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In fungi the f-class of carbonic anhydrases (-CAs) are zinc metalloenzymes that are essential for growth, sur-
vival, differentiation, and virulence. Aspergillus fumigatus is the most important pathogen responsible for invasive
aspergillosis and possesses two major p-CAs, CafA and CafB. Recently we reported the biochemical character-
ization and 1.8 A crystal structure of CafA. Here, we report a crystallographic analysis of CafB revealing the
mechanism of enzyme catalysis and establish the relationship of this enzyme to other -CAs. While CafA has a
typical open conformation, CafB, when exposed to acidic pH and/or an oxidative environment, has a novel type
of active site in which a disulfide bond is formed between two zinc-ligating cysteines, expelling the zinc ion and
stabilizing the inactive form of the enzyme. Based on the structural data, we generated an oxidation-resistant
mutant (Y159A) of CafB. The crystal structure of the mutant under reducing conditions retains a catalytic zinc
at the expected position, tetrahedrally coordinated by three residues (C57, H113 and C116) and an aspartic acid
(D59), and replacing the zinc-bound water molecule in the closed form. Furthermore, the active site of CafB
crystals grown under zinc-limiting conditions has a novel conformation in which the solvent-exposed catalytic
cysteine (C116) is flipped out of the metal coordination sphere, facilitating release of the zinc ion. Taken
together, our results suggest that A. fumigatus use sophisticated activity-inhibiting strategies to enhance its

survival during infection.

1. Introduction

Carbonic anhydrases are ubiquitous zinc metalloenzymes that cata-
lyze the rapid and reversible interconversion of carbon dioxide (CO3)
with bicarbonate (HCOj3) plus a proton (Supuran, 2016). They are
broadly grouped into seven classes (a, f, v, 8, , n and 0) (Del Prete et al.,
2014a, 2014b; Iverson et al., 2000; Kikutani et al., 2016; Meldrum and
Roughton, 1933; Mitsuhashi et al., 2000; Xu et al., 2008). $-CAs are
found in bacteria, archaea, fungi, algae and plants, but not in mammals
(Neish, 1939; Smith et al., 1999). They are structurally distinct from the
a-CAs of humans, and thus have been extensively studied with the aim of
developing new antimicrobial agents (Supuran, 2008). They exist in
various oligomeric states, including dimers, tetramers, hexamers, and
octamers (Hiltonen et al., 1998; Kimber and Pai, 2000; Rumeau et al.,
1996; Smith and Ferry, 1999; Kisiel and Graf, 1972), and mainly occur in
two distinct zinc-binding states, denoted as the R-state (Type-I or open)
and the T-state (Type-II or closed) (Rowlett, 2010). In the R-state, one
histidine, two cysteines, and a water molecule coordinate the zinc ion in
the active site. In the T-state, however, the water molecule is replaced
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with an aspartic acid residue, rendering this state catalytically inactive.
Some bacterial $-CAs reportedly switch between these two states in a
pH-dependent manner (Covarrubias et al., 2006; Suarez Covarrubias
et al., 2005) or by allosteric binding of bicarbonate at a non-catalytic
inhibitory site (Cronk et al., 2006; Ferraroni et al., 2015).

The majority of fungi possess multiple f-CAs, among which major
and minor forms have been functionally characterized (Bahn et al.,
2005; Elleuche and Poggeler, 2009; Ren et al., 2014). The fungal path-
ogen Aspergillus fumigatus is the main causative agent of invasive
aspergillosis and has four p-CA isoforms (CafA-D) that occupy different
cellular locations and vary in efficiency (Han et al., 2010). CafA and
CafB belong to the plant-type tetrameric p-CAs, whereas CafC and CafD
are cab-type dimers. CafA and CafD are mitochondrial proteins, whereas
CafB and CafC are cytoplasmic. CafA and CafB are constitutively and
strongly expressed under ambient conditions, whereas CafC and CafD
are weakly expressed under ambient conditions, but strongly activated
by CO,. Analysis of the effects of a series of gene deletion mutants
demonstrated that only a ACafA ACafB double deletion mutant failed to
grow under atmospheric COs levels. Furthermore, CafA plays an
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important role in asexual differentiation, and only CafB can complement
the function of $-CA NcelO3 of S. cerevisiae. Collectively, these results
indicate that CafA and CafB are the major p-CAs in A. fumigatus, whereas
CafC and CafD are minor forms.

Recently we reported a biochemical and crystallographic charac-
terization of CafA, which revealed the catalytic mechanism of CafA as
well as pointing to a new class of antifungal compounds for treating
invasive aspergillosis (Kim et al., 2020). In the present study, we
describe a crystallographic analysis of CafB at 2.0-2.2 A resolution.
Surprisingly, we observed two remarkable novel zinc-free structures, as
well as the classical zinc-bound structure, in the same space group.
Combined with site-directed mutagenesis data, our findings lead to the
following conclusions; (i) CafB uses a standard mechanism of enzyme
activation dependent on strictly conserved catalytic residues. (ii) It is
inactivated under low pH and/or oxidative stress when a zinc ion is
expelled from the active site and a disulfide bond is formed between the
two catalytic cysteines. (iii) It is also inactivated in zinc-depleted con-
ditions by flipping the solvent-exposed zinc-ligating cysteine, making it
incapable of binding substrate. (iv) It can also adopt typical active/
inactive configurations in which a conserved aspartic acid functions as
an on/off switch.

2. Materials and methods
2.1. Cloning, expression and purification

A codon-optimized gene encoding the full-length CafB (residues
1-228) of A. fumigatus was cloned into pET21a vector containing a hexa-
histidine tag followed by a thrombin protease site. Site-directed muta-
tions were constructed by overlap polymerase chain reactions (PCR),
and verified by sequencing. To overexpress proteins, recombinant
plasmids were transformed into Escherichia coli BL21 (DE3) cells. The
cells were grown at 37 °C in Lysogeny Broth medium supplemented with
0.1 mg/mL ampicillin. Protein expression was induced with 1 mM iso-
propyl-p-d-thiogalactopyranoside (IPTG) at an ODggp of approximately
0.6-0.7. Growth was continued at 20 °C for 16 h, and, after cell har-
vesting by centrifugation at 14,000 g for 15 min at 4 °C, the pellet was
resuspended and lysed using a microfluidizer in a buffer containing 20
mM Tris-HCI pH 8.0, 200 mM NaCl, 20 mM imidazole, 10 pg/mL DNase I
and 0.1 mM phenylmethylsulfonyl fluoride (PMSF). Cell debris and
unbroken cells were removed by centrifugation at 31,000 g for 20 min,
and the supernatant was loaded onto Ni-NTA affinity (Incospharm)
resin. After washing with 10 column volumes of buffer, CafB protein was
eluted with 20 mM Tris-HCl pH 8.0, 200 mM NaCl and a three-step
gradient of imidazole, followed by removal of the hexahistidine tag
with thrombin. The protein was further purified by HiTrap Q anion
exchange chromatography (GE Healthcare) and Superdex 200 gel
filtration chromatography (GE Healthcare) in a buffer containing 20 mM
Tris-HCI pH 8.0 and 200 mM NacCl for the wild-type and 20 mM MES pH
6.0, 200 mM NaCl and 1 mM zinc chloride for the mutants. Fractions
from the gel filtration column containing the protein were pooled and
concentrated to 20 mg/ml for crystallization. All purification steps were
performed at 4 °C.

2.2. Enzyme activity assays

In vitro COy hydration assays followed the protocol described by
Carter et al. with some modifications (Carter et al., 1969). Briefly, CO4
solutions were freshly prepared by bubbling CO5 gas into ice-chilled
water for 1 h. CO,-saturated water (4 mL) was then added to 6 mL of
reaction buffer (20 mM Tris-HCl pH 8.5) to start the reaction in the
presence or absence of purified enzyme (1 pM). Activity was monitored
at 5 s intervals by measuring pH, which decreased from 8.3 to 6.3.
Values presented are means of three replications using the same enzyme
preparation.
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2.3. Measuring thermal and pH stability

The thermal and pH stability of CafB was measured as previously
described (Kim et al., 2020). Briefly, proteins (1 pM) were pretreated at
temperatures from 22 °C to 100 °C for 15 min to measure thermal sta-
bility. To measure pH stability, 20 pL of protein (1 pM) was incubated at
4 °C for 4 h in 80 pL of 50 mM buffer at pH 4 and 7. Residual enzymatic
activity was expressed as a percentage of the maximal activity at 22 °C
and pH 7.

2.4. Crystallization, data collection and structure determination

Crystals of wild-type CafB were grown at 22 °C by the sitting-drop
vapor diffusion method in two different conditions; (i) 0.1 M sodium
acetate pH 4.0-4.5, 1.2-1.6 M ammonium sulfate (Crystal form I) and
(ii) 0.1 M Tris-HCl pH 7.0-8.5, 28-30% (w/v) polyethylene glycol 2000
(PEG2000) and 0.1 M magnesium acetate (Crystal form II). Crystals of
the Y159A mutant were obtained in 0.1 M sodium citrate pH 4-5 and
1.7-2.0 M sodium chloride supplemented with 10 mM Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) (Crystal form III). The
crystals appeared after 3-4 days and grew to full size within two weeks.
They were cryoprotected in reservoir solution supplemented with
5-10% (v/v) ethylene glycerol or glycerol, and flash-frozen in liquid
nitrogen. X-ray diffraction data were collected at beamlines 5C, 7A and
11C of the Pohang Accelerator Laboratory (PAL). The datasets were
indexed, integrated and scaled with DENZO and SCALEPACK of the
HKL2000 program package (Otwinowski and Minor, 1997). Initial
phases were obtained by molecular replacement using the fungal p-CA
CAS2 structure from Sordaria macrospora (PDB code 401K) as search
probe (Lehneck et al., 2014; McCoy et al., 2007). A model was built
manually according to the electron density map using COOT (Emsley
and Cowtan, 2004). Multiple cycles of refinement were performed by
REFMACS5 and PHENIX (Adams et al., 2010; Murshudov et al., 1997).
The X-ray data collected and refinement statistics are listed in Supple-
mentary Table 1. All figures were produced with PyMOL (http://www.
pymol.org).

3. Results
3.1. Overadll structure of CafB and its implications for thermal stability

In order to understand the catalytic mechanism of CafB, the full-
length construct (26 kDa) was expressed in bacteria and purified to
near homogeneity by anion exchange and size exclusion chromatog-
raphy. The gel filtration profile showed that CafB was a stable tetrameric
protein of 104 kDa in solution (Supplementary Fig. 1). The purified
protein was crystallized and its high resolution structure determined by
X-ray crystallography (Supplementary Table 1). Wild-type crystals were
produced at two pHs, at acidic pH (form I) and at neutral or moderately
basic pH (form II). Both condition yielded crystals belonging to the space
group P3,21, where the first dimer is present in an asymmetric unit and
the second is produced by the crystallographic 2-fold rotation axis,
owing to the fact that the 2-fold symmetry axis is coincident with the
crystallographic one (Fig. 1A and Supplementary Fig. 2). Superimposi-
tion analysis revealed that the monomers in the two crystal forms were
very similar, with Ca rmsd below 0.5 A, indicating that pH does not
affect the overall fold of the protein (Figs. 1B and 2A).

The CafB crystal structure has the usual characteristics found in other
plant-type p-CAs, including an N-terminal helix region, a central core
comprising 10 a-helices and 5 p-strands (p2-f1-$3-p4-p5), and a C-ter-
minal subdomain (Fig. 1B and Supplementary Fig. 3) (Cronk et al., 2006;
Dostal et al.,, 2018; Lehneck et al., 2014; Schlicker et al., 2009).
Although CafA and CafB have only 31% sequence identity, they share a
similar overall fold with a Co-rmsd of 2.0 A, suggesting that the two
closely related enzymes have similar catalytic mechanisms (Fig. 2A and
Supplementary Fig. 3) (Kim et al., 2020). We observed that the N-


http://www.pymol.org
http://www.pymol.org

S. Kim et al.

A Tetramer
interface/

. vy
Dimer
interface

Journal of Structural Biology 213 (2021) 107700

90°
‘
| N-terminal
\ .
N o-helix
C-terminal
subdomain N

Fig. 1. The overall structure of CafB. (A) Cartoon representation of the CafB tetramer (form I). The tetramer is composed of two units of the dimer, which are related
by a non-crystallographic 2-fold axis perpendicular to the plane of the paper. The disulfide bond at the active site is shown as a yellow stick model. Acetate and sulfate
ions are shown as cyan and pink ball-and-stick models, respectively. Protein secondary structures were assigned using the STRIDE (Heinig and Frishman, 2004). (B)
Structure of the CafB monomer. The subdomains within the monomer are indicated by black dashed circles.

terminal region of CafB contained 12 more residues than that of CafA.
CafB activity was stable up to 80 °C, retaining more than 70% of its
original activity (Fig. 2B). This high temperature stability is not entirely
unexpected because A. fumigatus is capable of growing rapidly at 37 °C
and tolerates temperatures above 50 °C, whereas most other fungi are
mesophilic, with growth optima between 25 and 35 °C (Cooney and
Emerson, 1964). By contrast, CafA loses most of its activity at temper-
atures above 50 °C (Kim et al., 2020). This greater thermal stability of
CafB is most likely due to interfacial ionic and hydrophobic interactions
between the longer N-terminal a-helix and the adjacent monomer (Fig. 2
and Supplementary Fig. 3).

3.2. The zinc-free and disulfide-bonded structure

Contrary to our expectation that the crystalline form of CafB would
also have a typical active site in which the catalytic zinc ion is coordi-
nated by a histidine and two cysteines, it in fact exists in two distinct
inactive forms that have not been reported in any other CAs to date. In
the crystal structure obtained at low pH (form I), a pair of catalytic
cysteines (C57 and C116) form a disulfide bond with loss of the zinc ion
and partial breakage of the highly conserved salt bridge between D59
and R61 (Fig. 3A). Comparison of the structures of CafA (zinc-bound
active) and CafB (zinc-free inactive, form I) shows that in the latter a
loop including C116 is shifted towards C57 by approximately 2 A to

form a stable disulfide bridge (Fig. 3A). Furthermore, the zinc-
coordinating histidine (H113) is moved backwards as a result of an
approximately 35° side chain rotation, thus escaping from the zinc-
coordinating sphere and preventing steric clash with the disulfide
bond. Previously, enzyme inactivation by disulfide bond formation has
been reported in the cab-type dimeric $-CA, Rv1284, of M. tuberculosis
(Nienaber et al., 2015). However, the disulfide bond in Rv1284 occurs
between one of the zinc-coordinating cysteine residues (C35) and
another cysteine residue (C61) in close proximity, generating a wider
entrance to the active site (Fig. 3B).

There are three possible explanations for why a disulfide bond is
formed between the active site cysteines in CafB. The first is that the
disulfide bond is caused by oxidation of the zinc-coordinating cysteines
during crystal growth, since we confirmed that the freshly purified
enzyme was undoubtedly active (Fig. 3C). This assumption is supported
by the fact that the enzyme incubated for 10 min with 5 mM H»05 (a
relatively mild oxidant) had significantly reduced activity, but that ac-
tivity was partially restored by incubation in the presence of the
reducing agent TCEP and zinc chloride (Fig. 3C). This reversible redox-
dependent regulation, in which zinc/cysteine-based enzymes lose cata-
lytic activity when a disulfide bond is formed and oxidative release of
the catalytic zinc ion occurs, is frequently observed in nature (Evans
et al., 2002; Klomsiri et al., 2011; Pace and Weerapana, 2014; Paulsen
and Carroll, 2010; Shaban et al., 2016). The second possibility is that the
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Fig. 2. Comparison of the structures and thermal stabilities of CafA and CafB. (A) The monomers of CafA (PDB ID 7COI) and CafB (form I and II) are aligned. The zinc
ion of CafA is shown as a green sphere. (B) Thermal stability of the purified CafA and CafB. Maximum activities at 22 °C were set at 100%. Thermal stability of CafA
was measured in a previous study (Kim et al., 2020). Each point is the mean of three separate replicate experiments using the same protein preparation. Error bars

represent SDs (+standard deviations).

low pH of the crystallization solution causes a significant change in the
metal coordination environment. At low pH the catalytic histidine (pKa
of 6.0) and cysteine (pKa of 8.3) residues are likely to be protonated,
which might distort the metal coordination and facilitate release of the
zinc ion. Subsequent formation of the disulfide bridge may play a key
role in stabilizing the zinc-free structure. This idea is consistent with
data showing that when CafB is exposed to pH 4 buffer, in vitro CO5
hydration activity decreases to one fifth of its original activity at pH 7
(Fig. 3D). The third possibility is that the crystallization conditions
mimic a zinc-depleted environment, as zinc ions are not added to the
crystallization and cryoprotectant solutions. We also considered the
possibility that the high concentration of anionic salts (i.e. acetate or
sulfate) in the crystallization solution might chelate zinc. However, this
idea is excluded by the fact that when the enzyme is incubated with such
anions for 24 h it retained almost all of its enzyme activity (data not
shown).

3.3. Modulation of CafB activity by flipping a solvent-exposed catalytic
cysteine

The CafB crystal obtained under neutral or moderately alkaline
conditions (form II) was also novel for the inactive form of an enzyme
where the conserved active site residues have a unique conformation.
Structural comparison of CafA (zinc-bound active) and CafB (zinc-free
inactive, form II) revealed that, in the latter, a solvent-exposed catalytic
cysteine (C116) has undergone a 180° flip (Fig. 4A and Supplementary
Fig. 4). In addition, H113 is rotated by ~36 degrees and D59 and R61
form a partially broken salt bridge. The net result of these changes is that
the tetrahedral geometry is destroyed and the zinc ion removed. The
flipping of C116 also contributes to widening the active site entrance by
increasing the distance between the two catalytic cysteines from 8 A to
10.8 A (Fig. 4B). As a result, the active site is easily accessed by water
molecules (W1-3). Of these water molecules, W1 and W2 are tightly
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Fig. 3. Formation of the zinc-free disulfide bond. (A) Comparison of the structures of the active sites of CafA (PDB ID 7COI) and CafB (form I). Key residues in the
active sites are shown in stick representation. The Fo-Fc map superimposed on the disulfide bond is contoured at 2.5 ¢ level. The zinc ion present in CafA is shown as
a green sphere. Structural changes are marked by black arrows. Amino acids in parentheses represent substitutions found in CafA. (B) Comparison of the structures of
the active sites of CafB (form I), Rv1284 (PDB IDs 4YF5 (inactive form) and 4YF4 (active form)). Residues in parentheses represent the substitutions found in Rv1284.
(C) CO, hydration activity of CafB in various conditions. Data are means (+standard deviations, SDs) of three independent experiments. Error bars indicate SDs. (D)

PH stability of purified CafB. CO, hydration activity at pH 7.0 is set at 100%.

bound around C57, and W2 and W3 act as a bridge giving rise to a
hydrogen bond network between C57 and the backbone nitrogens of
G118 and V119. These findings demonstrate that CafB can be stabilized
even though the catalytic zinc and disulfide bond are absent from the
active site.

To understand how C116 can be easily flipped, we focused on the
two glycine residues (G117 and G118) next to C116 (Supplementary
Fig. 3). In the final model, with a higher than average B factor in the
protein (73 AZ vs 51 A?), the electron density map for G117 was not
visible or very weak, indicating that this residue has high structural
flexibility allowing rapid structural rearrangement in response to the
presence or absence of zinc ions (Supplementary Fig. 4). This suggests
that when CafB is exposed to limiting zinc conditions for a long time (as

in our crystallization conditions), there is no zinc in the active site but
structural integrity is maintained either by disulfide bond formation
(Fig. 3A) or by a water-mediated hydrogen bond network in the active
site (Fig. 4B). Thus, zinc is essential for regulating enzyme activity, not
for structural integrity.

3.4. The structure of zinc-bound CafB

In order to generate zinc-bound crystals, we originally tested (i)
purification and crystallization of wild-type CafB in the presence of
reducing agent and zinc chloride, (ii) bubbling nitrogen gas into buffer
to remove the dissolved Oy, and (iii) co-crystallization with the CA in-
hibitor acetazolamide. However, all these approaches were unsuccessful
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B === CafA (zinc-bound active)
=== (CafB (zinc-free inactive, form II)

B2

Fig. 4. Inactivation of CafB by C116 flipping. (A) Structure comparison of the active sites of CafA (PDB ID 7COI) and CafB (form II). The zinc ion present in CafA is
shown as a green sphere. Amino acids in parentheses represent substitutions found in CafA. Structural changes are marked by black arrows. (B) The water molecules
in CafB are shown as red spheres. The Fo-Fc map superimposed on the refined water molecules (W1, W2 and W3) are contoured at 4, 3.8 and 3 ¢ level, respectively.
The zinc ion in CafA, as well as the D59-R61 pair and Y159 residue in CafB, are omitted for clarity.

(data not shown). Eventually we noted the presence of the solvent-
exposed Y159, which is located right behind C116 (Fig. 3A). It has
been shown that weakly hydrophilic and aromatic amino acids, partic-
ularly tyrosines, are frequently found around disulfide bonds, suggesting
that they may mediate proton shuttling during disulfide oxidation
(Marques et al., 2010). Inspection of the CafB and Rv1284 structures
indicated that both enzymes had solvent-exposed tyrosine residues
(Y159 in CafB and Y120 in Rv1284), approximately 5 A from the di-
sulfide bond, although at different positions within the protein (Sup-
plementary Fig. 5A and C) and so might play this role in oxidative
inactivation of the corresponding enzymes (Nienaber et al., 2015). In
contrast, in most other p-CAs aliphatic and hydrophobic amino acids,

A ——negative control
——new wild-type
8.5 4 —&-new Y159V
—e—old wild-type
80 - —O—old Y159V
7.5 A
T
o
7.0 -
6.5 -
60 | | | |

Time (sec)

0 10 20 30 40 50 60 70

such as alanine, leucine, isoleucine and valine, occupy the equivalent
locations, although in CAS2 of S. macrospora there is also a tyrosine
(Y158) (Supplementary Fig. 5C) (Cronk et al., 2006; Dostal et al., 2018;
Kim et al., 2020; Kimber and Pai, 2000; Lehneck et al., 2014; McGurn
et al., 2016; Nienaber et al., 2015; Schlicker et al., 2009; Teng et al.,
2009). To confirm the proposed role of Y159 as electron carrier, we
performed site-directed mutagenesis, changing Y159 to alanine or valine
(Y159A or Y159V). Although the wild-type and Y159V mutant had
similar levels of expression and activities (Fig. 5A), the wild-type
enzyme had little catalytic activity after storage for two weeks at 4 °C,
whereas the Y159V mutant retained significant activity. Evidently,
therefore, Y159 mediates the electron flow for catalytic disulfide bond

B

Fig. 5. The oxidative stress-resistant mutant and its active site structure. (A) CO, hydration activities of CafB variants. Data are means (+standard deviations, SDs) of
three independent experiments. Error bars indicate SDs. (B) Close-up view of the zinc-coordinating sphere in the Y159A mutant (form III). The structure of the mutant
is drawn in salmon to differentiate it from the wild-type. Key residues in the active site are shown in stick representation. The zinc ion is shown as a green sphere. The

Fo-Fc map superimposed on the refined zinc ion is contoured at 8 ¢ level.
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formation and renders cafB more sensitive to oxidative stress than other
p-CAs.

The structure of the Y159A mutant was determined in the presence of
reducing agent and zinc chloride. Like wild-type CafB, the dimeric form
of the Y159A mutant (form III) was present in the asymmetric unit and
the second dimer was produced by a crystallographic 2-fold rotation
axis. Structure comparison of the wild-type and Y159A mutant indicated
that despite the overall similarities of structure, there were notable
differences at their active sites. The Y159A mutant had a catalytic zinc
ion at the expected position (Fig. 5B) and all the zinc coordination sites

B = CafB
ECCA
R79
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were fully occupied by amino acids (C57, H113, C116 and D59) that
replaced the zinc-bound water, thus forming a Type-II or closed
conformation. At the same time the bond between D59 and R61 was
completely disrupted, and the conformation of D59 stabilized by
hydrogen bonds and ionic interactions with the backbone nitrogens of
G117 and G118 (Fig. 5B).

3.5. Structural similarities between CafB and allosteric bacterial f-CAs

Interestingly, the CafB structure bears a strong resemblance to the

‘/ >
allosteric

\ Si site
Site .‘ B y

allosteric ACT'
site’ *

active site'
’

Fig. 6. Structural similarities between CafB and allosteric bacterial p-CAs. (A) Key residues at the presumed non-catalytic binding site (form I) are shown as stick
models. The bound acetate (ACT) is represented as a ball-and-stick model. The water molecule is shown as a red sphere. The hydrogen bonds and ionic interactions
are shown by dashed lines. The Fo-Fc maps superimposed on the refined ACT and on a water molecule are contoured at 3¢ level, respectively. The catalytic disulfide
bond in the vicinity is also shown. (B) Comparison of the structures of the non-catalytic binding sites of CafB and ECCA (PDB ID 2ESF). The side chains of residues
that coordinate ACT and bicarbonate (BCT) in CafB and ECCA, respectively, are shown in stick representation. The substantial structural difference is marked by a
black arrow. Amino acids in parentheses represent the corresponding residues in ECCA. (C) The sulfate ion (S0%) trapped at the dimerization interface (escort site) of
CafB (form I). The sulfate ion is shown as a pink ball-and-stick model. The Fo-Fc map superimposed on the sulfate ion is contoured at the 3.5 ¢ level. The nearby
acetate ions and disulfide bonds are also shown. Single apostrophes are used for all the residues of one monomer to differentiate them from those of the

other monomer.
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previously determined structures of allosteric bacterial p-CAs, suggest-
ing that they are probably evolutionarily related. We found that wild-
type CafB (forms I and II) contains an adventitious acetate molecule
(Fig. 6A), presumably originating from the crystallization solution, in a
position similar to that of the bicarbonate responsible for allosteric
regulation in B-CAs of E. coli (ECCA, PDB ID 2ESF) and H. influenza
(HICA, PDB ID 2A8D) (Cronk et al., 2006). In ECCA (and HICA), the

&NH P
r’JJ
“yn— R61
T HoN= N
ONH,

R-state, active

s~ H113

F-state, inactive
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bicarbonate binding site is located approximately 8 A from the disulfide
bond, and the bicarbonate is firmly anchored by multiple hydrogen
bonds with W39, R64 and Y181 and the backbone oxygen of V47
(Fig. 6B). Similarly, in CafB the carboxylate group of acetate interacts
with Y54, R79, and the backbone oxygen and nitrogen of V62 and R61,
respectively (Fig. 6A). On the other hand, the methyl group of acetate is
surrounded by the hydrophobic residues 167 and F197, making van der

H © ;
N —NH o
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D59 0.
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O HoN=(
N
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HN
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HN N H113
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Fig. 7. A possible mechanism of regulation of CafB activity. (A) The proposed zinc-bound active conformation (R-state). (B and C) The zinc-free and inactive
conformations resulting from (B) disulfide bond formation between the catalytic cysteines C57 and C116 (D-state) or (C) flipping of catalytic C116 (F-state). (D) The
zinc-bound inactive conformation (T-state). Figures (A) and (D) are modified from (Cronk et al., 2006).
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Waals interactions. Structure comparison revealed that the acetate
bound to CafB is ~1.3 A closer to F197, and occupies some of the space
created by rotation of the phenyl ring (Fig. 6B). This seems to create
room for the larger CHs group of acetate and avoid any collision with
F197. In our structure the acetate also forms hydrogen bonds via a single
buried water molecule, to the backbone nitrogen and oxygen of C57 and
C111, respectively (Fig. 6A). A highly ordered water molecule, with a
42 A? of B factor value, is often found in the p-CA family, and the
coordinating residues are highly conserved (Cronk et al., 2006; Kimber
and Pai, 2000; Mitsuhashi et al., 2000).

A sulfate ion (form I) derived from the crystallization solution is
present in the dimerization interface, and known as an escort site
(Fig. 1A and 6C) (Hoffmann et al., 2015; Rowlett et al., 2010). The
sulfate binding site is located approximately 8 A from an acetate in a
non-catalytic binding site, and the sulfate is bound by multiple salt
bridges between the neighboring R79 and a water-mediated hydrogen
bond with N65. This situation is highly reminiscent of previous HICA
data showing that three mutants (G41A, V47A and W39V/G41A) adopt
a closed active site structure (i.e. an aspartic acid replaces the zinc-
bound water molecule) with an inhibitory bicarbonate (or sulfate) ion
in the escort site (Hoffmann et al., 2015; Rowlett et al., 2010). This
similar binding mode suggests that the escort site of CafB may also
function as an intermediate binding site along the bicarbonate entry and
exit pathway because it is open to the bulk solvent and continuous with
the presumed non-catalytic bicarbonate binding site (Chovancova et al.,
2012).

4. Discussion

We have determined the crystal structures of CafB with and without
the zinc ion. Our results, together with previous data for CafA, allow us
to propose possible mechanisms that regulate the activities of the major
p-CAs in A. fumigatus (Fig. 7). The catalytic sites of CafA and CafB closely
resemble those of other p-CAs (Huang et al., 2011; Lehneck et al., 2014;
Mitsuhashi et al., 2000; Strop et al., 2001). Specifically, the two cyste-
ines and a histidine responsible for the coordination of zinc are
conserved (Fig. 7A and Supplementary Fig. 5C) (Fukasawa et al., 2015).
The D-R pair regulating CO access to the active site is also conserved.
These findings strongly suggest that both enzymes employ a catalytic
mechanism, involving substrate binding, proton transfer, and product
release (R-state) common to other $-CAs (Cronk et al., 2006).

The data obtained in this study reveal that inactivation of CafB can
be achieved by disrupting coordination of the zinc ion followed by
stripping of the ion from the active site. The zinc-free structures ob-
tained display the active sites in two conformations; (i) One has a cat-
alytic disulfide bond that maintains structural integrity (D-state, Fig. 3A
and 7B). This form was primarily observed after crystallization at pH
4.0-5.5. Therefore, we imagine that CafB undergoes oxidative inacti-
vation in acidic conditions (Nienaber et al., 2015). Proton shuttling
residues in CAs, such as H64 of human a-CA II, H216 of the p-CA from
Arabidopsis thaliana and E84 of the y-CA from Methanosarcina thermo-
phile, are commonly found in dual conformations of the side chains, one
of which points toward the active site (“in” position) the other to the
solvent (“out” position) (Fisher et al., 2007; Maupin and Voth, 2007;
Mikulski and Silverman, 2010; Rowlett et al., 2002; Tripp and Ferry,
2000). The structure of Y158 of S. macrospora CAS2 (corresponding to
Y159 in CafB) has also been found in two distinct orientations (Sup-
plementary Fig. 5B), suggesting that the tyrosine residues in the vicinity
of the catalytic cysteines play a role in electron movement during di-
sulfide bond formation (Lehneck et al., 2014). (ii) The other form has a
unique conformation in which the solvent-exposed catalytic cysteine
(C116) is highly flexible due to the absence of the zinc ion and can flip to
an outward orientation (F-state, Fig. 4). We propose that structural
water molecules within the active site compensate for the absence of
zinc by forming unique water-cysteine interactions (Fig. 4B and 7C).
Alternatively, the conserved aspartic acid residue (D59), which is
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conformationally mobile, may act as an on/off switch by forming a D-R
pair and regulating enzyme activity (T-state, Fig. 5B and 7D) (Cronk
et al., 2006).

Aspergillus fumigatus is a saprophytic fungus responsible for the
decomposition of organic material in the soil, and plays an essential role
in the carbon and nitrogen cycle (Latge, 1999; Mullins et al., 1976). It is
also the primary causative agent of invasive pulmonary aspergillosis
(Pfaller and Diekema, 2010; Steinbach et al., 2012). When infecting
humans, it needs to be resistant to the substantial change in CO3 level
from the atmospheric concentration (0.033%) to that of the host (5%).
Therefore, CO, sensing and metabolism through CafA-D may play a
pivotal role in its growth, survival and pathogenicity. It has been pre-
viously reported that deletion of the nce103 gene encoding a plant-like
B-CA in S. cerevisiae causes a high CO-requiring (HCR) phenotype and
inability to grow in ambient air (Amoroso et al., 2005; Gotz et al., 1999),
while elevated Ncel03 expression is observed in low COy concentra-
tions. Other fungal pathogens, namely C. glabrata, C. albicans and
C. neoformans, have also been shown to display the HCR phenotype as a
result of B-CA deletion (Bahn et al., 2005; Klengel et al., 2005; Mogensen
et al., 2006). This suggests that a functional p-CA is required for fungal
species to grow in their natural habitat, and that its inactivation is an
absolute requirement for pH homeostasis when CO5 levels are high. In
this connection, A. fumigatus seems to have evolved specialized mech-
anisms of tolerance to high CO; during human infection. Therefore, it is
likely that zinc-free CafB mimics the HCR phenotype of A. fumigatus,
enhancing its survival in infected humans.

The binding of acetate by the CafB structure is the first example of
non-catalytic substrate binding in fungi (Fig. 6A). The strong similarity
between the binding modes of CafB and ECCA suggests that similar
mechanisms underlie allosteric regulation by substrate in fungal and
bacterial -CAs, although the precise mechanisms and physiological role
of such allosteric regulation is not clear. Despite a very high level of
structural similarity, we recognize that current data alone are not suf-
ficient to determine whether CafB is indeed allosterically regulated or
whether acetate binding at a presumed non-catalytic binding site is
coincidently coupled to the disorder state of the active site caused by loss
of the zinc ion. To clearly address this question, we are currently
investigating the kinetics and pH-dependent cooperativity of CafB.
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