuclear density maps. There are
three possible explanations for this. (1) The phenolic D atom is
present but is disordered, and the density for it is ill-defined. (2)
The phenolicH atom is present (but not visible) because it did not
exchange with a D in the vapor exchange with D2O. (3) The
residue is deprotonated at the high pD (9.0) of the crystal. Several
arguments support option 3. First, Tyr7 and the surrounding
residues appear very well ordered, with average B factors bet-
ween 18 and 21 Å2 (average for the whole protein of ∼22 Å2).
Second, the residue is coordinated to two fully H-D exchanged
D2O molecules, showing that this residue is exchangeable and
solvent accessible (Table 2). Also, the aromatic H atoms are
visible in negative 2Fo - Fc nuclear maps (Figure S2 of the
Supporting Information), implying that we should be able to
observe an H atom on the oxygen, if it was there. Third, low pKa

values (pKa ∼ 7-9) for Tyr residues have been reported in the
literature. These are usually due to their proximity to a positively
charged species such as Lys or Arg (39, 40). This is not necessarily
the case in HCA II, where Tyr7 is surrounded by Trp5, Trp16,
His64, Thr200, Asn244, and Trp245 and is ∼7 Å from the Zn2þ

center. Consequently, we conclude that the side chain of Tyr7 is
not protonated in this study.

There is little support for the ionization of Tyr7 from
accumulated research on HCA II. Possibly, an ionization event
at Tyr7 would not be detected in pH profiles of catalysis of CO2

hydration and ester hydrolysis, both of which fit well to single
ionizations over the pH range from 6.0 to 10.0 (1). Additionally,
pH profiles of anion and inhibitor binding might not have
detected such ionization; the side chain of Tyr7 is 7 Å from the
zinc, possibly too far to have an effect on these observations.

Whether an unprotonated Tyr at position 7 has any functional
significance is uncertain. It is highly unlikely that this residue
would ever be exposed to such an extreme pH environment in
vivo.However, we know thatHCA II supports proton transfer at
high pH in vitro, and if this residue is indeed deprotonated due to
pH, it may have an effect on how proton transfer proceeds under
these conditions. It is reasonable to expect that a negatively
charged species close to the water network could favor the
formation, and stabilization, of an excess proton in the form of
a Zundel cation.
Proposed Mechanism of Proton Transfer. The observed

structure demonstrates an ordered water network of low energy,
and although this structure is observed under conditions dif-
ferent from the solution conditions under which rates of pro-
ton transfer are measured, the structure gives important clues
about proton transfer pathways occurring in catalysis. The
ionization states of ZS and His64 are appropriate for proton
transfer accompanying hydration; that is, ZS appears as D2O a
proton donor and His64 neutral as an acceptor. However, the
water network that is observed is not a continuously H-bonded
chain, as noted above, and the orientations of H-bonds are
not optimal for the transfer of protons from ZS to His64
(Figures 1a and 3a and Table 2). On the basis of the orientation
of H-bonds in the cluster of DW, ZS, and W1, there would need
to be a rearrangement of H-bonds to promote proton transfer
during catalyzed hydration. A possible rearrangement is shown
in the second panel of Scheme 1. This rearrangement would
involve the breaking of the observed H-bonds between ZS-DW
and ZS-W1, flipping of ZS and W1 with subsequent forma-
tion of new H-bonds in another orientation (Scheme 1). This
might also involve a reorientation of DW. The reorientations
would be expected to occur if the proton transfer is stepwise or
concerted.

The next step of proton transfer includes formation of the zinc-
bound OH- and possibly a Zundel-like cation (H5O2

þ) formed
with W1 and W2 (Scheme 1). The Zundel cation is a type of
hydrated proton and a likely participant in the proton transfer
pathway as found and thoroughly discussed in the computations
of Maupin et al. (13). The observed structure does not show D
atom density betweenW1 andW2, although the O-Odistance is
2.8 Å; the flipping of W1 and subsequent motion of a proton
from ZS to W1 would proceed to a Zundel cation (Scheme 1).
The excess proton then proceeds through hydrated forms resem-
bling Zundel or perhaps Eigen (H9O4

þ) complexes toHis64, with
computations showing transfer proceeding through W3a (13).
All of these events potentially represent energy barriers as the
proton moves from ZS to His64. The breaking and re-formation
of H-bonds and the rotation of the solvent molecules could
contribute to the energy barrier near 10 kcal/mol associated with
proton transfer in catalysis. Computational studies using multi-
state empirical valence bond methods compute a free energy
barrier of 10 kcal/mol for the transfer of protons from ZS to
His64 in the inward conformation (13).

The distances observed from the NE2 atom of His64 in the
inward conformation to eitherW2, W3a, or W3b (Figure 3a) are
too long to support proton transfer through a direct H-bond;
however, there is considerable flexibility along χ1 and χ2 of
the side chain of His64, and it could be hypothesized that
His64 may move closer to these solvent molecules to form such
a H-bond. Again, this is a potentially an energy barrier to proton
transfer.
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CONCLUSIONS

This is the first report of the neutron structure of any carbonic
anhydrase, and the data elucidate interesting features of the
active site not previously observed with implications for the
proton transfer pathway during catalysis. The zinc-bound solvent
appears to beD2O and is involved in two hydrogen bonds toDW
andW1. The details of the side chain orientations of Thr199 and
Glu106 are also visible, and these interact in a way that facilitates
the orientation of the Zn-bound OH- in catalysis. The details of
the ordered water structure that occupies the active site are also
visible, and their orientations suggest that cleavage of H-bonds
and flipping ofwatermolecules are required for the excess proton
to leave the active site during catalysis. The proton shuttle His64
is oriented predominantly in the inward conformation and is
neutral, with the unprotonated NE2 atom pointing toward
the zinc-bound D2O, ready to pick up a proton. Finally, Tyr7
appears to be deprotonated at the crystallization pH of 9.0. The
possible role of tyrosine deprotonation in the catalytic mecha-
nism of HCA II, if any, remains to be elucidated.
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SUPPORTING INFORMATION AVAILABLE

Positive omitFo- Fcmap for the Zn-bound solvent (Figure S1)
and negative and positive 2Fo - Fc nuclear density maps for
Tyr7 (Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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