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ABSTRACT: Carbonic anhydrase II deficiency syndrome or Marble brain disease (MBD) is caused by
autosomal recessive mutations in the human carbonic anhydrase II (HCA II) gene. Here we report a
small-molecule stabilization study of the exceptionally destabilized HCA II mutant H107Y employing
inhibitors based on p-aminobenzoylsulfonamide compounds and 1,3,4-thiadiazolylsulfonamides as well as
amino acid activators. Protein stability assays showed a significant stabilization by the aromatic sulfonamide
inhibitors when present at 10 uM concentration, providing shifts of the midpoint of thermal denaturation
between 10 °C and 16 °C and increasing the free energies of denaturation 0.5—3.0 kcal/mol as deduced from
GuHCI denaturation. This study could be used as a starting point for the design of small-molecule folding
modulators and possibly autoactivatable molecules for suppression of misfolding of destabilized HCA 1I

mutants.

A wide spectrum of metabolic and degenerative diseases is
caused by misfolding of crucial enzymes (/). In most cases these
are autosomal recessive inherited diseases. In humans the enzyme
carbonic anhydrase II is present in red blood cells, kidney,
osteoclasts, choroid plexus, and glial cells of the brain. Human
carbonic anhydrase II (HCA II)' catalyzes the hydration of
carbon dioxide into hydrogen carbonate at an astonishing rate
with a turnover of 10° molecules/s (2—4). HCA II is an enzyme
important for a plethora of pH homeostasis functions of diverse
cell types including respiration, generation of cerebrospinal fluid,
for bone resorption, and kidney filtration. Carbonic anhydrase 11
deficiency syndrome (CADS) is an autosomal recessive disease
presenting with diverse symptoms reflecting loss of HCA 11
functions: renal tubular acidosis, osteopetrosis, dental malocclu-
sion, optic nerve compression, and mental retardation. Linkage
of the HCA II gene to the disease was elucidated through the fact
that HCA II was the only known CA isozyme expressed both in
kidney and in brain. Furthermore, side effects of known carbonic
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anhydrase inhibitors (CAIs) presented some treated patients with
renal tubular acidosis, induced calcium release from bone, and
reduced CSF production (J).

HCA 1I is composed of 259 amino acids, where the funnel-
shaped active site is buried in the center of the molecule. In the
active site a Zn> " ion is liganded to three histidines (H94, H94,
and H119). The protein structure is mainly folded into a large
extensive twisted [-sheet, with 10 mainly antiparallel strands
building the framework of the protein spanning the entire
molecule (6). Several mutations in the HCA II gene are known
to induce CADS (7), several of which are missense point
mutations, and others induce early termination or frame shifts.
The first point mutation in CADS discovered was the His107Tyr
(H107Y) mutation in an Italian American family (8), which was
later also found in a Japanese family (9). We have previously
deciphered the misfolding mechanism of the H107Y point
mutation linked to CADS and have shown that the mutant is
misfolded under physiological conditions, i.e., 37 °C, whereas the
protein is competent to fold at low temperatures (/0). A
previously important observation from our studies of HCA II
mutations in position 107 revealed a transition-like dependence
on the midpoint of thermal denaturation (7,) versus yield of
native recombinant protein (/7). In humans carrying the HCA
1107y CADS mutation revealed the absence of HCA II in
erythrocytes indicating that the mutant was efficiently degraded
within the cell (5). Employing the well-known small-molecule
inhibitor acetazolamide, we have demonstrated that the folding
equilibrium can be shifted toward correctly folded HCA Ily197y.
Long-term treatment with acetazolamide has been associated
with symptoms such as metabolic acidosis (/2). Other CAls have
been extensively explored for treatment of a variety of conditions.
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Table 1: ICs, Values of Compounds 1—9 on HCA II and HCA Il 7y

ICso ICso
Comp.# Structure Name (H107Y) | (HCA 1)
nM nM
1 2-Amino-benzenesulfonamide 248 235
) 4-Amino-benzenesulfonamide 60 43
3 4-Amino-3-chloro- 70 65
benzenesulfonamide
4 4-Amino-3-iodo-benzenesulfonamide 145 30
5 4-Amino-3,5-dichloro- 1640 553
benzenesulfonamide
6 4-Amino-N-(4-sulfamoylbenzyl)- 13 6
benzenesulfonamide
7 4-(5-p-Tolyl-3-trifluoromethyl- 9 145
pyrazol-1-yl)-benzenesulfonamide
(Celecoxib)
8 3-(5-sulfamoyl-1,3,4-thiadiazol-2- 31 16
ylsulfamoyl)-benzoic acid
9 2-acetylamido-1,3.4-thiadiazole-5- 2 8
sulfonamide (Acetazolamide)

Since different carbonic anhydrase isoenzymes are involved in
many physiological and pathological processes, they have been
interesting therapeutical targets for treatment of many well-
known diseases such as Alzheimer’s disease, edema, glaucoma,
cancer, epilepsy, obesity, and osteoporosis (13, 14). Herein we
present a small-molecule inhibitor survey with selected sulfona-
mide inhibitors of varying potency to investigate the effectiveness
of these molecules to prevent the misfolding of HCA Il o7y
in vitro. We also demonstrate that high concentrations of the
activator compound L-His increase the enzyme activity of the
mutant but without stabilizing the folded protein. This study
provides a starting point for the design of small-molecule
misfolding inhibitors to function as “pharmacological chaper-
ones” of HCA II mutants prone to misfold. This apparently
contradictory strategy has proven successful in other loss-
of-function enzyme deficiencies (15, 16).

MATERIALS AND METHODS

Chemicals. Ultrapure GuHCI was obtained from MP Bio-
chemicals, and the concentration of all GuHCI solutions was
determined refractometrically (/7).

Isopropyl f-p-thiogalactopyranoside (IPTG) was purchased
from Saveen, and 8-anilino-1-naphthalenesulfonic acid (ANS)
was obtained from Sigma. The structures of the nine sulfonamide
inhibitors used are shown in Table 1. Inhibitors 1—-6 and 8 were
synthesized as described previously (/8—20), and inhibitor 7
(celecoxib) was obtained as described previously (2/). Inhibitor 9
(acetazolamide) was obtained from Sigma.

Production of Protein. HCA 1l o7y was expressed and
purified as previously described by us (10). The template was the
cysteine-free variant HCA Il¢»g¢s, and we have previously shown
that this pseudo wild type (HCA 1I,,,) has properties indistin-
guishable from those of the wild type (22).

Activity Measurements. The CO, hydration activity for
HCA Il and HCA Il7y was determined by the colorimetric
method of Rickli et al. at 0 °C (23), in order to obtain the
inhibitory concentration at 50% enzyme activity (ICsp). To
determine the ICs, values for the different inhibitors, appropriate
amounts of inhibitor (inhibitor stock solutions of 10 mM in
DMSO) were added to the enzyme in the assay solution and
allowed to incubate for 1 min before the addition of the
CO, substrate. Solvent effects on the enzyme activity were
adjusted for.
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The different activators (L-His, r-Phe, and p-Phe, stock
solution of 1 mM in distilled H,O) were added in 750-fold molar
excess over the enzyme to determine their ability to increase the
activity of both HCA Il,,,; and HCA Ilyy,97y. The activators were
incubated for 1 min with the enzyme before the addition of the
CO; substrate.

Stability Measurements. The stability toward GuHCI
denaturation was followed by changes in the intrinsic fluores-
cence at 4 °C. The protein variants (0.8 M in 100 mM sodium
borate, pH 7.5) were incubated for 20 h at 4 °C at various
concentrations of GuHClI and also in the presence of the different
inhibitors in a final concentration of 10 uM. The fluorescence
spectra were recorded on a Hitachi F-4500 using a thermostated
cell, which kept the temperature at 4 °C. The path length was
1 ¢cm, and both the entrance and exit slits were set to 5 nm.
Excitation wavelength was 295 nm, and the spectra were recorded
between 310 and 450 nm.

The data were fitted to two separate unfolding transitions for
calculation of the Gibbs free energy of unfolding for the transi-
tions from the native, N, to the intermediate, I, and from the I to
the unfolded, U, state, respectively (AGn—; and AG—y) in order
to normalize the two unfolding transitions. The first unfolding
transition in GuHCI which corresponds to the thermal unfolding
transition represents unfolding of the folded state to the molten
globule light/molten globule state denotes the stability of the
native protein (/0). A linear dependence of the GuHCI concen-
tration of the Gibbs free energy of unfolding was assumed for
both transitions (24). The free energy of unfolding of the native
state was calculated according to the formula:

AGyx—1 = AGn—1"° —my—i[GuHC]] (1)

where AGM© denotes the Gibbs free energy of unfolding of the
mutant in the absence of denaturant and m—.; denotes the slope
of the dependence of the stability on denaturant concentration
which reflects the cooperativity of folding and is proportional to
the exposure of solvent-accessible surface area (25).

The thermal stability of the protein variants (0.8 4M in
100 mM sodium borate, pH 7.5), both in the presence and in
the absence of the inhibitors at two different final concentrations
(0.8 and 10 uM), was measured as described previously (10).

The thermal stability for HCA Ilo7y (0.8 uM in 100 mM
sodium borate, pH 7.5) was also determined in the absence and
presence of three different activators (pH 8.0) at a final concen-
tration of 10 uM. Samples were incubated overnight at 4 °C, and
the measurements were performed as described previously (10).

A consequence of inhibitor binding to HCA Ily1¢7y is that the
inhibitor binds tightly to the fully folded conformation rather
than to the unfolded state and any distorted or partially unfolded
intermediate forms. This can be illustrated by the following
equation for the free energy of binding (AGy):

AGy = —RT In(A}/K) )

where [A] is the concentration of free inhibitor and Kj is the
dissociation constant. With a concentration equal of Ky half the
protein molecules have bound inhibitor. This theoretical bind-
ing energy was calculated for all inhibitors simply assuming
the obtained ICs, values as Ky values in order to compare the
theoretical binding energies with obtained experimental stabil-
ity data.

Thermal Stability Kinetics. The kinetic resistance toward
thermal denaturation was measured for the enzyme variants with
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FI1GURE 1: Inhibition of CO, hydration activity of HCA Ilj;97y by
different sulfonamide compounds: (®) inhibitor 1; (O) inhibitor 2; (a)
inhibitor 3; (A) inhibitor 4; (M) inhibitor 5; (x) inhibitor 6; ()
inhibitor 7; (O) inhibitor 8; (+) inhibitor 9.

and without the different activators. The enzymes (0.8 uM in
100 mM sodium borate, pH 8.0) were incubated with activators
(final concentration of 600 uM) at 4 °C for 10 min. The samples
were then transferred to 37 °C using a heating block, and the
activity was monitored every 30 s using the CO, hydration
assay (18).

RESULTS

Inhibition of Enzyme Activity. We measured the efficiency
of the nine sulfonamide compounds to inhibit the CO, hydration
activity to obtain the inhibitory concentration at 50% enzyme
activity, ICso. The compounds were selected to range between
poor to very good inhibitors and showed a range of I1Cs, values
from 1640 nM (5) to 2 nM (9) (Table 1, Figure 1) against HCA
ITi107y. The ICsq values of the compounds to inhibit the mutant
and the pseudo-wild-type enzyme followed a similar efficiency
pattern.

Stabilization. To determine the stabilization capability of the
different inhibitors at pH 7.5, we measured the stability, by the
change in intrinsic Trp fluorescence, toward both GuHCI
denaturation at 4 °C and thermal denaturation. Due to the high
number of Trps in HCA II, and the even distribution thereof, this
is a sensitive method to monitor the global unfolding of the
protein (26). By thermal unfolding HCA 11 can be unfolded to an
intermediate (I) of molten globule type (10, 27, 28). For GuHCI
unfolding HCA II unfolds in two cooperative transitions: (i) from
the native state (N) to an intermediate state (I) and (ii) from the
intermediate to the unfolded state. The thermally accessible
intermediate corresponds well to the intermediate at moderate
concentrations of GuHCI (27, 28), but furthermore severely
destabilized mutants of HCA II (such as H107Y) also populate
a more native-like intermediate abbreviated molten globule light
state (10, 11). All unfolding curves both in the presence and in the
absence of inhibitor showed similar unfolding trajectories (Fig-
ure 2), but with higher midpoints of thermal denaturation (7’,)
and midpoint concentrations of GuHCI denaturation (Cp,)
compared to the corresponding values of the unliganded mutant.
A net stabilization effect toward both chemical and thermal
denaturation was observed for all inhibitors but to various
degrees (Figure 2, Table 2). For GuHCl denaturation
Figure 2C shows the transitions from the native state to the
intermediate state, which represents the unfolding of the native
structure. The efficacy in stabilizing HCA Ily97y ranged from
upward shifts in 7}, with 1—11 °C at 1:1 inhibitor:enzyme ratio
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FIGURE 2: (A, B) Stability of HCA 107y toward thermal denatura-
tion. The enzyme concentration was 0.8 uM in 100 mM sodium
borate, pH 7.5, and the final concentration of the inhibitors was
10 uM. (C) Stability of HCA Ily07y toward denaturation by GuHCI
at 4 °C. The figure shows the unfolding transition from native state
to the intermediate state. The enzyme concentration was 0.8 4M in
100 mM sodium borate, pH 7.5, and the final concentration of
the inhibitors was 10 4uM. Key: (®) no inhibitor; (O) inhibitor 2;
(a) inhibitor 3; (A) inhibitor 4; (M) inhibitor 5; (x) inhibitor 6; (¢)
inhibitor 7; (O) inhibitor 8.
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(0.8 uM inhibitor) to T, shifts of 10—16 °C for 12:1 inhibitor:
enzyme ratio (Table 2). The results from the thermal denatura-
tion experiments when the inhibitors were in a 12-fold molar
excess over enzyme are shown in Figure 2A,B. When the protein
was subjected to GuHCI denaturation, stability data were
obtained for 12:1 inhibitor:enzyme ratio (10 M inhibitor) and
provided a net stabilization of 0.5—3.0 kcal/mol (Figure 2C,
Table 2).

Activation and Thermal Stability in the Presence of
HCA II Activators. We also investigated the influence on
HCA 117y of different known HCA Il activators, L-His, L-Phe,
and D-Phe, that have been shown to bind to the outer rim of the
active site of HCA II (29, 30). Activators applied at high
concentrations (600 #M) increased the CO, hydration activity
of HCA Il o7y to 162% for L-His. However, neither L-Phe nor
p-Phe increased the enzyme activity of HCA Ily197y. The thermal
stability was measured for HCA Ilj;07y with the three activators
present in a 12-fold molar excess (10 M) at pH 8.0. Even though
the activator molecule 1-His is known to bind with moderate
affinity to HCA II (a reported 50% of the total increase in activity
at 10.9 uM, called “activation constant”) (29), no stabilizing
effect was detected at 10 uM of neither L-His, L-Phe, nor p-Phe,
and hence the Ty, values for the different experiments were
indistinguishable (26 & 1 °C) from the control where no activator
was present (Figure 3, inset).

We thereafter investigated if the binding of the activators could
slow the kinetics of thermal unfolding. At 37 °C the enzyme
activity was lost within a few minutes for the unliganded HCA
Ii107y (Figure 3). The activation effect when L-His was present
in a 750-fold molar excess (600 M) did not alter the decay rate of
the activity for the enzyme, neither did addition of the p- or L-Phe
(600 uM) influence the thermal denaturation kinetics (Figure 3).

DISCUSSION

In this work a number of different HCA II aromatic sulfona-
mide inhibitors and amino acid activators were selected to assess
their potency for stabilizing the protein and thereby prevent
misfolding of the CADS-associated mutant HCA Ily197y. The
selection was performed in order to have a wide spectrum of poor
to very strong binders to address whether the expected strong
inhibitors also were superior misfolding inhibitors. Stability was
assessed both in the absence of denaturant by thermal denatura-
tion, reflecting the most physiological setting, and in the presence
of a denaturant, GuHCI, at low temperatures.

The different inhibitors tested in this study showed simi-
lar inhibition effect for both the pseudo-wild type enzyme
and the mutant HCA Ilyq7y. The active site appears rather

Table 2: Stability Data of Unfolding of the Native State of HCA II¢7y in the Presence of Compounds 2—9

compd  Cp N—I (M) ACy N—=I1(M) AGy,o N—I (kcal/mol) AAGyo N—I (kcal/mol) T 1:1 (°C) ATy 1:1 (°C) Ty 12:1 (°C) ATy, 12:1 (°C)

0.09 1.1
2 0.24 0.15 2.8
3 0.22 0.13 2.2
4 0.18 0.09 2.1
5 0.19 0.10 1.9
6 0.32 0.23 3.7
7 0.20 0.11 1.6
8 0.21 0.12 2.3
9 0.28¢ 0.24¢ 3.4¢

22 22
—-1.7 31 9 36 14
—1.1 30 8 35 13
-1.0 30 8 34 12
—0.8 23 1 32 10
—2.6 29 7 38 16
—0.5 29 7 37 15
—-12 29 7 34 12
=3.0° 33 11 34¢ 16¢

“C,y = midpoint concentration of GuHCl denaturation. ® T}, = midpoint of thermal denaturation. ¢ The data for inhibitor 9 (acetazolamide) are from our

previous study (/0), where the drug was dissolved in EtOH.
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F1GURE 3: Thermal stability kinetics for HCA Ily07y with different
activators. The enzyme was incubated with the activator for 10 min at
4 °C and the sample was then transferred to 37 °C, and the decay in
activity was monitored. The enzyme concentration was 0.8 uM in
100 mM sodium borate, pH 8.0; the final concentration of the
activators was 600 uM. The inset shows temperature denaturation
curves for HCA Il 7y (0.8 uM) with different activators (10 uM) in
100 mM sodium borate, pH 8.0. Activity decay curves and inset:
(®) no activator; (x) L-His; (¢) L-Phe; (A) D-Phe.

accommodating toward different sizes of the bound aromatic
sulfonamides. The potency and structure—activity relationship
(SAR) of aromatic sulfonamides for inhibition of HCA II have
been discussed extensively in the literature (/4). Herein we will
limit this discussion to the efficacy of these molecules toward
stabilization of the misfolding prone HCA Ilj;¢7y mutant and
reflect their stabilizing effect on the inhibitory potency. There was
a clear stabilizing effect of all aromatic sulfonamides versus both
thermal and chemical denaturation. A correlation diagram of the
increase in free energy of unfolding at 4 °C by GuHCI denatura-
tion versus increase in Ty, at excess compound displayed an
interesting correlation between these independently assayed
parameters of inhibitor-induced stability (Figure 4A). We have
previously demonstrated a linear correlation between these
parameters over a much wider range of temperatures for diffe-
rent HCA II mutants (//), indicating that point mutations do
not significantly change the heat capacity but merely shifts
the free energy of unfolding in parallel with temperature.
The nonlinear correlation of the thermal and GuHCI stabiliz-
ing effects of the inhibitors in the study suggests that ionic
modulation by GuHCI can render binding-induced folding less
efficient for the inhibitors at 4 °C. In contrast, the thermal
stability, which improved significantly for all inhibitors, appears
to be facilitated by hydrophobic interactions because these are
assayed at a higher temperature range (25—40 °C). It was rather
striking that even the poorest inhibitor shifted the 7}, by 10 °C
(Figure 4).

First we focus on the amino-substituted benzoylsulfonamides,
compounds 1-5. Unfortunately, the stability in the presence of
inhibitor 1 could not be measured due to intrinsic fluorescence
of 1 when bound to HCA II interfering with the Trp fluore-
scence spectrum (data not shown). Nevertheless, we obtained
reliable data for all other inhibitors. Molecules 2—5 are simple
p-aminobenzoylsulfonamide compounds. Introducing a halo
substituent in the meta position lowers the stabilizing effect both
versus thermal and versus chemical denaturation. Chloride (3)
was more acceptable than iodide (4), but a double substitution
was less acceptable (5). This relation was also reflected in the ICsq
values, which decrease in parallel with the increased stabilizing
effects.
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FiGure 4: (A) Correlation between the inhibitor-induced stabiliza-
tion effects of GuHCI determined stability (4 °C) expressed as the
change in free energy of unfolding of the native state (—AAGN—"2°)
and the change of thermal stability (A Ty,) (in °C) of the first unfolding
transition of HCA Ilyj;07y in the presence of the different inhibitors.
The dashed line was drawn to guide the eye. The enzyme concentra-
tion was 0.8 uM in 100 mM sodium borate, pH 7.5; the final
concentration of the inhibitors was 10 M. (B) Correlation between
the inhibitor-induced stabilization effects of GuHCI determined
stability (4 °C) extrapolated to water (—AAGxn—72°) and at the
midpoint concentration of denaturant (—AAGN—1[D]sge,) (in keal/mol)
to accommodate m-value differences; the calculated free energy of
binding (—AAG,) (estimating ICsy values to correspond to Ky
values) and the thermal stability (AT,,) of HCA Ily;7y in the first
unfolding transition versus the 1Cs, values for the different inhibi-
tors on a logarithmic scale. Key: (@) —AAGx_1"© (kcal/mol); (a)
—AAGN—1[D]sgv, (kcal/mol); (l) —AAGy, (kcal/mol); (O) ATy, (°C).
The solid line shows the fit of the theoretical binding induced
stability (r = 0.997) and the dashed line shows the fit to the
experimental binding and stability at the two different GuHCI
concentrations (r = 0.817).

The more complex inhibitors 6 and 7 are also analogous para-
substituted benzoylsulfonamides. Compound 6 has a methyl
spacer prior to the adjacent p-aminobenzoylsulfonamide sub-
stitution. Evidently the double aromatic sulfonamide (6) renders
the compound a significantly more potent inhibitor (cf. ICs of 2,
Table 1) and, moreover, renders this molecule a more potent
stabilizing molecule, in particular versus chemical denaturation.
In contrast, the large bulky compound 7, which has a higher ICs
value compared to compound 2, shows a higher potency than
compound 2 against thermal denaturation but a significantly
lower stabilizing effect against chemical denaturation. Evidently
the correlation for inhibitor 7 is very poor for stabilization
toward thermal and chemical denaturation and when comparing
this molecule with the other para-substituted benzoylsulfona-
mides (Figure 4A). Compound 7 (celecoxib) is unusual compared
to the other compounds in the study, and rather variable
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FIGURE 5: (A) Crystal structure of the complex between HCA II and inhibitor 7. Residues H94, H96, and H119 and the inhibitor are shown
as stick models, and the Zn?" ion is shown as a sphere. The distance between the zinc ion and the nitrogen in the sulfonamide nitrogen is 1.97 A.
The figure was generated in Pymol, using the PDB code 10Q5 (37). (B) Crystal structure of the complex between HCA II and the activator
L-His. Residues H94, H96, H119, and L-His are shown as stick models, and the Zn>" ion is shown as a sphere. L-His binds to the rim of the active
site, and the distance between the zinc ion and the closest located imidazole nitrogen is 7.45 A. The figure was generated in Pymol, using the PDB

code 2ABE (30).

inhibition constants have been reported which are in the range of
21—-410 nM (21, 31), likely arising from various assay methods
and incubation times. The molecule binds in a rather standard
fashion to HCA 1II as shown in the crystal structure
(Figure 5A) (31) with the expected binding of the sulfonamide
to the Zn®" ion in the active site.

We also included two 1,3,4-thiadiazolylsulfonamides in the
study (compounds 8 and 9). Here it was striking how the smaller
compound 9 (acetazolamide) was a much more potent inhibitor
and a much more effective stabilizing molecule than compound 8.
Also, here the ICs value obtained for compound 8 rather poorly
reflects its effectiveness as a stabilizing molecule. If the ICs, value
would be the predictor of stabilizing capacity, compound 8 would
be the third best stabilizing molecule. It is only the fourth best
compound for chemical denaturation and is at a shared sixth
place for thermal stability. In the correlation diagram (Figure 4A)
compound 8 groups with compounds 3 and 4, which both are less
potent inhibitors than compound 8.

In the perfect scenario a misfolding inhibitor should stabilize
the protein so that the T, is above 37 °C but at the same time
have an ICs value that allows a fraction of the enzyme molecules
to be free of inhibitor, or to be out-competed by substrate, to
allow catalysis. In this case where the disease mutant is so
strongly destabilized, only the most potent drugs were able to
stabilize the protein to such a high degree that half of the protein
molecules were in the native form at 37 °C. But here we pay the
price of losing the enzyme activity due to the high concentra-
tion of inhibitor demanded to get this stabilization effect. This
appears to be an impossible scenario from a thermodynamic
consideration of the shift of the equilibrium toward the inhibited
liganded native state of the enzyme. Nevertheless, it has been
shown for the lyosomal storage diseases, Fabry’s disease and
Gaucher’s disease, that active site directed inhibitors of both
a-galactosidase A and glucocerebrosidase could bind to and
stabilize the mutant enzymes in the endoplasmic reticulum (ER),
enabling their trafficking to the lysosome rendering elevated
enzyme activity in this organelle (15, 16, 32). This concept has
been referred to as “pharmacological chaperoning”. In these
cases the mechanism of inhibitor dissociation following binding
in the neutral pH of the ER was facilitated by the low pH of the
lysosome and the concurrent presence of excess substrate (33).
HCA Ilyg7y fulfills the most important criterion for the

“pharmacological chaperoning” mechanism to be successful,
ie., an enzyme which is foldable to the active conformation.
Potential candidates for affording a partial restoration behavior
for HCA Ily97y at modest inhibition levels are compounds
4 and 7, which increase Ty, to the same extent as more potent
inhibitors both at 0.8 and at 10 uM concentration of inhibitor
despite showing higher 1Cs, values (Table 2). We also investi-
gated the activator compound L-His which was rather potent in
increasing the enzyme activity at high concentrations, however,
unfortunately with no stabilizing effect on the protein. That both
D- and L-Phe were incapable of increasing the activity of HCA
II197y indicates that the binding site in the mutant is different
from the wild-type site, likely originating from a more labile site
in the mutant compared to the wild-type protein. In light of the
stabilizing efficacy of sulfonamide inhibitors this indicates that
shifting the equilibrium toward the native state necessitates a
firm anchoring site in HCA 11, a characteristic lacking for the
activator binding site, at the outer rim of the active site which
is located at a 4-fold longer distance for L-His compared to a
sulfonamide (Figure 5B) (29).

The stabilization effects demonstrated toward both chemical
and thermal denaturation correlate well for all compounds
(except for compound 7) (Figure 4A), indicating that the shift
of stability reflects the stabilization of the native state. Hence,
this is an expected action of a site-specific inhibitor induced shift
of the equilibrium toward the liganded native state. It was
however unexpected that the relation between these different
stability parameters was nonlinear and that the linear correlation
between the binding affinities (ICs, values) and the stabilization
capacity of the inhibitors, shown in Figure 4B, was fairly poor
(r = 0.817) in relation to the theoretical binding efficiency
estimating ICs, values to correspond to dissociation constants
(r =0.997).

In this report we have shown the first example of how small-
molecule inhibitors and activators of various affinities stabilized
the mutated HCA II. Aromatic sulfonamide inhibitors buried
deep in the active site bound to the Zn ion can rather efficiently
shift the equilibrium toward the native state of HCA Ilo7y.
This study could be used as a starting point for design of folding
modulating small molecules and possibly autoactivatable mole-
cules for suppression of misfolding of destabilized HCA 1I
mutants.
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