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ABSTRACT: Candidate drugs rationally designed in vitro often
fail due to low efficacy in vivo caused by low tissue availability or
because of unwanted side effects. To overcome the limitations of in
vitro rational drug design, the binding of candidate drugs to their
target needs to be evaluated in the cellular context. Here, we
applied in-cell NMR to investigate the binding of a set of approved
drugs to the isoform II of carbonic anhydrase (CA) in living
human cells. Some compounds were originally developed toward
other targets and were later found to inhibit CAs. We observed
strikingly different dose- and time-dependent binding, wherein
some drugs exhibited a more complex behavior than others.
Specifically, some compounds were shown to gradually unbind
from intracellular CA II, even in the presence of free compound in
the external medium, therefore preventing the quantitative formation of a stable protein−ligand complex. Such observations could be
correlated to the known off-target binding activity of these compounds, suggesting that this approach could provide information on
the pharmacokinetic profiles of lead candidates at the early stages of multitarget drug design.

■ INTRODUCTION

Classical rational drug design approaches aim at maximizing
the activity toward a specific target in vitro. However, drug
efficacy in vivo can be affected by many factors, such as low
tissue availability, binding to off-target biomolecules, or
unwanted side effects. Therefore, ideally, the binding to an
intracellular target should not only be evaluated in vitro, in
isolated conditions, but also directly in the cellular context,
where poor cell penetrance or the occurrence of off-target
binding can negatively affect the activity of potential drugs
toward their main target. Cell-based activity assays provide an
indirect measure of the effect of a drug, but may not easily
discriminate the molecular origin of the cellular response.
Ideally, the interaction of a potential drug with the intracellular
target should be monitored directly at atomic resolution.
Among the existing atomic-resolution structural techniques,

Nuclear Magnetic Resonance (NMR) spectroscopy stands out
for its ability to investigate protein−ligand interactions in
solution at physiological temperatures.1−3 Furthermore, in-cell
NMR approaches have been developed that allow the atomic-
level characterization of proteins and nucleic acids directly in
living cells.4−8 In the context of drug development, in-cell
NMR has been revealed to be a promising tool, as it can
characterize interactions between small molecules and an
intracellular target.9−12 Recently, we have employed in-cell
NMR to investigate the interaction between multiple ligands

and the second isoform of human carbonic anhydrase (CA, EC
4.2.1.1), CA II, in living human cells.13 This approach relies on
the perturbation of the protein chemical shifts induced by
ligand binding and allows an atomic-level description of the
ligand binding site and, simultaneously, the measurement of
intracellular dose- and time-dependent binding curves. From
the latter data, important physicochemical properties of the
ligands can be estimated, such as membrane permeability and
apparent binding affinity, which are critical to assess the
potency of the drugs toward the specific target.13

Carbonic anhydrases (CAs) are ubiquitous metalloenzymes
that catalyze the conversion of CO2 and H2O to HCO3

− and
H+.14 In humans, 15 isoforms have been identified, all
belonging to the α class, which contain a catalytic zinc ion
in the active site coordinated by three conserved histidine
residues and a water molecule/hydroxide anion in a distorted
tetrahedral geometry.15 Although they have a high structural
homology, the human isoforms differ in catalytic activity,
structural properties of the binding cavity, subcellular local-
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ization, and response to exogenous molecules.14−16 The CO2
hydration reaction catalyzed by CAs is involved in many
physiological processes, such as transport of CO2 between
tissues and lungs during respiration, pH homeostasis, electro-
lyte transport in various tissues, and several biosynthetic
pathways.14 Importantly, CA isoforms have been implicated in
several pathological states, such as epilepsy, glaucoma,
cardiovascular diseases, and cancer.17 Given the relevance of
CAs as pharmacological targets, CA inhibitors have been
developed over the course of several decades, some of which
are currently administered in the treatment of glaucoma and
epilepsy, and as diuretics.14 Current efforts are now focused on
the development of CA inhibitors with higher isoform
selectivity, which would allow the selective inhibition of a
single isoform, thereby reducing the required dose for
treatment and the insurgence of adverse effects.16,17 Indeed,
a selective inhibitor of CA IX is currently in clinical
development as an antitumor agent.18,19

Here, we applied the above in-cell NMR approach to screen,
in human cells, the binding to CA II of a set of approved drugs
that are known to inhibit human CAs. We focused on a
selection of sulfonamide compounds representative of different
categories of drugs, including anti-inflammatory drugs
originally designed to inhibit non-CA targets, diuretics, and
anticonvulsants, which exert their function through inhibition
of multiple targets, including CAs, and an anticancer drug
currently under clinical trials that was specifically designed to
inhibit the tumor-associated isoform CA IX. While the
chemical shift perturbation confirmed that all the ligands
bound CA II in the active site of the protein, in accordance to
the in vitro characterization, we observed strikingly different
behaviors from the dose- and time-dependent binding data for
each ligand. Specifically, while the binding mode of some
ligands could be explained by diffusion-limited, strong binding
kinetics, other ligands diverged from such a simplistic model
and exhibited a more complex pharmacodynamic behavior,
which could be correlated to the presence of off-target binding
activity.

■ RESULTS AND DISCUSSION

Properties of the Investigated Drugs. The structures of
the investigated drugs and their properties are summarized in
Chart 1 and Table 1. Celecoxib 1 and valdecoxib 2 are first-

and second-generation COX-2-selective inhibitors, respec-
tively, employed as nonsteroidal anti-inflammatory drugs
(valdecoxib was withdrawn from clinical use); indapamide 3
(racemic mixture), furosemide 4, and hydrochlorothiazide 5
are high-ceiling diuretics, which reduce sodium reabsorption in
the kidneys by binding to the electroneutral sodium-chloride
cotransporter and are employed to treat hypertension, edema,
and congestive heart failure. Zonisamide 6 is a widely used
antiepileptic drug which binds to voltage-sensitive sodium and
calcium channels; ethoxzolamide 7 is a diuretic, also employed
to treat glaucoma, that inhibits CAs in proximal renal tubules.
SLC-0111 8 is a recently developed CA IX inhibitor currently
undergoing phase II-b clinical trials as an anticancer/
antimetastatic agent; methazolamide 9 is a potent CA inhibitor
employed in the treatment of glaucoma. Compounds 1−6
were not originally designed as CA inhibitors but were shown
later to inhibit several pharmacologically relevant CA isoforms
with nanomolar affinity.14,20−25 Conversely, compounds 7 and
8 were designed purposefully to inhibit CA activity.
Compound 9 is a well-characterized compound, which was
previously observed to bind quantitatively CA II in human cells
by NMR13 and was included as a reference compound in the
current study.

Drug Binding Monitored by 1H NMR. Drug binding to
the intracellular protein was investigated by in-cell NMR by
analyzing HEK293T cells transiently overexpressing CA II and
subsequently treated with each compound at different doses
and incubation times. Under our experimental conditions, CA
II reaches an average concentration of 150 ± 20 μM in ∼150
μL of cell pellets (see Methods), as previously reported.13

Amino 1H signals arising from three histidine side chains
located in the CA II active site, as well as 1H from other
aromatic side chains, were clearly identified in the region of the
1D 1H NMR spectrum between 11 and 16 ppm (Figure 1).
This spectral region is well-resolved and free from cellular
background signals; therefore it can be analyzed without
recurring to 15N isotopic labeling that is often necessary to
reduce spectral overlap and avoid interference from non-NH
background signals. Ligand binding induces changes in the
chemical environment of the active site, giving rise to a new set
of signals arising from the bound protein (Figure 2). In an
aqueous buffer, all of the compounds quantitatively bound CA
II when added in a stoichiometric amount, giving rise to
distinct patterns of clearly resolved signals (Figure 2a).

Fixed-Dose Drug Screening. The intracellular binding of
each compound was initially assessed by treating CA II-
expressing cells with a 100 μM dose of each compound in 20
mL of external medium, therefore in a ∼100:1 molar ratio with
respect to the protein (2 × 10−6 mol of compound vs ∼2 ×
10−8 mol of CA II), followed by 1 h of incubation, removal of
the external solution, cell detachment, and NMR analysis. The
bound fraction for each compound was obtained as a time
average from a 30-min-long in-cell NMR spectrum. Binding to
CA II was observed for all compounds, although to varying
degrees (Figure 2b). In cells, the chemical shifts of the bound
state matched those observed in vitro, indicating that the
binding mode of the compounds was essentially unchanged in
the cellular setting. Additional line broadening, caused by faster
transverse relaxation and magnetic inhomogeneity of the cell
sample, resulted in an increased overlap between signals, which
was overcome by signal deconvolution (Figure S2, see
Methods). The fractions of free and bound intracellular
protein could then be quantified by comparing the relative

Chart 1. Chemical Structures of the Compounds Analyzed
in This Study
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signal intensities of the two species in the in-cell 1H NMR
spectra (Figure S2 and Figure 3). The large differences
observed in the bound protein fractions at such a high dose
treatment could not be explained with the different KI’s
reported in vitro (Table 1) and suggested that the incomplete
binding could be the consequence of poor drug permeability,
as previously observed for other CA inhibitors.13 Notably, the
two enantiomers of 3 bound CA II in equal amounts in vitro,
resulting in two distinct sets of signals with similar intensities
(Figure 2a). A similar pattern was also observed in cells,
suggesting that the two enantiomers bound intracellular CA II
with similar affinity; however the broader spectral lines and the
presence of signals from free CA II prevented a more precise
quantification of each enantiomer (Figure 2b).
Dose- and Time-Dependent Drug Binding. The dose-

and time-dependency of binding was assessed by analyzing CA
II-expressing cells treated with increasing doses of each
compound (ranging from 10 to 100 μM in the external
medium) and incubated for increasing times (ranging from 30
min to 2 h). The bound fraction under each condition was
obtained from a 30-min-long NMR experiment as above
(Figure 4). Compounds 7−9, which bound CA II completely
at 100 μM for 1 h, gave essentially the same results both with a
shorter incubation time (30 min) and with a much lower dose
(10 μM, still a ∼10-fold molar excess with respect to the total

CA II), whereas compounds 1−6, which did not bind CA II
completely at 100 μM, showed different dose and time
dependencies. Specifically, the fraction of CA II bound to 4
and 5 increased linearly as a function of time, consistent with
binding kinetics limited by the plasma membrane permeability,
irrespective of the binding affinity for CA II. Instead, CA II
binding of compounds 1−3 and 6 did not show any dose or
time dependency in the 50−100 μM range and reached a
plateau at ∼70−80% (1), ∼50−60% (2), ∼80−90% (3), and
∼35−40% (6), indicating that the observed results in that dose
range were not dependent on membrane permeability. For
compounds 1 and 8, treatment at a 10 μM dose resulted in a
decrease of the CA II bound fraction and allowed an
estimation of the rates of permeability through the plasma
membrane, in addition to those obtained from the time
dependency of 4 and 5 at a high dose (Table 2, see Methods),
whereas no significant decrease was observed at a 10 μM dose
for compounds 2, 3, 6, 7, and 9, indicating a permeability KP ×
A > 6 × 10−7 dm3 s−1.

Unbinding Kinetics by Time-Resolved in-Cell NMR.
To further investigate the origin of the plateau effect observed
in the 50−100 μM dose range, cells treated with 100 μM for 1
h (i.e., the same conditions for which time-averaged data were
reported, see Figure 3) were analyzed as a function of time by
performing a series of short in-cell NMR experiments over a
total experimental time of 1 h (Figure 5, red and magenta
curves). Interestingly, the binding of compounds 1−3 and 6 to
intracellular CA II exhibited a marked time dependence,
decreasing respectively from ∼100% to ∼66% (1), from ∼90%
to ∼45% (2), from ∼100% to ∼75% (3), and from ∼50% to
∼30% (6) after 1 h (values at time 0 were extrapolated),
whereas compounds 4 and 5 showed a less pronounced time
dependence (Figure 5). These values are fully consistent with
the measurements averaged over 30 min and indicate that
these compounds are gradually released during the acquisition
of the NMR spectra, thereby explaining the incomplete
binding observed in the averaged data (Figure 3). In order
to assess whether the same effect could occur in the cell
culture, cells treated for 1 h with compounds 1−3 and 6 in the
CO2 incubator were washed to remove the external ligand and
further incubated in fresh medium without ligands. Quantita-
tive NMR analysis of lysates from cells collected at increasing
times showed that a similar unbinding behavior also occurred
in the cell culture, although to a lower extent (Figure S3). The
unbinding from CA II was also investigated in samples, initially
treated with 100 μM of compound for 1 h, where the
compound was reintroduced in the external solution of the
cells during the NMR measurement (Figure 5, black and blue
curves). Notably, while the unbinding of 1, 3, 4, and 5 was
only partially mitigated under those conditions, compounds 2

Table 1. Data on the Compounds Analyzed in This Study

n name MW main target used for KI CA II (nM)

1 Celecoxib 381.4 COX-2 inflammation, pain 21
2 Valdecoxib 314.4 COX-2 inflammation, pain 43
3 Indapamide 362.8 Na/Cl cotransporter hypertension, heart failure 2520
4 Furosemide 330.7 Na/K/Cl cotransporter hypertension, heart failure, edema 65
5 Hydrochlorothiazide 297.7 Na/Cl cotransporter hypertension, heart failure, edema, diabetes insipidus 290
6 Zonisamide 212.2 Sodium and T-type calcium channels (putative) epilepsy, Parkinson’s disease 35
7 Ethoxzolamide 258.3 CA glaucoma, duodenal ulcers 8
8 SLC-0111 309.3 CA tumor 960
9 Methazolamide 236.3 CA glaucoma 14

Figure 1. (Top) imino region of the 1D 1H NMR spectrum of CA II
in human cells (red) overlaid to the spectrum of the cellular
background obtained from cells transfected with empty vector (blue).
(Bottom) 1D 1H NMR spectrum of CA II in aqueous buffer (black).
Residues for which the unambiguous assignment has been reported
previously are labeled with the corresponding residue number and
atom type.40,41 H94, H96, and H119 coordinate the zinc ion in the
active site. Signals arising from unassigned protons are labeled with an
asterisk.
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and 6 showed a marked increase of bound protein at time 0.
Therefore, the observed unbinding from CA II could be
partially explained with the diffusion of ligand molecules from
the cytosol back to the external solution (Figure S3). However,
the observation of unbinding even in the presence of an
external ligand (Figure 5) indicates that this phenomenon is
not driven solely by passive diffusion.
Drug Classification Based on Binding Behavior. The

above results show that the interplay between active
compound, intracellular target, plasma membrane, and cellular
milieu can generate complex binding behaviors that are not
easily described with a simple diffusion model. Nevertheless,

the binding data obtained by in-cell NMR allowed a coarse-
grained classification of the screened molecules. On the basis
of the diffusion properties of the compounds (Table 2) and on
the presence or absence of unbinding kinetics (Figure 5), the
following classes are obtained: (I) fast-diffusing, stable binding
(7, 8, 9); (II) slow-diffusing, stable binding (4, 5); and (III)
fast-diffusing, unstable binding (1, 2, 3, 6). Slow-diffusing,
unstable binding compounds were not observed, although it is
possible that the slow diffusion of 4 and 5 masks the effects of
binding instability. Strikingly, all class-I compounds have a
mechanism of action that involves strong CA inhibition or
were even rationally designed for selective CA inhibition (8),
whereas class II and III compounds were not primarily
intended for CA inhibition and have known activity toward
other targets. This correlation suggests that the intracellular
screening performed here could be used as a predictive tool to
assess the specificity of a drug toward the desired intracellular
target.
Binding of class I and II compounds follows a simple

diffusion-limited binding behavior, where at low doses/short
times the fraction of bound CA II depends linearly on the
permeability of the compounds through the plasma membrane,
while at high doses/long times CA II is fully bound to the
compounds. In the dose and time ranges investigated,
complete binding was only observed for class I. In such a
regime, ligand binding is likely not affected by changes in the
intracellular binding affinity, due to the intracellular concen-
tration of CA II being in the ∼100s μM range while the KI’s are
in the nanomolar to micromolar range.
Class III compounds behave essentially like class I during

the cell incubation step, quickly diffusing through the plasma

Figure 2. Imino region of the 1H NMR spectra of CA II (a) in aqueous buffer and (b) in human cells in the absence (red) and in the presence
(black) of the compounds investigated in this study. In vitro and in-cell NMR spectra were recorded for 15 and 30 min, respectively. In a, the
signals which arise from CA II bound to the two enantiomers of 3 are labeled with an asterisk. In b, signals arising from free CA II are labeled with
red arrows.

Figure 3. Bound fraction of intracellular CA II after incubation with
100 μM of each compound for 1 h, measured as a time average over
30 min. Error bars were obtained from the MCR-ALS global fitting of
each dose/time-dependence series (shown in Figure 4) as follows: err
= 2 × [lack of fit (%)]/100.
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membrane and binding quantitatively to CA II (Figure 4 and
Table 2) but are then partially released once the cells are
detached for NMR analysis (Figure 5). Notably, while some
release was observed prior to cell detachment after the
compounds were removed from the cell growth medium
(Figure S3), it also occurred when the ligand molecules in
excess were kept in the external solution in the NMR tube
(Figure 5). In the latter case, a delay in the onset of the
unbinding was introduced together with an increase in the final
fraction of bound CA II, while the slope of the curves was not
affected. Although several scenarios are possible, such behavior
may be partially explained by a model in which an additional
species competes against CA II for ligand binding. However,
this competitor must be introduced in the system after cells are
detached for NMR analysis; otherwise it would have already
been saturated with ligand molecules during the incubation
step. It is possible that a change in membrane protein
composition induced by trypsinization affects the turnover and
the cellular localization of membrane proteins, including the

known targets of class III compounds, namely, the membrane-
bound COX-2 (1, 2), the integral membrane protein sodium-
chloride cotransporter (3), and voltage-sensitive channels (6).
This change would cause the emergence of a pool of
competing binding sites that subtracts the ligands from CA
II, with a kinetic behavior that can be modulated by the
presence of additional ligand molecules in the external
solution. However, these results only allow for speculation,
as they report specifically on the free and bound fractions of
CA II, with no information on the binding of the compounds
to other intracellular targets. Furthermore, CA II has to be
overexpressed to allow for NMR detection, making it in excess
with respect to the competing targets, thus further complicat-
ing the interpretation of the results.

■ CONCLUSIONS

The above findings show that the application of in-cell NMR
to investigate drug binding to an intracellular pharmacological
target could have a relevant role in the drug discovery process.
Indeed, this approach could provide early stage information on
the pharmacokinetic profiles of lead candidates and allow
preclinical investigations already at the drug-design and lead
identification stages. Furthermore, small-scale screenings such
as the one reported here could predict the specificity of a drug
toward the desired target or, as in the case for class III
compounds described above, warn against possible multitarget
behavior.
Recently, in addition to the classical drug development

routes, there has been growing interest in polypharmacological
approaches, which aim at exploiting the off-target activities of
drugs in combination with the activity toward their original
targets for the treatment of complex disease states.26 Due to
their involvement in different pathological states, human CA
isoforms are ideal targets for multitarget drugs.17 Indeed, drugs
such as those investigated here could be employed in novel
therapeutic strategies in which CA inhibitors have been shown

Figure 4. Dose and time dependence of the binding of each compound to intracellular CA II. Each bar plot shows the fraction of CA II bound to a
given compound after incubation at different concentrations and incubation times, measured as a time average over 30 min. Error bars were
obtained from the MCR-ALS global fitting as follows: err = 2 × [lack of fit (%)]/100.

Table 2. Permeability Coefficient and Fraction of Bound CA
II at Plateau Calculated for Each Compound from the
Nonlinear Fitting of the Dose- and Time-Dependent
Binding Data

n KP × A (dm3 s−1) bound CA II at plateau

1 (2.8 ± 0.7) × 10−7 78 ± 3%
2 >6 × 10−7 53 ± 2%
3 >6 × 10−7 86 ± 5%
4 (1.6 ± 0.4) × 10−8 100%
5 (1.8 ± 0.2) × 10−8 100%
6 >6 × 10−7 36 ± 5%
7 >6 × 10−7 100%
8 (5.4 ± 0.3) × 10−7 100%
9 >6 × 10−7a 100%

aPreviously measured KP × A = 1.2 × 10−6 dm3 s−1.13
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to be effective, such as against obesity, arthritis, cerebral
ischemia, and neuropathic pain,27 by exploiting their multi-
targeting effect.
Here, intracellular ligand screening by NMR revealed an

unpredicted behavior of some of these hybrid drugs, possibly
as a consequence of their activity toward multiple targets. In
this context, the in-cell NMR approach could have a marked
relevance when designing and characterizing multitarget
compounds, driving further optimization in the search of a
balanced multitargeting efficacy and accelerating the develop-
ment of next-generation polypharmacological drugs, also
beyond the field of CAs. From a methodological standpoint,
further advancements will be needed to allow observation of
the binding of a compound to multiple intracellular targets
simultaneously, without requiring their overexpression. In this
respect, NMR bioreactors have proven to be valuable tools to
increase both sensitivity and time resolution of the method-
ology.28,29 In parallel, 19F is being increasingly exploited as a
sensitive and background-free probe for cellular NMR
studies,11,30,31 hence a ligand-observed in-cell NMR approach
could be envisaged that employs 19F-labeled compounds to
obtain a more complete picture of their fate inside the cells as a
function of time.

■ METHODS
Human Cell Cultures. HEK293T cells (ATCC CRL-3216) were

maintained in Dulbecco-modified Eagle medium (DMEM) high
glucose (Gibco) supplemented with L-glutamine, antibiotics (pen-
icillin and streptomycin), and 10% fetal bovine serum (FBS, Gibco) in
uncoated 75 cm2 plastic flasks and incubated at 37 °C in 5% CO2 in a
humidified atmosphere. HEK293T cells were transiently transfected,
following a previously reported protocol,32 with the pHLsec33 plasmid

containing the full-length human CA II gene (amino acids 1−260,
GenBank: NP_000058.1)13 using branched polyethylenimine (PEI).
A DNA/PEI ratio of 1:2 (25 μg/flask DNA, 50 μg/flask PEI) was
used. Protein expression was carried out in DMEM medium
supplemented with 2% FBS, antibiotics, and 10 μM ZnSO4. CA II
concentration was calculated as previously reported13 from cells lysed
in 1 cell pellet volume, corresponding to the effective concentration in
the in-cell NMR samples (mean value ± sd, n = 3), and was measured
by SDS-PAGE by comparing serial dilutions with a sample of purified
CA II. Compounds 1−9 were purchased from Sigma-Aldrich or TCI
Europe and are ≥97% HPLC pure. Cells overexpressing CA II were
treated with the compounds 48 hours post-transfection, by dissolving
a concentrated DMSO stock solution of each compound (80 mM)
directly in 20 mL of expression medium in the cell culture flask.
Experiments were performed by treating cells with varying amounts of
each compound and incubated for varying amounts of time as
specified in the Results section. Control cell samples were incubated
for 1 h with pure DMSO (0.125% final concentration). Cell viability
remained >95%, as assessed by trypan blue exclusion assay, and was
not affected by treatment with any of the compounds in the dose and
time ranges employed in the study (data not shown).

In-Cell NMR Sample Preparation. Samples for in-cell NMR
were prepared as previously reported.32,34 Transfected cells were
detached with trypsin, suspended in DMEM + 10% FBS, washed once
with PBS, and resuspended in one pellet volume of NMR medium,
consisting of DMEM supplemented with 90 mM glucose, 70 mM
HEPES, and 20% D2O. The cell suspension was transferred in a 3 mm
Shigemi NMR tube, which was gently spun to sediment the cells. For
the unbinding experiments in the presence of the compound in the
external solution, cells were prepared following the above protocol
and resuspended in one pellet volume NMR medium supplemented
with 100 μM of the compound. Cell viability before and after NMR
experiments was assessed by trypan blue exclusion assay. After the
NMR experiments, the cells were collected, and the supernatant was
checked for protein leakage by NMR.

Figure 5. Time dependence of the intracellular fractions of free (black, red) and bound (blue, magenta) CA II in the NMR spectrometer measured
in the absence (red and magenta) and in the presence (black and blue) of 100 μM of external ligand. Error bars were obtained from the MCR-ALS
global fitting as follows: err = 2 × [lack of fit (%)]/100.
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Cell Lysate Sample Preparation. Cultures of HEK293T cells
overexpressing CA II were incubated with 100 μM of compound for 1
h. A control cell culture was immediately detached with trypsin,
pelleted, and frozen at −20 °C. The remaining cell cultures were
washed once with PBS and resuspended in fresh DMEM
supplemented with 2% FBS, antibiotics, and 10 μM of ZnSO4, in
the absence of the compound. Cells were incubated for varying
amounts of time (30 min and 1 and 2 h) and subsequently collected
and frozen at −20 °C. Cell lysates were prepared by freeze−thaw
cycles in PBS buffer followed by centrifugation to remove the
insoluble fraction. The supernatants were supplemented with 10%
D2O, placed in a standard 3 mm NMR tube, and analyzed by NMR.
In-Cell NMR Spectra Acquisition and Analysis. In-cell NMR

spectra were collected at 310 K either on a 900 MHz Bruker Avance
NEO or on a 950 MHz Bruker Avance III spectrometer, both
equipped with a 5 mm TCI CryoProbe. 1D 1H NMR spectra were
recorded with a WATERGATE experiment using a 3−9−19 binomial
pulse train for water suppression (Bruker p3919gp pulse program).35

Time-averaged NMR spectra were recorded with 1024 scans (total
experimental time of 28 min). Time-resolved NMR data were

collected by recording 16 1H NMR spectra, with the same parameters
as above, with 128 scans each (total experimental time of 57 min).
The spectra were processed with Bruker Topspin 4.0 by applying zero
filling and exponential line broadening (LB = 20 Hz). To retrieve the
area under each signal, the region between 11 and 16 ppm of each
spectrum was fitted with Fityk36 using a sum of N + 1 pseudo-Voigt
functions (Gaussian weight fixed at 0.15), where N equals the number
of discernible signals in the region and the additional function
accounted for the baseline distortion. Peak areas for each spectrum
were normalized by the sum of the N areas. Relative fractions of free
and bound CA II were obtained by multivariate curve resolution−
alternate least square (MCR-ALS) analysis,37 using the MCR-ALS 2.0
GUI38 in MATLAB according to a previously reported protocol.29

The contribution of each CA II species to the signal intensities was
retrieved from 2D arrays (one array per compound) containing the
peak areas (rows = experiments, columns = peaks). Error bars for each
fitting were obtained as follows: err = 2 × [lack of fit (%)]/100.

Nonlinear curve fitting of the binding data was performed in
OriginPro 8 with the previously described dose- and time-dependent
binding equation:13
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where [Pt] is the total intracellular protein concentration, [LP] is the
bound protein concentration, Kd is the dissociation constant, and C is
the apparent fraction of ligand-bound CA II at the plateau, which is
<1 in the presence of unbinding effects. [Lt.in](t) is the total
intracellular ligand concentration defined as

= − −L t L( ) (1 e )K A V t
t.in t

/p t

where Lt = Lo + Li + LP are the total moles of ligand (Lo and Li are
the extracellular and intracellular ligand, respectively), Vt is the total
external volume, Kp is the permeability coefficient, and A is the total
area of the membrane.
Expression and Purification of CA2. Recombinant CA II was

prepared following an existing protocol.39 Briefly, a 1 L cell culture of
E. coli BL21(DE3) Codon Plus Ripl (Stratagene) was transformed
with a pCAM plasmid containing the CA II gene, grown overnight at
37 °C in LB, harvested, and resuspended in 1 L of M9 medium.
ZnSO4 was added in the culture to a final concentration of 500 μM.
After 5 h from induction with 1 mM isopropyl β-d-1-thiogalactopyr-
anoside (IPTG) at 37 °C, the cells were harvested and resuspended in
20 mM Tris buffer, at pH 8 for lysis. The cleared lysate was loaded
onto a nickel chelating HisTrap (GE Healthcare) 5 mL column. The
protein was eluted with a linear gradient of 20 mM Tris at pH 8 and
500 mM imidazole. Fractions containing pure CA II were collected.
Finally, the protein was exchanged in NMR buffer (HEPES 20 mM
pH 7.5, supplemented with 10% D2O). The correct metalation of the
protein was confirmed by a chemical shift comparison against
previously reported spectra.13,28
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