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ARTICLE INFO ABSTRACT

Keywords: Many proteins naturally carry metal centers, with a large share of them being in the active sites of several en-
Human carbonic anhydrase II zymes. Paramagnetic effects are a powerful source of structural information and, therefore, if the native metal is
NMR paramagnetic, or it can be functionally substituted with a paramagnetic one, paramagnetic effects can be used to
EPR, . study the metal sites, as well as the overall structure of the protein. One notable example is cobalt(II) substitution
Sodium thiocyanate . . . . . . . . .

Paramagnetism for zinc(I) in carbonic anhydrase. In this manuscript we investigate the effects of sodium thiocyanate on the

chemical environment of the metal ion of the human carbonic anhydrase II. The electron paramagnetic resonance
(EPR) titration of the cobalt(II) protein with thiocyanate shows that the EPR spectrum changes from A-type to C-
type on passing from 1:1 to 1:1000-fold ligand excess. This indicates the occurrence of a change in the electronic
structure, which may reflect a sizable change in the metal coordination environment in turn caused by a
modification of the frozen solvent glass. However, paramagnetic nuclear magnetic resonance (NMR) data
indicate that the metal coordination cage remains unperturbed even in 1:1000-fold ligand excess. This result
proves that the C-type EPR spectrum observed at large ligand concentration should be ascribed to the low
temperature at which EPR measurements are performed, which impacts on the structure of the protein when it is
destabilized by a high concentration of a chaotropic agent.

Structural biology

1. Introduction

Carbonic anhydrases (CAs) are zinc(II) metalloenzymes [1] present
in almost all living organisms. In mammals, the enzyme is present in
several isoforms and, among the 15 isoforms of human carbonic anhy-
drases (hCA), the most abundant is the second isoform, which is mostly
present in blood [2]. CAs catalyze the interconversion between carbon
dioxide and hydrogencarbonate. Furthermore, hCA has esterase activity

towards esters of carboxylic, sulfonic and phosphoric acid derivatives
[3].

The zinc(Il) ion present in the active center of hCAII is coordinated
by four ligands, His94 and His96 through the Ne2 atoms, His 119
through N&1, and a hydroxide ion or a water molecule, depending on pH
[4]. The zinc(II) ion can be replaced by a variety of metal ions, such as
paramagnetic cobalt(Il), nickel(II) and copper(Il). It has been shown
that if zinc(II) is substituted with cobalt(II), the enzyme maintains a
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good fraction of its enzymatic activity [5-7], whereas manganese(Il),
iron(Il), copper(Il), and nickel(II) hCAII derivatives are inactive [6]. The
coordination geometries of the metal-substituted enzymes are different
from that of zinc [5,8,9], except for cobalt(II), which remains essentially
tetra-coordinated in its active form [5,10-13].

Paramagnetic carbonic anhydrase derivatives have been studied
throughout several decades, and even recently they have being used to
solve questions regarding the origin of paramagnetic NMR shifts [14]. In
particular, the electronic and magnetic properties of high-spin cobalt(II)
make it a powerful UV-vis, NMR and EPR spectroscopic probe in bio-
logical systems.

Cobalt(I) has a d’ electronic configuration and, when bound to
proteins, it commonly adopts a high-spin configuration, with an elec-
tronic spin S = 3/2 (see Fig. 1). The low symmetry environment of cobalt
(II) in proteins removes the orbital degeneracy, making the excited
states relatively close in energy to the ground state. This proximity in
energy causes the Orbach electron spin relaxation mechanism to be very
efficient so that, depending on the geometry of the metal coordination,
the electron spin relaxation times typically ranges between 1 and 10 ps
[15]. This very fast electron relaxation prevents the acquisition of EPR
spectra at room temperature. Only around liquid helium temperature
electron relaxation is slowed down enough to allow for the acquisition of
EPR spectra. Fast electron relaxation, however, provides a rather inef-
ficient mechanism for paramagnetic nuclear spin relaxation, thus the
NMR resonances are not severely broadened. The vicinity of the excited
states to the ground state is also responsible for large magnetic suscep-
tibility anisotropies (Ay) [16], which cause large pseudocontact shifts
(PCSs) and paramagnetic residual dipolar couplings (RDCs). PCSs and
paramagnetic RDCs are long range structural restraints extensively used
for the structural characterization of paramagnetic proteins [17-26].
The information content in terms of molecular and electronic structures
of paramagnetic NMR shifts and EPR spectra were deeply investigated
by F. Ann Walker [27-30], who provided outstanding contributions
especially for the characterization of heme proteins and iron complexes.

The binding of inhibitors can change the coordination enviroment of
the metal ion. 2D NMR studies of cobalt(II)-CAs adducts started in the
1980’s, with the investigation of the ClOz, NO3 and NCS™ ligands in
solution [31,32]; these studies continued with the recent works on the
oxalate and furosemide adducts of cobalt(I)-hCAII at different pH
values [16], and the solid-state NMR studies of the furosemide and
sulpiride adducts [33]. The presence of inhibitors can lead to pseudo-
tetrahedral coordination, square-pyramidal coordination, or to an
equilibrium between the two. Information on the coordination geometry
can be obtained from ligand field d-d transitions studies: inhibitors like
SCN™, I, formate, acetate, oxalate, nitrate and 1,2,3-triazole (gmax <
200M~tem™) give rise to five-coordinate species; sulfonamides, NCO ™,
CN7, aniline, imidazole (high pH), and 1,2,4-triazole (eyax > 300 M!
em ™) give rise to pseudo-tetrahedral species; and HCO3, N3, F~, Cl,
Br™, phosphate, benzoate and imidazole (low pH) (epax = 200-300 M!
em 1) lead to four-to-five coordinate equilibria [7].

Also the shape of the EPR spectrum (leading to type A, B, or C
classification) has been related to the cobalt coordination number [34]:
type A spectra (obtained by binding of acetate, nitrate, thiocyanate,

Fig. 1. Electronic configuration of high-spin cobalt(Il) in idealized tetrahe-
dral geometry.
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azide or iodide) have two transitions with g values around 6.1-6.8 and
2.3-2.9 and in some cases a third transition around 1.6-1.8; type B
spectra (observed by binding of acetazolamide, sulfonamides, cyanate or
cyanide) show a sharp feature in the low-field region of the spectrum
with g values around 5.8-6.2, 2.2-2.8, and 1.5-1.8; and type C spectra,
with a single quasi symmetrical line centered at g values around 3.8-4.0,
arise from an excess of ligands like iodide, thiocyanate and imidazole,
that may be able to bind in a secondary site inside the active site pocket,
thus further modifying the spectral features [34].

The NMR studies have shown that type A and type B ligands have
very different magnetic susceptibility anisotropies (Ay) [16,31,32].
Type A ligands produce Ay values that are at least twice in absolute
value of those of type B ligands, with correspondingly larger PCSs. So
far, there are no NMR studies of type C ligands.

The aim of this work is to investigate the effects caused by thiocya-
nate binding to cobalt(II)-hCAII depending on its concentration. In fact,
thiocyanate generates a type A EPR spectrum when added in stoichio-
metric amounts to cobalt(II)-CA, and a type C spectrum when added in
large excess [34]. The evaluation of the magnetic susceptibility anisot-
ropy of cobalt(II)-hCAIl in the presence of increasing amounts of thio-
cyanate may provide information on the origin of the different EPR
spectra. In this study, a double mutant of hCAIl (DM-hCAII) [14] was
used to avoid the binding of metal ions to a secondary site [35].

2. Materials and methods
2.1. Double mutant construct

The wild-type form of hCAII was mutated in two positions, H3N and
HA4N, to avoid the binding of transition metals in the secondary site
[9,14,35]. The hCAII double mutant was cloned following a standard
PCR protocol.

2.2. Expression and purification of DM-hCAII

The expression and purification of DM-hCAII, based on the published
protocol [33], was optimized as indicated. The expression vector, pPCAM
coding the DM-hCAII, was inserted in competent Escherichia coli BL21
(DE3) using a standard heat shock protocol. The culture was in LB-Agar
supplemented with 1% glucose and ampicillin. The plates were incu-
bated at 37 °C overnight. The following day a successful transformant
colony was selected and resuspended in 500 pL of sterile water. 50 pL of
culture were plated into 2 plates of LB-Agar supplemented with 1%
glucose and ampicillin.

The plates were incubated overnight at 37 °C. The following day, the
cells were scraped from one plate to 1 L of LB media supplemented with
1% glucose and ampicillin. The absorbance at 600 nm was measured
until 0.6 OD, and then the LB cultures were centrifuged at 4000 rpm for
15 min. The pellet was resuspended in M9 media, supplemented with
MgS0y4, CaCly, 0.5 mM ZnSOy4, 1.2 g/L of 15N-enriched (NH4)2S04, 3 g/L
glucose and ampicillin. The culture was incubated at 37 °C, 160 rpm for
30 min. Afterwards, 1 mM IPTG was added, and the temperature
decreased to 25 °C. The culture was incubated overnight. The protein
expression was halted by centrifuging the cultures at 7500 rpm for 20
min. The harvested cell pellet was stored at —20 °C.

The cell pellet was resuspended in a final volume of 70 mL of 20 mM
Tris-SO4 buffer, 0.5 mM ZnSO4, pH 8. The cells were sonicated for 30 s
with a resting period on ice for 3 min, and this was repeated for a total of
10 times. The lysate was ultracentrifuged at 40000 rpm for 40 min and
the supernatant was filtered with a 0.45 micra filter.

The lysate was firstly purified in a 5 mL Histrap FF, using an AKTA
Prime System, previously equilibrated with 20 mM Tris-SO4, 0.5 mM
ZnSO4 pH 8. The protein was eluted with a gradient of 20 column vol-
umes from O to 50% buffer containing 20 mM Tris-SO4, 500 mM imid-
azole, 0.5 mM ZnSO4 pH 8. The eluted fractions were analyzed by SDS-
PAGE, and the fractions containing hCAII were pooled. Pooled fractions
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were concentrated using a 10,000 MWCO Amicon centrifugation device
to 10 mL.

As a second purification step a 320 mL Superdex 75 pg 26/60 size
exclusion column was used in an AKTA Prime system, with a running
buffer of 50 mM Sodium Phosphate pH 7, at 2.5 mL/min. The purified
protein was pooled and stored at 4 °C.

2.3. Demetalation and metalation protocol of DM-hCAIT

For demetalation of DM-hCAII, a solution containing 200 mM so-
dium phosphate, 50 mM pyridine-2,6-dicarboxylic acid (PDA), pH 7,
was added to the protein solution and incubated overnight at 4 °C. The
apo-hCAII was buffer-exchanged to 10 mM HEPES, pH 6.8, using 10,000
MWCO Amicon centrifugation devices. Protein samples were in a water
buffered solution with 10% D20, with a protein concentration around
350 pM.

The paramagnetic cobalt(II)-DM-hCAII samples were prepared by
titrating the apo-DM-hCAII (350 pM in 10 mM HEPES, pH 6.8) sample
with cobalt(II) sulfate solution. The procedure was followed by 1D Bei
and 2D 'H—!°N HSQC spectra by monitoring the disappearance of the
resonances of the apo-protein and the appearance of the paramagnetic
resonances of the metalated protein at different chemical shift values.
The titration was stopped when the resonances corresponding to the
residues close to the paramagnetic center fully disappeared, and when
the new resonances, at a different chemical shift, did not increase in
intensity anymore. The same procedure was followed for the diamag-
netic reference sample, where apo-DM-hCAII (350 pM in 10 mM HEPES,
pH 6.8) was titrated with zinc(II) sulfate until the resonances matched
the assignment of zinc(I)-WT-hCAIL After metalation, both protein
solutions were buffer-exchanged to 10 mM HEPES pH 6.3, and
increasing amounts of a solution of sodium thiocyanate were added to
the protein samples (at the concentration of ~350 pM) in order to have
1:1.3, 1:2, 1:13, 1:1357 protein:ligand ratios. The protein/ligand ratios
were chosen to be compared with previous studies reported in the
literature [12].

2.4. NMR measurements

Solution 2D 'H—'>N HSQC NMR spectra of °N isotopically enriched
zinc(II)- and cobalt(II)-substituted DM-hCAII, for the evaluation of PCSs,
were recorded on a Ascend™ 500 MHz BRUKER NMR Spectrometer
equipped with a PRODIGY CryoProbe, and on a Ascend™ 1.2 GHz
Bruker NMR Spectrometer, equipped with a TCI CryoProbe. Protein
samples were prepared in a water buffered solution (10 mM HEPES, pH
6.3) and were titrated with sodium thiocyanate in order to achieve 1:1.3,
1:2, 1:13, 1:1357 protein:ligand ratios. All the spectra were processed
with Bruker TopSpin software and analyzed with the program CARA
[36].

The assignment of the diamagnetic zinc(II)- and paramagnetic cobalt
(IN)-DM-hCAII spectra was previously published [16]. The assignment of
both metal forms in the presence of sodium thiocyanate was done by
following the observed shifts during titration. The PCSs were calculated
from the difference of the chemical shifts between the paramagnetic
cobalt(I)- and diamagnetic zinc(II)-DM-hCAII spectra of the protein.

The 'H—'°N RDC were measured at 298 K at 1.2 GHz Bruker NMR
spectrometer, equipped with a TCI CryoProbe, for both metallic forms
(at the concentration of 350 pM) reacted with 700 pM sodium
thiocyanate.

2.5. Relaxation experiments

The experiments for the determination of the longitudinal and
transverse relaxation rates (R; and R,) and of the NOEs of the backbone
15N nuclear spins were recorded at 298 K and at 700 MHz on 15N
enriched zinc(II)-DM-hCAII (at the concentration of 350 pM) [37,38].
Details on the applied pulse sequence are provided in the supporting

Journal of Inorganic Biochemistry 244 (2023) 112222

information.
2.6. Pseudocontact shifts

The PCSs are described by the Kurland and McGarvey Eq. [39-41]:

11 3
AP = — — |A nelf) 1 2A s 2 )
& 127 13 ar (3c05%0 )+2 X oy Sin”Bcos(29)

where r is the distance between the observed nuclear spin and the
paramagnetic center; Ay, and Ay, are the axial and rhombic magnetic
susceptibility anisotropies, respectively, 0 is the angle between r and the
z-axis of the magnetic susceptibility tensor, and ¢ is the angle between
the projection of r on the xy plane and the x-axis [42].

2.7. Residual dipolar couplings

The paramagnetic RDCs, due to the partial alignment induced by a
paramagnetic center present in the molecule, are given by [43,44]:

ATRPC (Hz) = By rinh
y
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where Ay.x and Ay, are the axial and rhombic magnetic susceptibility
anisotropies, respectively, a is the angle between the internuclear vector
and the z-axis of the magnetic susceptibility tensor,  is the angle be-
tween the projection of the internuclear vector on the xy plane and the x-
axis, By is the strength of the external magnetic field; y; and y; are the
gyromagnetic ratios of the observed nuclei, and T is the temperature.

2.8. Electron paramagnetic resonance (EPR) measurements

EPR spectroscopy was performed using a Bruker EMX spectrometer
equipped with an Oxford Instruments ESR-900, with a microwave fre-
quency of 9.40 GHz, in a continuous flow helium cryostat, at 4 K, and a
high sensitivity perpendicular mode rectangular cavity. The protein
concentrations were 50 uM and sodium thiocyanate was added to have
the same protein/ligand ratio used to acquire NMR experiments (1:1.3
and 1:1375). EPR spectra were fitted using the EasySpin [45] program to
obtain the apparent g-values and the hyperfine coupling constants
parameters.

2.9. Circular dichroism (CD) experiments

Circular dichroism spectra were recorded on a Chirascan™ qCD
spectrometer. Each CD spectrum represents the average of five scans
obtained by collecting data at 1 nm bandwidth. The spectra were
collected in the 250-320 nm region using a 2 mm optical pathlength
cuvette. Protein samples of zinc(II)-WT-hCAII were diluted to 1 mg/mL.
The protein buffer consisted of 5 mM HEPES pH 6.3. The sodium thio-
cyanate ligand concentrations used were the following: 0 pM, 0.066 mM,
33.34 mM and 500 mM. Samples containing the pure ligand at the same
concentrations were used as blank.

2.10. X-ray crystallography

The initial solutions of the metalated forms, cobalt(II)- and zinc(II)-
DM-hCAII, had a concentration close to 15 mg/mL, in 10 mM HEPES,
pH 6.8 buffer. Crystallization assays were performed using the sitting
drop vapor diffusion method by mixing equal amounts of sample volume
and of a solution containing 100 mM HEPES pH 7.5, 2.9 M ammonium
sulphate and 1 mM 4-hydroxymercuric benzoic acid sodium salt. Cobalt
(ID-DM-hCAII was crystallized using seeds from zinc(II)-DM-hCAIL
Crystals for both metallic forms were soaked overnight with a solution
containing 100 mM HEPES pH 6.3, 2.9 M ammonium sulfate, 1 mM 4-
hydroxymercuric benzoic acid sodium salt and 500 mM sodium thio-
cyanate (1:1000 protein/ligand ratio).
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X-ray diffraction data obtained for the crystal of zinc(II)-DM-hCAIL
were collected at UCIBIO, FCT-NOVA, using the in-house X-ray
diffractometer (IpS 3.0 microfocus D8 Venture with copper K, radia-
tion), coupled to a CMOS Photon 100 detector, at 110 K, and with a
maximum resolution of 1.75 A. X-ray diffraction data from the crystal of
cobalt(II)-DM-hCAIl was collected at ALBA synchrotron using the
XALOC beamline, with a maximum resolution of 1.46 A.

Several software packages were used for the structure determination.
The datasets were processed using PROTEUMS3 software [46], the
electron density maps were obtained using CCP4.The refinement of the
obtained structures was done using the PHENIX suite [47], water mol-
ecules were added between refinement cycles, and the models were
subjected to adjustments using COOT [48]. The X-ray structures of zinc
(ID-DM-hCAII and cobalt(I)-DM-hCAII have been deposited in the
Protein Data Bank under the accession codes 80GD and 8OGE,
respectively.

3. Results
3.1. EPR of cobalt(I)-DM-hCAII

The EPR spectra of cobalt(I[)-DM-hCAIl were collected in the
absence and presence of sodium thiocyanate in 1:1.3 and 1:1357 pro-
tein:ligand ratios (Fig. 2). As previously observed for the bovine isoform
[34], the spectra change with increasing concentration of sodium thio-
cyanate. When thiocyanate is added at the same concentration as the
protein, it generated a class A spectrum, with g values around 6.8, 2.8
and 1.6. This is consistent with the presence of a 5-coordinated geometry
around the cobalt(Il) ion [49]. As previously reported, also the free
protein gives a class A spectrum, but with less marked features [50].
Interestingly, the EPR spectrum of the cobalt(II)-DM-hCAII in the pres-
ence of equimolar concentration of thiocyanate shows a >>Co hyperfine
structure at low fields of the EPR spectrum. This may be attributed as
coming from a better resolved EPR spectrum in the thiocyanate sample.

g-value
140 70 47 35 28 23 20 18 16 14
20 . 1 1 1 1 1 1 1 1 1 )
15
104
=
o
=5 A
20 ¢
5
-10
'15 ] T T T T T T T T T 1
0 1000 2000 3000 4000 5000
Field (G)

Fig. 2. EPR spectra of glassy aqueous solution of cobalt(II)-DM-hCAII in the
absence and presence of increasing concentrations of sodium thiocyanate. A)
Free-cobalt(II)-DM-hCAII B) cobalt(II)-DM-hCAII-thiocyanate (1:1.3); C) cobalt
(I1)-DM-hCAII-thiocyanate (1:1357). Spectra collected at 9.4 GHz at 4.0 Kelvin.
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A well resolved >°Co hyperfine splitting was also observed in the EPR
spectrum of the complex with iodide [34]. On the other hand, when
thiocyanate is added in large excess, the EPR spectrum changes
dramatically, giving rise to a class C spectrum, with a g value around 4.0.

3.2. Paramagnetic NMR

Changes in the coordination environment of the cobalt(II) ion upon
thiocyanate binding should result in changes in its magnetic suscepti-
bility anisotropy, and thus on the observed PCSs [19,51-53]. Ip—15N
HSQC spectra of '°N-cobalt(II)-DM-hCAII and °N-zinc(II)-DM-hCAII
were thus acquired in the presence of increasing amounts of the ligand,
from 1:1.3 until thousand-fold ligand concentration, in order to measure
'H and >N PCSs.

The spectra for the free cobalt(II)-DM-hCAII and zinc(II)-DM-hCAII
proteins (Fig. S1 and S2) are very similar to those obtained in previ-
ous studies, so that the assignment of the spectra is mostly unchanged. In
both proteins, the addition of sodium thiocyanate causes shifts of the
nuclear resonances (Fig. S3 and S4), which change with the ligand
concentration, indicating that this ligand interacts with both proteins.
The chemical shift perturbation (CSP) analysis of zinc(II)-DM-hCAIL
indicates that the residues in the first coordination sphere (His 94, His
96 and His 119), in the second coordination sphere (Gln 92, Glu 117, Thr
199 and Asn 243) and some other neighboring residues are perturbed
(see Fig. S8). Fig. S4 shows that some nuclear resonances of cobalt(II)-
DM-hCAII shift by over 0.5 ppm upon ligand addition. However, the
largest shifts occur immediately after the addition of a stoichiometric
amount of the ligand.

From the differences between the nuclear resonance positions in the
paramagnetic and in the diamagnetic proteins, PCSs were calculated and
fitted with the program FANTEN [54] to determine the magnetic sus-
ceptibility anisotropy tensor Ay at the different ligand concentrations.
The fit was performed against the highest resolution (0.9 A) structure of
zinc(I)-WT-hCAII (PDB 3KS3) [1]. The agreement between the experi-
mental and best-fit data is very good for all ligand concentrations, as
shown in Fig. 3. Fig. 3 also shows the PCS isosurfaces and the tensor
orientations with respect to the protein residues coordinated by the
metal ion.

The best fit values for the axial and rhombic anisotropy components
(Ayax and Ay;p) are reported in Table 1. It is apparent that there is a large
increase in the anisotropy values from the free enzyme to the 1.3-fold
thiocyanate sample. The change in the anisotropy values is accompa-
nied by a sizable reorientation of the magnetic susceptibility tensor, as
shown in Fig. 3. There is still a small increase in the anisotropy values
with increasing the concentration of thiocyanate up to 1:13. The Ay
values then remain basically constant on passing from the 13-fold to the
1357-fold thiocyanate concentration, and also the tensor orientation
does not significantly change, meaning that the coordination of the
metal at the active center remains the same.

The magnetic susceptibility anisotropy tensors for the 1:2 sample
were calculated also including paramagnetic RDC values in the fit per-
formed with FANTEN [54]. Table S1 shows that the tensor anisotropies
are similar when calculated using PCS alone, RDC alone, or PCS and
RDC.

Comparing the Ay tensors obtained for different ligands (oxalate,
furosemide and thiocyanate, Table 1) of cobalt(II)-hCAII, we observe
that furosemide provides the lowest axial and rhombic anisotropy,
which indicates that the tetra-coordinated geometry of the free cobalt
(ID-hCAII is maintained also in the presence of this ligand [16].
Conversely, Ay.x and Ay, increase to values typical of a penta-
coordinated geometry [7,16,32,55] in the presence of oxalate or
thiocyanate.

3.3. X-ray crystallography

A 5-coordination geometry of the thiocyanate adduct is confirmed by
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Table 1
Magnetic susceptibility tensor anisotropy parameters calculated with the program FANTEN for adducts of cobalt(I)-DM-hCAII and cobalt(II)-WT-hCAIL
Ligand pH AYax AYrh Q-factor Number of PCS
10 % m? (1073 m®)

DM-hCAIL No 6.0 3.23 £ 0.01 —1.10 + 0.02 0.062 169

DM-hCAII No 6.3 3.15 + 0.02 —0.59 + 0.02 0.061 161

DM-hCAII Thiocyanate (1.3-fold) 6.3 6.71 £+ 0.05 —2.30 + 0.03 0.055 157

DM-hCAIL Thiocyanate (2-fold) 6.3 7.41 £+ 0.05 —2.81 + 0.04 0.070 150

DM-hCAII Thiocyanate (13-fold) 6.3 7.76 £ 0.04 —2.95 + 0.05 0.063 141

DM-hCAIL Thiocyanate (1357-fold) 6.3 7.69 £+ 0.04 —2.95 + 0.06 0.064 143

WT-hCAII Oxalate 5.8 6.54 + 0.04 —4.44 + 0.03 0.07 160 [16]

WT-hCAII Furosemide 6.8 3.09 + 0.02 —1.69 + 0.02 0.07 174 [16]

X-ray crystallography. Crystallographic data for zinc(II)-WT-hCAII (PDB
2CA2 [56] and 4YGK [49]) and its T199P/C206S mutant (PDB 1LG6
[57]) show that the zinc(II) ion is bound to three protein histidine side-
chains, one water molecule and one thiocyanate anion. To confirm this
coordination geometry also for the zinc(II) and cobalt(II)-DM-hCAII at
high ligand concentrations, we successfully crystallized the two proteins
(Fig. S10) and determined their crystal structures. Crystals of free pro-
tein were soaked overnight with a concentrated solution of thiocyanate
(1:1000 protein/ligand ratio).

The structures of zinc(II)-DM-hCAII-thiocyanate and cobalt(II)-DM-
hCAll-thiocyanate were solved using the molecular replacement
method, using as search model the highest diffracting structure of zinc
(ID-WT-hCAII (PDB 3K34) with a maximum resolution of 1.75 A and
1.46 A, respectively. The relevant data collection and refinement sta-
tistics are shown in Table S2. The structures of cobalt(II)-DM-hCAII and
zinc(II)-DM-hCAII were compared with the deposited highest resolution
structure of hCAII bound to thiocyanate (4YGK) [49] and resulted in
very good agreement (Fig. 4 and Table S3), proving that the mutations of
DM-hCAII do not affect the overall structure of hCAIL For both proteins,
the metal ions are coordinated by five ligands, that are: the Ney from His-
94 (distant 2.1 A from both metal ions); the Ne; from His-96 (distant 2.0
and 2.2 A from the metal ion, in cobalt(II)-DM-hCAII and zinc(II)-DM-
hCAII, respectively); the N§; from His-119 (distant 2.1 and 2.2 A from
the metal ion, in cobalt(II)-DM-hCAII and zinc(II)-DM-hCAII, respec-
tively); the nitrogen’s thiocyanate (distant 2.0 A from both metal ions);
the oxygen of a water molecule (distant 2.1 and 2.2 A from the metal ion,
in cobalt(I[)-DM-hCAIl and zinc(II)-DM-hCAII, respectively). The

Fig. 4. Cartoon representation of zinc(I)-WT-hCAII-thiocyanate (purple, PDB
4YGK, 1.5 10\); zinc(I)-DM-hCAII-thiocyanate (cream, 1.75 10\) and cobalt(1I)-
DM-hCAII-thiocyanate (light blue, 1.46 )-’\). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

anomalous signal arising from the active center of cobalt(II)-DM-hCAII-
SCN™ confirmed the presence of the cobalt(II) ion in the active center of
the protein (Fig. S11). Furthermore, as expected, the structure of hCAII
does not change with the replacement of the zinc(II) ion with the cobalt
(ID) ion in the active site.

For comparison purposes the X-ray structure of the free cobalt(Il)-
DM-hCAII was solved. The active site structure clearly shows that the
cobalt(Il) ion is coordinated by three protein histidine ligands and by
two water molecules. In particular, the ligands are: the Ney from His-94,
the Ne, from His-96 and the N&; from His-119 (the nitrogen atoms of all
the three histidine residues are 2.2 A apart from the metal ion); the
fourth and fifth ligands, instead, are oxygens from two water molecules
(2.1 and 2.7 A apart from the metal ion).

3.4. Circular dichroism measurements of zinc(II)-DM-hCAII

CD spectra were collected to monitor whether the global and the
secondary structure of the protein is maintained in the presence of a
large amount of thiocyanate, a chaotropic agent that might denature it.
Since sodium thiocyanate absorbs in the 200-250 nm range, CD spectra
were acquired in the range between 250 and 320 nm in the near-UV
region. This range is informative regarding the chemical environment
of the aromatic protein residues (histidine, tyrosine and tryptophan).
Indeed, the tryptophan residues have been shown to provide a dominant
contribution to the spectrum in the whole region [58]. Fig. 5 shows that
for any of the tested concentrations of sodium thiocyanate, up to 1000-
fold excess, the CD spectra do not change appreciably with respect to the
free enzyme, thus indicating that the environment of the protein aro-
matic residues remained unchanged. Since many of the protein trypto-
phan residues are in the hydrophobic core of the protein, it is possible to
conclude that the protein core structure does not change.

10
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Fig. 5. Circular dichroism spectra in the Near-UV range of zinc(II)-WT-hCAII
free and bound to increasing concentrations of sodium thiocyanate.
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3.5. NMR relaxation measurements of zinc(II)-DM-hCAIT

15N NMR relaxation studies were performed to study the effect of
thiocyanate on the overall dynamics of the zinc(II)-DM-hCAII protein
[37,38,59]. The experimental data were compared to the values calcu-
lated with the program HYDRONMR [60], which calculates R; and Ry
from the protein structure assumed as rigid, that is neglecting possible
local mobility.

Fig. 6 shows the experimental R;, Ry and NOE values obtained for the
amide N nuclei of zinc(I)-DM-hCAII in the absence and in the pres-
ence of different concentrations of sodium thiocyanate. In all cases, the
experimental R; values are higher and the experimental Ry values are
lower than those predicted by HYDRONMR, using a crystal structure
PDB 3KS3, thus pointing out to some internal mobility. At a 1:2 protein:
ligand ratio, the Ry, Rz, and NOE values do not change appreciably with
respect to the values measured without the ligand. At 1000-fold excess
of thiocyanate, the R; values undergo a modest decrease to values closer
to the calculated ones, the Ry values do not change appreciably, and the
NOE values are more disperse. Table 2 shows the average R; and Ry

values and the derived isotropic rotational correlation times (tt°).

4. Discussion

Fig. 7 summarises in a qualitative way the main results obtained
using several experimental techniques applied to the free protein, the
protein in the presence of stoichiometric amounts of thiocyanate, and
the protein in thousand-fold excess of thiocyanate. The results are
seemingly contradictory: as judged from the EPR spectra, while the
stoichiometric addition of thiocyanate causes modest changes in the
spectral features, a dramatic change occurs with large excess of thio-
cyanate; as judged from the paramagnetic NMR data, a dramatic change
occurs in the presence of stoichiometric amounts of thiocyanate, while a
thousand-fold excess essentially does not cause further alterations.

It is well known that the cobalt(II) ion in the pure enzyme is essen-
tially in a pseudotetrahedral coordination [7,61,62], while the thiocy-
anate adduct is five-coordinated. The paramagnetic NMR data are
perfectly consistent with these coordination geometries, the magnetic
susceptibility anisotropy values being much smaller in the pure enzyme
than in the thiocyanate derivative. Therefore, the sketch reported in
Fig. 7 for the NMR results can be read as the cobalt(II) center passing
from a pseudotetrahedral geometry to a five-coordinated geometry upon
binding of stoichiometric amount of thiocyanate, and then essentially
remaining five-coordinated under further additions of the ligand.

By using a similar correlation between spectral features and coor-
dination geometry for the EPR data, one should envision a five-

* R1 Experimental
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Table 2

Calculated global average '°N relaxation rate parameters R; and R, with
respective standard deviation and correlation time (t.) of zinc(II)-DM-hCAII
(475 pM) aqueous solutions in the absence and presence of increasing concen-
trations of sodium thiocyanate.

Free enzyme 1:2 ratio 1:1357 ratio
Ry (s7h) 1.2+0.1 1.2+0.1 0.8+0.1
Ry (s7h) 20 + 2 20 + 2 20 + 2
75 (ns) 10.9 + 0.5 10.9 + 0.5 13.2+ 0.6

coordinated cobalt(Il) center also for the free protein, the metal
remaining five-coordinated upon addition of stoichiometric amounts of
thiocyanate, and then possibly moving to a six-coordinated center when
thiocyanate is in large excess. The latter coordination change is likely to
be achieved by a global effect on the protein structure by a modification
of the frozen solvent glass when a large excess of thiocyanate is present.
We should also point out that the differences in the coordination ge-
ometry of the free enzyme observed by EPR and NMR measurements
cannot be explained by possible differences in the pH values used for the
collection of the experiments. Indeed, the low temperature used to
collect EPR data (4 K) could cause an increase in pH. However, high pH
(9.5) favors four-coordination geometry for cobalt(I)-hCAIl, whereas
low pH (5.8) promotes the formation of five-coordinated complexes, as
previously reported [7], thus leading to an opposite effect with respect
to what is observed here.

The X-ray data recorded in the present work for the thiocyanate
complex seem to agree with both the EPR and the NMR data (Fig. 7),
showing five-coordination (three histidines, one thiocyanate ion and
one water molecule). Previous reports on the free cobalt protein suggests
the presence of a significant amount of a five coordinated cobalt(II)
complex (three histidines and two water molecules) [10], i.e. more in
agreement with the EPR data.

Of the three techniques, however, paramagnetic NMR is the only
technique which is applicable to the protein in solution at room tem-
perature. EPR is performed on a glassy solution at around liquid helium
temperature and X-ray is performed on crystals at approximately liquid
nitrogen temperature. Therefore, the most likely explanation for the
discrepancies among the different techniques is that lowering the tem-
perature favors the binding of a second water molecule in the free
enzyme. The difference is therefore not in the structure of the thiocya-
nate complex but in the structure of the free enzyme, which shifts from
four to five coordination at low temperature. It should be recalled that
an equilibrium between four and five coordination for the free enzyme
has already been proposed at room temperature and low pH, so a rela-
tively minor change in the enthalpy/entropy balance would be
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Fig. 6. Backbone 15N experimental and predicted (HYDRONMR) [60] Ry, R, and NOE vs residue number at different sodium thiocyanate concentrations: a) Free zinc
(I1)-DM-hCAII; b) 1:1.3 protein:sodium thiocyanate ratio and c¢) 1:1357 protein:sodium thiocyanate ratio.
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Fig. 7. Qualitative summary of the changes
measured by the various experimental techniques
for the free protein, the protein in the presence of
stoichiometric amounts of thiocyanate, and the

protein in thousand-fold excess of thiocyanate. The
EPR data were acquired at 4 K, the X-ray at 110 K,
and the NMR and CD at 298 K. The blue bars

qualitatively reflect the observables of the different
techniques, that are: the g-tensors values, for EPR;
the axial and rhombic components of the magnetic

susceptibility anisotropy tensor, for paramagnetic
NMR; the coordination geometry of the metal, for
X-ray; the global structure of the protein, for CD;

the Ry values for *°N relaxation. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

EPR — L1 I
Paramagnetic NMR [ . .
X-ray — L
CcD ] [ I
15N relaxation — [ I
Free Co-hCAll Co-hCAII:SCN-1:1.3  Co-hCAII:SCN~1:1357

sufficient. It remains to be explained why a large excess of thiocyanate
causes a change towards a more axial EPR spectrum, suggestive of a six-
coordinated metal environment, while this is not observed in the NMR at
room temperature.

Thiocyanate is known to be a chaotropic agent, potentially able to
destroy or at least grossly alter the tertiary structure of a protein. CD
spectra clearly show that this is not the case, as they remain essentially
identical from the free enzyme to stoichiometric addition of thiocyanate
to large excess of thiocyanate (Fig. 7). Consistently, crystals for X-ray
survived after overnight soaking at room temperature with 500 mM
thiocyanate, indicating that no major alterations of the overall 3D
structure of the protein occurs. While soaking with 500 mM thiocyanate
for a short time does not show appreciable amounts of thiocyanate in the
crystal lattice, soaking for a long time results in breaking of the crystals,
as expected from excessive penetration of thiocyanate in the crystal
lattice. As a further and more sensitive test of the possible chaotropic
effects of thiocyanate, we performed 1°N NMR relaxation measurements
on the zinc(II) derivative. As described in the Results section and sum-
marized in Fig. 7, the relaxation parameters do not change between free
enzyme and stoichiometric amounts of thiocyanate, while they only
change modestly in the presence of large excess of thiocyanate. The
modest increase in the rotational correlation time in the latter case
suggests a slight swelling of the protein, possibly due to the binding of
several thiocyanate ions on the surface. An interesting additional feature
of the high thiocyanate concentration sample is the significant scattering
of the NOE data, that may indicate that several local changes in the
backbone mobility may occur. In any case, the paramagnetic NMR data
indicate that these changes do not affect at all the coordination geometry
of the metal.

We may conclude that the dramatic change occurring in the EPR
spectra in large excess of thiocyanate are due to a combination of the
chaotropic effect, which at room temperature is present but apparently
modest, with the low temperature of the EPR measurements, possibly
coupled with a change in the nature of the glassy solution that might
cause distortions of the three dimensional structure and partial opening
of the active site, allowing for the coordination of a further water
molecule.
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