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ABSTRACT
Human carbonic anhydrase (hCAIX), an extracellular enzyme that catalyzes the reversible hydration of 
CO2, is often overexpressed in solid tumors. This enzyme is instrumental in maintaining the survival of 
cancer cells in a hypoxic and acidic tumor microenvironment. Absent in most normal tissues, hCAIX is 
a promising therapeutic target for detection and treatment of solid tumors. Screening of a library of anti- 
hCAIX monoclonal antibodies (mAbs) previously identified three therapeutic candidates (mAb c2C7, 
m4A2 and m9B6) with distinct biophysical and functional characteristics. Selective binding to the catalytic 
domain was confirmed by yeast surface display and isothermal calorimetry, and deeper insight into the 
dynamic binding profiles of these mAbs upon binding were highlighted by bottom-up hydrogen- 
deuterium exchange mass spectrometry (HDX-MS). Here, a conformational and allosterically silent epitope 
was identified for the antibody-drug conjugate candidate c2C7. Unique binding profiles are described for 
both inhibitory antibodies, m4A2 and m9B6. M4A2 reduces the ability of the enzyme to hydrate CO2 by 
steric gating at the entrance of the catalytic cavity. Conversely, m9B6 disrupts the secondary structure that 
is necessary for substrate binding and hydration. The synergy of these two inhibitory mechanisms is 
demonstrated in in vitro activity assays and HDX-MS. Finally, the ability of m4A2 to modulate extracellular 
pH and intracellular metabolism is reported. By highlighting three unique modes by which hCAIX can be 
targeted, this study demonstrates both the utility of HDX-MS as an important tool in the characterization 
of anti-cancer biotherapeutics, and the underlying value of CAIX as a therapeutic target.
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Introduction

Carbonic anhydrases are integral to the regulation of intracel-
lular pH and fluidics in both physiological and pathological 
disease states.1 In humans, this family of 15 ubiquitous 
metallo-enzymes, which exist either as cytosolic, membrane- 
bound or secreted isoforms, share diverse organ and tissue 
distribution profiles and catalytic efficiencies.2 All enzymes 
catalyze the hydration of carbon dioxide (CO2) to protons 
(H+) and bicarbonate (HCO3

−) (Figure 1a) following a two- 
step mechanism.3 In particular, human carbonic anhydrase IX 
(hCAIX), one of the four extracellular and membrane-bound 
zinc-containing carbonic anhydrase isozymes, has long been 
recognized as a tumor-associated protein. hCAIX expression is, 
in most cases, triggered by hypoxia (primarily through the 
H1F-1 transcription factor),4 and the protein can be found in 
many types of solid tumors where it is correlated with poor 
prognosis and therapeutic outcome.5 hCAIX is key to the 
survival of tumor cells in the acidic hypoxic tumor microenvir-
onment, playing a role in cell proliferation, cell adhesion, and 
other tumor promoting processes.6,7 With the exception of 
gastric, gall bladder, and intestinal cells, hCAIX is mostly 

absent in tissues under normoxic conditions.8,9 Taken 
together, hCAIX can be considered a promising therapeutic 
target for the detection and treatment of solid tumors.10,11

Full-length hCAIX exists as a disulfide stabilized mem-
brane-bound dimer with an extracellular domain (ECD) 
that harbors a proteoglycan (PG) and catalytic (CA) 
domain (Figure 1a-b),12 both of which are integral to 
hCAIX’s enzymatic function. The PG domain, a unique 
structural feature among carbonic anhydrases only found 
in hCAIX, is an intrinsically disordered motif that has 
a role in cell adhesion,13 and that has been suggested to 
act as a “proton antenna” at the entrance of the active site 
of the catalytic domain.10 The active site itself is a 12 Å 
wide and 13 Å deep conical cavity bordered by a twisted β- 
sheet, with a nucleophilic, tetra-coordinated zinc ion 
located at the bottom.14 This catalytic pocket is character-
ized by several distinct hydrophobic (L91, V121, V131, 
L135, L141, V143, L198, P202) and hydrophilic (N62, 
H64, S65, Q67, T69, Q92) amino acids (Figure 1c), which 
have been suggested to facilitate efficient substrate 
turnover.15,16
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Several small molecules that inhibit hCAIX’s enzyme activity 
by targeting the catalytic cleft have been extensively studied.17–19 

These include agents that 1) directly bind the catalytically active 
zinc ion and its coordinated water/hydroxide ion, 2) sterically 
hinder entrance of the CO2 substrate into the catalytic cleft, 
or 3) less commonly engage sites distal from the hCAIX active 
site.20 In contrast to small molecule inhibitors that can lack 
specificity and may be more likely to cause off-target toxicity, 
antibody-based therapies generally show improved safety profiles 
and increased selectivity. Biotherapeutics have emerged as key 
players in the treatment of cancer.21 There has been growing 
interest into developing antibody-based therapeutics targeting 
hCAIX. Two of the most studied anti-hCAIX monoclonal anti-
bodies (mAbs) are the chimeric cG25022, 22which, as an adjuvant 
treatment, has demonstrated clinical potential against renal cell 
carcinoma,23,24 and the M75 mouse mAb, which binds the PG 
domain and is widely used for immunohistochemistry and ima-
ging purposes.25,26 In addition, A3 and CC7, two notable huma-
nized hCAIX’s ECD binding antibodies derived from phage 
display, have been developed as non-immunogenic imaging 
tools,27 MSC8, which has demonstrated efficient in vitro enzyme 
inhibitory activity by modulating the intrinsic enzyme activity of 
hCA-IX,28 and VII/20 which has been shown to induce significant 
hCAIX internalization,29 a key characteristic for the development 
of an antibody-drug conjugate (ADC).30,31

In-depth biophysical characterization of antibody-antigen 
interactions, both in terms of the binding epitope and downstream 
effects, is an integral step in the development of biotherapeutics. 
Methods such as phage display,32 site-directed mutagenesis,33 and 
synthetic peptide arrays34 have proven invaluable for assigning 
linear epitopes. In addition, conformational epitopes and allosteric 
effects can be mapped with high-resolution techniques such as 
X-ray crystallography, nuclear magnetic resonance, or by using 
more recently developed techniques such as cryo-electron 
microscopy.35 However, sample size and protein complexity 
often limit the routine application of these methods.

Mass spectrometry has recently emerged as a powerful 
tool for the characterization of biotherapeutics and their 
interactions with antigens.36,37 In this regard, hydrogen- 
deuterium exchange mass spectrometry (HDX-MS) has 
proven its merit. This technology provides detailed 
insights into protein interactions38–41 and is well-suited 
for the assignment of both linear and conformational 
epitopes.42–47 HDX-MS examines conformational changes 
induced in the antigen upon antibody binding by moni-
toring the exchange rate of backbone amide-associated 
hydrogens with solvent deuterons.47–49 The exchange rate 
is largely determined by the degree of its involvement in 
secondary protein structure and/or the antigen-antibody 
binding interface.50 Therefore a comparison of amide 
hydrogen exchange rates between different protein states 
(i.e., antibody-bound vs. free), provides a powerful insight 
into the relative conformational stability of an antigen- 
antibody complex.51

In this study, we describe the bottom-up HDX-MS 
characterization of a subset of therapeutic anti-hCAIX 
antibody candidates, designated c2C7, m4A2 and m9B6, 
which target the catalytic domain of hCAIX.52 HDX-MS 
kinetics complemented by an in-depth biophysical profil-
ing of the hCAIX-antibody interactions by surface plas-
mon resonance (SPR), isothermal calorimetry (ITC) and 
yeast surface display (YSD), and an in vitro functional 
assessment of enzymatic inhibition. Our efforts identified 
three unique modes by which the catalytic activity of 
hCAIX can be targeted with an antibody-based therapeu-
tic. MAbs that target an epitope distal from the catalytic 
cleft can be used to develop an ADC (e.g., mAb c2C7), 
whereas functional inhibition of hCAIX can either be 
achieved by sterically hindering its substrate (i.e., CO2) 
from entering the catalytic cleft (e.g., m4A2), or by desta-
bilizing key structural features that decreases the rate of 
substrate turnover (e.g., m9B6).

Figure 1. Key structural features of hCAIX. (a) Schematic of hCAIX (red) in the cellular membrane.79 (b) Localization of signal peptide (SP), proteoglycan (PG), catalytic, 
and transmembrane (TM) domains. (c) Structural representation of ΔPG-CAIXCys38Ser monomer (PDB 3IAI).12 Hydrophilic residues in the catalytic cavity are shown in 
magenta, while hydrophobic are shown in cyan. Three arginine residues (R58, R60, R130), unique to CAIX within the CA family, that border the active site are highlighted 
in Orange. View is looking down into the catalytic cavity from above the membrane.
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Results

Preliminary characterization of antibodies targeting the 
CAIX catalytic domain

A set of antibodies (c2C7, m4A2 and m9B6) that exclusively 
bind the hCAIX catalytic (CA) domain were selected from 
a larger panel of hCAIX binding antibodies for further 
characterization.52 An initial attempt was made to qualitatively 
identify the antibody epitopes on hCAIX ECD using YSD by 
expressing the eight hCAIX fragments as shown in Table 1. 
Fragments 1–3 consisted of only the proteoglycan (PG) 
domain, fragments 4 and 5 covered the CA domain with 
different N-terminal extensions, fragments 6 and 7 covered 
both the CA similar to fragments 4 and 5 with C-terminal 
extension just to the transmembrane (TM) domain, and frag-
ment 8 included all domains except for the signal peptide (SP). 
Antibodies m9B6, m4A2 and c2C7 all demonstrated binding to 
only those fragments containing the CA domain as highlighted 

in Table 1, while no binding was observed to fragments con-
taining only the PG domain. Next the structural nature of 
epitopes, linear versus conformational, was assayed by repeat-
ing the YSD assay using heat-denatured hCAIX antigen frag-
ments (Table 1). Interestingly, only m9B6 was able to bind 
efficiently to the denatured hCAIX fragments, while m4A2 and 
c2C7 completely lost their binding to these fragments follow-
ing denaturation. These results provide evidence that m9B6 
binds to a contiguous, or linear, epitope, whereas m4A2 and 
c2C7 recognize conformational epitopes.

In addition, antibody binding was also evaluated by isother-
mal calorimetry using both the monomeric and dimeric forms 
of hCAIX. Binding constants ranging from 0.76 to 35 nM 
(Figure 2a-d) and 0.85 to 96.5 nM (Figure S1), respectively. 
These calculated binding constants are in close agreement with 
those previously determined by SPR, for all but m9B6 (KD 
0.74 nM), whose KD is weaker by an order of magnitude.52 

Nonetheless, both SPR and ITC indicate that the overall bind-
ing kinetics of m9B6 are poor compared to the other 
antibodies.

HDX-MS kinetic screening with ΔPG-hCAIXCys38Ser

The binding profile of each of the antibodies was further 
assessed by HDX-MS. This method is a powerful tool for 
monitoring changes in the average conformational state of 
proteins, and is routinely applied in the characterization of 
antibody-antigen interactions.48,53 To facilitate the HDX-MS 
interrogation we expressed a monomeric form of hCAIX that is 
devoid of its PG domain by removing the inter-dimer disulfide 
bond at Cys38 (Figure 1, ΔPG-hCAIXCys38Ser).12 This construct 

Table 1. Epitope assignment at the domain level by yeast surface display in native 
and denatured hCAIX fragments.

Native Denatured

Fragment 
# Domain

Amino 
Acid 

Residues c2C7 m4A2 m9B6 c2C7 m4A2 m9B6

1 PG 52–111 0 0 0 0 0 0
2 +PG+ 38–136 0 0 0 0 0 0
3 SP+PG+ 1–136 0 0 0 0 0 0
4 CA 135–391 1.51 1.91 3.39 0 0 1.61
5 +CA 112–391 2.56 2.72 1.85 0 0 1.5
6 CA+ 135–414 2.51 1.75 2.88 0 0 1.88
7 +CA+ 112–414 2.93 3.01 3.09 0 0 2.05
8 +PG+CA+ 38–414 0.38 0.43 3.34 0 0 2.59

Figure 2. Analysis of solution binding of c2C7, m4A2, m9B6 and cG250 to monomeric hCAIX by ITC. Binding isotherm curves are shown for the interaction of these 
antibodies to monomeric hCAIX. In all experiments the antibodies were titrated into a cell containing monomeric hCAIX. Concentrations of mAbs in the syringe were 
37.5 µM and the concentration of the monomeric hCAIX in the cell was 10 µM.
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maintained catalytic activity and structural integrity and 
allowed for a simplified HDX-MS experimental design to be 
implemented.12

Overall, peptic digestion of ΔPG-hCAIXCys38Ser resulted in 
75 identified peptides with 78% sequence coverage and 
a redundancy of 4 (Table 2, Figure S2). Gaps in sequence 
coverage were attributed to N-linked glycosylation (N210) 
and insufficient reduction of cysteines. Raw deuteration data 
can be found in Tables S1 and S2, while a complete set of 
kinetics plots are shown in Figure S3. After 60 min of labeling, 

normalized deuteration of peptides ranged from minimal deu-
terium incorporation (~1%), to almost complete labeling 
~90%. Technical replicates allowed the calculation of average 
standard deviation values which range from 0.03–0.07 for all 
deuteration measurements for each protein state (Table 2). 
Preliminary data has shown that the mAbs can be separated 
into two distinct categories: ADC candidates (c2C7 and cG250) 
and functional enzyme inhibitors (m4A2 and m9B6).52 HDX- 
MS findings for each category of hCAIX-binding mAbs are 
described in the following sections. All structural references are 

Table 2. Summary of critical parameters for HDX-MS experimentation.80.

Full screen Combo

Data Set Control 2C7 9B6 4A2 G250 Control 4A2 + 9B6

# of Peptides found 
across all samples

75 77

Sequence coverage 78% 82%
Average peptide 

length / 
Redundancy

13.5/4.0 12.1/3.7

Repeatability 
(average SD, Da)

0.07 0.03 0.04 0.05 0.05 0.04 0.03

HDX reaction details Phosphate buffered saline, pD = 6.9, RT
HDX time course 

(min)
0.25, 1, 3, 10, 60

Replicates (biological 
or technical)

3 (technical)

Significant 
differences in HDX

Two-state student T-Test perfomed at each time point (>3 SD, p-value 0.02)

Figure 3. Differential HDX-MS of ADC-candidates c2C7 and cG250 bound to ΔPG- CAIXCys38Ser (PDB 3IAI). Regions demonstrating significant stabilization (3x SD, p = .01) 
across overlapping peptides at any single time point are color coded for clarity. Zinc is shown as a gray sphere. Regions with no significant change are shown in dark 
gray, while white corresponds to missing coverage. Kinetics plots corresponding to select peptides within structurally significant regions are shown with arrows 
indicating associated structural features. Unbound hCAIX control is shown in black, c2C7 in green, and cG250 in red and significant changes in deuteration are marked 
by asterisks. Data collected in triplicate.
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based on assignments made by Alterio et al.12 Similar binding 
profiles to those described below were extracted from preli-
minary differential HDX-MS using the full-length hCAIX 
dimer protein, including the PG domain (data not shown) 
suggesting that neither dimerization nor inclusion of the PG- 
domain significantly alters the binding mode of c2C7, cG250, 
m4A2, or m9B6.

c2C7 and cG250 bind an allosterically silent discontinuous 
epitope

C2C7 and cG250 both bind the CA domain, internalize but do 
not inhibit CAIXs enzyme activity.52,54 These two mAbs can 
thus be considered good ADC candidates. We found some 
striking similarities in the HDX binding profiles of these two 
antibodies (Figure 3a). First, both cG250 and c2C7 elicited 
strong stabilizations (decrease in deuteration of the bound 
state relative to the control) for which the magnitude increased 
over time in the region spanning amino acid residues L215- 
L237 (Figure 3b, blue). A smaller stabilization was also 
observed across residues N238-E251; c2C7 stabilized the com-
plex at shorter timepoints whereas cG250 demonstrated 
a slightly stronger stabilization at the longest timepoint 
(Figure 3c, magenta). These stabilized regions encompass the 
αG-helix (residues S219-T229), as well as a long unstructured 
region corresponding to residues L229-L251.12 Second, both 
c2C7 and cG250 stabilized residues L157-S178 (Figure 3d, dark 
blue), with cG250 inducing a stronger stabilization in I163- 
S178 (Figure 3e, light blue) at later timepoints. This stabiliza-
tion covers the C-terminal half of the αE-helix (N150-A164), as 
well as the βA-sheet feature (E169-V172). Third, stabilization 
by both c2C7 and cG250 ranging from −4% to −6%, respec-
tively, was also observed in residues H90-E120 (Figure 3f, 
cyan). This region consists of a buried β-sheet (βD, residues 
R82-W93) and an unstructured loop that resides immediately 

adjacent to the αG-helix. cG250, but not c2C7, slightly stabi-
lizes residues R60-Q67 at the longest time point (Figure 3a, 
purple), covering two β-sheets that sit between the catalytic 
cleft and αE-helix/βA-sheet. This inference is based on over-
lapping peptide sequences: significant changes in deuteration 
were observed in peptides spanning residues L47-Q67 but not 
those covering residues L47-L59 (Figure S3). No structural 
relaxation, or increased solvent exposure was observed for 
either c2C7 or cG250.

It is evident within the timepoints sampled here that the 
strongest stabilizations are localized to a motif consisting of 
three structural features (αE/αG/βA) with additional perturba-
tions in the proximal residues. Given the surface-exposure of 
this motif and its distal location from the catalytic cavity and 
dimerization interfaces, we hypothesize that the described αE/ 
αG/βA motif represents a discontinuous epitope, where the 
mAb engagement results in minimal allosteric effects, and no 
effect on the intrinsic enzymatic activity of hCAIX.

m4A2 and m9B6 inhibit hCAIX through different binding 
mechanisms

m4A2 and m9B6 both bind the CA domain and inhibit hCAIX 
activity.52 Three-dimensional projections of significant shifts 
for both inhibitory antibodies (m4A2 and m9B6) are shown in 
Figure 4a. First, changes in the region spanning residues F123- 
L139 bordering the entrance to the catalytic cavity and includ-
ing the αD-helix (R125-L130), βF-sheet (L136-E145), and an 
arginine residue (R130) that may be involved in steric control 
of substrate accessibility12 were observed in response to both 
antibodies (Figure 4b, magenta). A strong stabilization was 
observed for all peptides in this region at nearly all labeling 
timepoints for m4A2. This region has previously been identi-
fied in a linear peptide mapping assay as one of two plausible 
epitopes for m4A2 (1D-5 W or 127D-132 R).55 In contrast, 

Figure 4. Differential HDX-MS of potential inhibitors m4A2 and m9B6 bound to ΔPG- CAIXCys38Ser (PDB 3IAI). Regions demonstrating significant stabilization (3x SD, 
p = .01) across overlapping peptides at any single time point are color coded for clarity. Regions with no significant change are shown in dark gray, while white 
corresponds to missing coverage. Key residues are shown as stick models (R58, R60, R130, H90, H92, H115), and zinc is shown as a gray sphere. Kinetics plots 
corresponding to select peptides within structurally significant region are shown with arrows indicating associated structural features. Unbound hCAIX control is shown 
in black, m4A2 in blue, and m9B6 in Orange, and significant changes in deuteration are marked by asterisks. Data collected in triplicate.
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a slight destabilization (4–8%) was observed in this region for 
m9B6. We also observed a structural destabilization in residues 
L47-L59 only in response to m4A2 binding (Figure 4c, light 
blue). This region consists primarily of unstructured loops, but 
also, importantly, the N-terminus of the βD-sheet, and struc-
turally relevant arginine residues, R58 and R60. Similar to 
R130, these arginines have been proposed to engage in active- 
site gating activity.12 m9B6 binding destabilized the regions 
that were stabilized by cG250 and c2C7. In particular, a strong 
destabilization at later timepoints was evident in residues L215- 
L237 (Figure 4d, purple) and in residues Y84-E102 (Figure 4e, 
cyan).

In summary, binding of the m9B6 antibody resulted in 
destabilization of multiple ΔPG-CAIXCys38Ser motifs, while 
the m4A2 antibody stabilized the entrance of the catalytic 
pocket, likely through direct binding to the αD-helix. To 
deduce the functional relevance of these conformational “hot- 
spots”, we performed further biophysical and functional 
characterization.

m4A2 and m9B6 exhibit synergistic inhibition of hCAIX

Given the contrasting binding profiles and unique inhibitory 
mechanisms highlighted by HDX-MS for m4A2 and m9B6, we 
investigated their ability to simultaneously bind and inhibit 
hCAIX. ADC candidates were excluded from the following 
assays, due to their demonstrated lack of inhibitory activity.52 

Surface plasmon resonance (SPR) experiments, in which both 
antibodies were either immobilized or flowed, confirmed the 
non-competing nature of the binding of m9B6 and m4A2 to 
hCAIX (Figure 5a, b). We next investigated the functional 
inhibitory effect of m4A2 and m9B6 alone and in combination 
in an in cell catalytic assay (Figure 5c). This assay assesses 
hCAIX catalytic activity directly in live 67NR murine breast 
cancer cells engineered to constitutively express hCAIX by 
measuring pH changes in the cellular environment resulting 
from conversion of carbon dioxide (CO2) to bicarbonate 
(HCO3

−) and protons (H+) by hCAIX.56 The presence of either 
m4A2 or m9B6 inhibited extracellular acidification relative to 
the IgG2b control. Inhibition was even stronger when the cells 
were exposed to a combination of m4A2 and m9B6, indicating 
synergistic action of the two antibodies (Figure 5c). This syner-
gistic behavior was also observed in in vitro enzyme activity 
assays that used a purified hCAIX dimer and 4-methylumbel-
liferyl acetate (4-MU-Ac) as a surrogate substrate (Figure S4).

The underlying mechanism of synergistic inhibition was 
further probed by HDX-MS (Figure 6). As the m4A2/m9B6 
antibody combo was not included in the initial screen, an 
additional peptide map was generated, covering 82% across 
77 peptides, and a separate non-binding reference state was 
collected under similar conditions (Table 2, Table S1–2). Full 
kinetics plots for the HDX dataset using the mAb combination 
can be found in Figure S5. Compared to the unbound state, the 
m9B6/m4A2 combo demonstrated binding profiles that were 

Figure 5. (a-b) Competitive SPR binding demonstrating that mAbs m4A2 and m9B6 bind to independent epitopes. (c) Analysis of CAIX catalytic activity by 67NR murine 
breast cancer cells expressing hCAIX incubated with anti-CAIX mAb m4A2 and/or m9B6, followed by addition of buffer and CO2-saturated water and monitoring the 
decrease in pH using the “in-cell” carbonic anhydrase activity assay. Cells incubated in the presence of IgG2b were used as a control. Data show the mean ± SEM of 
technical replicates (n = 3/group) and are representative of 2 independent experiments.
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consistent with the major shifts observed in each of the single 
antibody configurations. Significant stabilization in residues 
F123-L136 was observed, despite both 4A2 and 9B6 exerting 
opposing conformational influences in this region (Figure 4b, 
magenta). Since we did not correct for intrinsic exchange rates 
in both HDX-MS assays performed in this report, 
a quantitative comparison of the stabilization of m4A2 alone 
or in conjunction with m9B6 is not possible. Further, destabi-
lization observed in residues L215-L237, which can be attrib-
uted to m9B6 binding, and residues L47-L59, attributed to 
m4A2, was preserved. Conformational shifts resulting in desta-
bilizations in response to either m9B6 (residues H90-E102) and 
m4A2 (residues L68-E75) were not classified as significant in 
the antibody combination. This is likely attributable to 
a relative attenuation of the overall mass shifts. Our HDX-MS 
assay profiles and binding assays provide evidence for simulta-
neous occupancy and synergistic inhibition of hCAIX by both 
m4A2 and m9B6, a finding that suggests potential for comple-
mentary therapeutic applications.

m4A2 emerges as leading candidate for therapy

A slightly stronger inhibitory effect was observed with m4A2 
(Figure 5c and Figure S4) with more favorable binding kinetics 
(Figure 2 and Figure S1) compared to m9B6, suggesting that 
the m4A2 binding mechanism may be favorable for the devel-
opment of this mAb as a CAIX inhibitor. CAIX activity con-
tributes to acidification of the tumor microenvironment, and 
previous studies have shown that pharmacologic or genetic 
inhibition of CAIX reduces extracellular acidification and 
impairs glycolysis by cancer cells.57,58 Therefore, we 

investigated the effects of m4A2 on extracellular acidification 
and metabolism. We cultured MDA-MB-231 human breast 
cancer cells engineered to constitutively express CAIX (CAIX- 
positive) in the presence of m4A2 and analyzed the extracel-
lular acidification rate (ECAR) and glycolytic metabolism using 
a Glycolytic Rate Assay. This assay calculates the contribution 
of mitochondrial-derived CO2 to the overall extracellular acid-
ification rate, allowing for the determination of the proton 
efflux rate (PER) attributed to glycolysis (glycoPER). We 
observed reduced basal levels of ECAR in CAIX-positive cells 
cultured in the presence of m4A2, relative to cells exposed to 
isotype-matched control IgG (Figure 7a). Consistent with the 
reduced basal levels of ECAR, analysis of the PER profiles 
calculated using ECAR and oxygen consumption rate (OCR) 
measurements demonstrated lower values for both basal total 
PER and glycoPER by m4A2-treated cells (Figure 7b). Indeed, 
we found that basal PER and basal glycoPER were significantly 
reduced in cells cultured with m4A2 (Figure 7c and d), while 
the mitoOCR to glycoPER ratio was significantly increased 
(Figure 7e), suggesting that m4A2-mediated inhibition of 
CAIX activity functions to reduce glycolytic metabolism by 
CAIX-expressing cancer cells. Similar results were observed 
using breast cancer cells in which CAIX expression was 
silenced using CRISPR-mediated gene-editing strategies 
(Figure 7f-h),56 confirming the effect of 4A2-mediated inhibi-
tion of CAIX on extracellular acidification and glycolytic 
metabolism.

In addition to changes in metabolism, previous studies have 
shown that depletion of CAIX expression leads to increased 
death of cancer cells in hypoxia.56,59 To extend our observa-
tions on the biological consequences of inhibiting CAIX func-
tion with m4A2 using a model of endogenous CAIX 
expression, we cultured U87 MG glioblastoma cells in hypoxia, 
an environment that drives strong upregulation of CAIX,60 in 
the presence of m4A2 and assessed cell death using a terminal 
deoxynucleotidyl transferase dUTP nick-end labeling 
(TUNEL) (Figure 8a). Quantification of the TUNEL positive 
cells showed an approximate 1.8-fold increase in the apoptotic 
cell population in response to m4A2 compared to cells exposed 
to an isotype control IgG (Figure 8b). Together, the glycolytic 
rate assay results in combination with the TUNEL assay results 
indicate that inhibition of CAIX activity leads to decreased 
glycolysis and an increase in cell death.

Discussion

Biophysical characterization of antibody-antigen interactions 
is integral to the design and development of antibody-based 
therapeutics. Once a library of antibodies with desired binding 
kinetics and functional activity is selected, the fine-details of 
their binding modes at the antigen level must be elucidated. 
Such information is invaluable in classifying mAbs by their 
binding epitopes and for selecting antibodies with desired 
binding characteristics. Multiple modes of hCAIX engagement 
have been observed for anti-hCAIX biotherapeutics, and dif-
ferent modes of engagement lead to different therapeutic 
outcomes.10,17 This diversity of therapeutic outcomes makes 
hCAIX an attractive antibody-based therapeutics anti-cancer 
target.

Figure 6. Differential HDX-MS of 4A2 and 9B6 combo bound to ΔPG-CAIXCys38Ser 

superimposed on PDB 3IAI. Regions demonstrating significant stabilization (3x SD, 
p = .02) across overlapping peptides at any single time point are shown in blue, 
while destabilization is shown in red. Regions with no significant change are 
shown in dark gray, while white corresponds to missing coverage.
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We have described the selection of a panel of novel anti-
bodies targeting both the catalytic and proteoglycan domains 
of hCAIX.52 The study presented here focuses on the detailed 
biophysical characterization of three antibodies selected from 
this panel that specifically target hCAIX’s catalytic domain. 
YSD provided data that the epitopes were in the hCAIX and 
were likely (with the exception of the m9B6 epitope) confor-
mational, but did not provide sufficient granularity to pinpoint 
the epitope or how the antibodies engage hCAIX differently. 
A previous report suggested that the binding epitopes of anti-
bodies targeting the catalytic domain are predominantly con-
formational, while those targeting the PG domain are linear.61 

Linear peptide scanning has proven effective for mapping 
epitopes in the PG-domain,62 but size limitations and the 
conformational nature of the epitopes on CAIX’s catalytic 
domain render this technology ineffective in this context.

HDX-MS can efficiently screen antibody-antigen interac-
tions under native conditions with peptide-level resolution.48 

We used HDX-MS to interrogate the binding profiles of our 
three catalytic domain-specific antibodies, in addition to the 
cG250 mAb. The carbonic anhydrase family has been pre-
viously interrogated by HDX-MS, where the catalytic role of 
zinc in CAII was investigated.63 However, to our knowledge, 
this is the first report of applying the HDX-MS technology to 

Figure 7. (a) Extracellular acidification profile of MDA-MB-231 human breast cancer cells constitutively expressing CAIX that were cultured with 10 μg/ml of 4A2 and 
subjected to a Glycolytic Rate Assay. Cells cultured with 10 μg/ml of 4A2 were used as a control. Rot/AA, rotenone with antimycin A; 2-DG, 2-deoxy-D-glucose. (b) Profile 
of proton efflux rate (PER) and glycolytic PER (glycoPER) of cells cultured as described in panel a. (c-e) Quantification of (c) basal proton efflux rate (PER), (d) basal 
glycolysis and (e) ratio of mitochondrial oxygen consumption rate to glycolytic proton efflux rate of cells cultured as described in panel a. (f-h) Quantification of (f) basal 
proton efflux rate (PER), (g) basal glycolysis and (h) ratio of mitochondrial oxygen consumption rate to glycolytic proton efflux rate of MDA-MB-231 human breast cancer 
cells constitutively expressing CAIX (CAIX +ve) or depleted of CAIX expression (CAIX – ve) and assessed using the Glycolytic Rate Assay. Data show the mean ± SEM of 
technical replicates (n = 5–6/group) ***P < .001.
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resolve the binding epitopes of antibodies targeting hCAIX. It 
is evident that the subtle details in protein dynamics revealed 
by HDX-MS would have been impossible to obtain with 
a crystal structure-based epitope determination.

Both c2C7 and cG250 have demonstrated activity as antibody 
conjugates. For example, c2C7 demonstrated significant reduc-
tion in tumor volume in vivo when conjugated to the micro-
tubule inhibitor mertansine.52 cG250-conjugates have shown 
promise in clinical trials for renal cell carcinoma, either as an 
imaging tool (124I-Girentuximab)64 or as a radioimmunotherapy 
(177Lu-Girentuximab).31 A shared binding mode was observed 
for c2C7 and cG250. The discontinuous nature of this epitope, 
formed by the αE/αG/βA motif as determined by HDX-MS 
(Figure 3), is in agreement with the yeast-display findings 
(Table 1). This epitope is far from the catalytic cavity, dimeriza-
tion interface, PG- and transmembrane-domain,12and binding 
to it likely leaves access to the catalytic cavity unimpeded under 
physiological conditions. This accounts for the lack of inhibitory 
action, and reinforces the value of these mAbs as ADC candi-
dates. Mapping of the precise residues engaged by c2C7 and 
cG250 was not possible with our current HDX-MS dataset. 
Further experiments, such as molecular docking and alanine 
scanning mutagenesis may be warranted to resolve the epitope.

A conformational epitope on the catalytic domain for 
cG250 has previously been identified.54,65 A specific epitope 
identified by linear peptide scanning consisting of A77-L87 and 
L119-V126 has recently been proposed for cG250.6667 These 
sequences are near or overlap with the dimerization interface, 
and may not be optimal for the binding of a relatively large 
antibody. Due to the sensitivity of HDX-MS to conformational 
epitopes and limitations of linear peptide scanning, we propose 
our findings as the most probable binding mode of cG250. 
Finally, negatively charged substitutions in hCAIX in residues 
L157-G167, relative to all α-carbonic anhydrase isoforms, as 
well as low sequence conservation in the structural features 
within the discontinuous epitope, may impart specific binding 
to the hCAIX isoform.2 Indeed, c2C7 was found to be specific 
for hCAIX ectodomain.52

Antibody-mediated functional inhibition of hCAIX has pre-
viously been reported; for example, the MSC8 mAb was sug-
gested to directly inhibit hCAIX activity, rather than induce its 
internalization.28 Here we report on two non-competing 
hCAIX enzyme inhibiting mAbs m4A2 and m9B6, whose two 
binding profiles suggest divergent mechanisms of action. 
Importantly, both of these antibodies have demonstrated spe-
cificity for hCAIX across species and among secreted and 
membrane-bound isoforms.55

Interestingly, m4A2 epitope shares the lowest homology 
with other members of the CA family, and has previously 
been identified as a potential target for rational drug design.12 

It is intriguing that conformational perturbations are observed 
in or near all three of the positively charged arginine residues at 
the catalytic cavity entrance. Along with the highly negatively 
charged PG-domain, these residues have been postulated to 
play an active role in gating the catalytic cavity.12 We therefore 
hypothesize that m4A2-mediated enzymatic inhibition of 
hCAIX is driven by steric gating, thereby obstructing the 
entry of substrate into its catalytic cleft by direct binding to 
those residues that play a critical role in the function of the 
catalytic cavity.12,67

m9B6 caused an ensemble of destabilizations of hCAIX 
and, although this mAb is almost equally potent as m4A2 in 
inhibiting hCAIX (Figure 5c), it stands out from all the mAbs 
tested as having the weakest binding kinetics (Figure 2, S1). 
This likely explains why, contrary to m4A2, only relatively 
minor destabilizations (~ −5%) were observed in a previously 
proposed linear epitope (S122 – 128E).55 Despite the lack of 
a clear canonical binding event, i.e., stabilization of the bind-
ing interface, we can make some inferences about the nature 
of the m9B6 binding mode. First, the YSD experiments show 
that m9B6 binds a linear epitope (Table 1) that does not 
overlap with that of m4A2 (Figure 5). Second, m9B6/hCAIX 
interaction may exhibit a so-called “type-2” binding behavior, 
described by Sowole et al., where binding energy is reinvested 
to drive structural destabilization.68 From this point of view 
one could envision that m9B6 only engages hCAIX after an 

Figure 8. U87 MG glioblastoma cells treated with 100 μg/ml m4A2 or control mouse IgG antibody for 72 hours in hypoxia. After fixation a TUNEL assay was performed. 
(a) Representative images demonstrating the presence of TUNEL-positive U87MG cells (red, arrows). Nuclei are in blue. (b) Bar graph showing quantification of TUNEL- 
positive cells. Data show the mean fold change ± s.e.m. of technical replicates and are representative of 2 independent experiments N = 10 fields of view at 20x. 
***P < .001.
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unfavorable unfolding event,69 where the conformational dis-
tribution of the m9B6/hCAIX complex is subsequently biased 
toward a state with reduced solvent turnover efficiency. This 
is further supported by the relatively weak binding behavior, 
and structural loosening of two histidines (H90 and H92; 
Figure 4d, cyan) within the previously described catalytic 
triad.12 Importantly, this destabilized state remains accessible 
to m4A2 binding. The absence of evidence of a direct anti-
body interaction does not preclude a stable 9B6/hCAIX 
complex.70 We cannot rule out that m9B6 binds a sequence 
for which HDX coverage is missing. Further, HDX-MS is 
limited to changes in the average conformational state of 
a protein, and therefore this technology is blind to binding 
events driven purely by side-chain or electrostatic 
interactions.71

The observation of synergistic behavior and non-competing 
binding between m4A2 and m9B6 (Figure 5) suggests that both 
of the outlined inhibitory mechanisms are engaged by non- 
overlapping epitopes. These findings demonstrate that these 
antibodies can be used alone or as combinatorial therapy 
(Figure 5c), or can form the basis for the rational design of 
biparatopic antibodies. Further studies are required to fully 
understand what fundamental mechanisms are employed by 
our antibodies, particularly m9B6, in the inhibition of hCAIX 
activity. This knowledge, in addition to their possible pH- 
dependent behavior, is critical for the design of antibody- 
based biologics that target the acidic tumor microenvironment.

In conclusion, the HDX-MS evaluation of a set of function-
ally different hCAIX targeting antibodies highlights two groups 
of mAbs with three modes of binding, and demonstrates power 
of HDX-MS to deliver conformational insights in combination 
with complementary biophysical and functional assays. The 
work presented here thus lays the groundwork for future 
mAb engineering efforts targeting both hCAIX and other 
membrane-bound enzymes.

Materials and methods

Recombinant antibody production and purification

Anti-human CAIX mouse mAbs were sequenced and full-size 
heavy and light human IgG chains were ordered from 
a commercial vendor (Genscript); VH and VL CDR1-3 regions 
of 2C7 was grafted on a human IgG1 framework (designated 
chimeric, ‘c’) whereas those of 4A2 and 9B6 were grafted on 
a murine IgG2a framework (designated as mouse, ‘m’).52 MAbs 
were produced by co-transfection of CHO-3E7 cells, which 
were then grown to a density of 2 ×106 cell/mL in 150 mL of 
F17 medium in 1 L shaker flasks. Cells were transfected with 
2 μg total DNA (containing 500 ng each of the heavy and light 
chain constructs) using PEI MAX™ (Polysciences, Inc.), main-
tained at 37°C for 24 h, then fed with Tryptone N1 at 1% w/v, 
after which they were transferred to 32°C for 6 days. Cell 
culture supernatant was harvested and analyzed by SDS- 
PAGE for expression.

MAbs were purified from cell-culture supernatants by pro-
tein-A affinity chromatography in batch mode (cG250 and 
c2C7) or by using packed columns (m9B6 and m4A2). 
Supernatants were incubated and agitated overnight at 4°C 
with MabSelect SuRe resin (Cytiva Life Sciences) or loaded 
onto MabSelect SuRe packed columns, previously equilibrated 
with HyCloneTM Dulbecco’s phosphate-buffered saline (DPBS; 
Cytiva Life Sciences) or 10 mM sodium phosphate, 140 mM 
NaCl buffer pH 7.0. Resin was washed with DPBS or 10 mM 
sodium phosphate, 140 mM NaCl buffer pH 7.0 and mAbs 
were eluted with 100 mM citrate buffer pH 3.0 (cG250, c2C7, 
m4A2) or 100 mM Glycine buffer pH 2.6 (m9B6). Fractions 
containing mAbs were pooled and neutralized with 1 
M HEPES. Protein-A purified material was buffer-exchanged 
against DPBS by Tangential Flow Filtration using 30 kDa 
MWCO cassettes (Millipore Sigma: m9B6; Pall Corporation: 
m4A2), or using 30 kDa MWCO Vivaspin® centrifugal con-
centrators (Sartorius – cG250 and c2C7). cG250 and c2C7 
mAbs were further purified by preparative size exclusion chro-
matography (SEC) on Superdex-200 columns (Cytiva Life 
Sciences), using DPBS as mobile phase. Purified mAbs were 
concentrated to 5–10 mg/mL by ultrafiltration using Vivaspin® 
centrifugal concentrators (MWCO 30 kDa; Sartorius), and 
sterilized by filtration through 0.2 μm filters. During the pro-
cess, the protein concentration was monitored on 
a NanoDrop™ 2000 spectrophotometer (ThermoFisher 
Scientific) using absorbance at 280 nm and the calculated 
specific extinction coefficient of each mAbs. MAbs were kept 
in aliquots at −80°C for long-term storage, and reevaluated by 
UPLC-SEC upon each thaw prior to use.

hCAIX ectodomain expression and purification

The hCAIX extracellular domain cDNA (HGNC:1383; a.a. 1– 
414), was cloned in the PTT5 expression vector, produced as 
a C-terminal penta-His-tagged protein in CHO-3E7 cells,72,73 

purified by immobilized metal affinity chromatography. SDS/ 
PAGE (reducing and non-reducing conditions) indicated the 
presence of monomeric and dimeric subpopulations which 
were further purified by preparative SEC to separate dimers 
from monomers. SEC purification was performed on 
Superdex-200 Increase column (Cytiva Life Sciences), using 
DPBS as mobile phase. Preparative SEC fractions were analyzed 
by SDS-PAGE to select which fractions to pool. Fractions con-
taining monomer or dimer only were pooled together and con-
centrated by ultrafiltration using 10 kDa MWCO Vivaspin® 
centrifugal concentrator (Sartorius). Concentrated material was 
sterilized by filtration through 0.2 μm filters. During the process, 
the protein concentration was monitored on a NanoDrop™ 2000 
spectrophotometer (ThermoFisher Scientific) using absorbance 
at 280 nm and the calculated specific extinction coefficient of the 
hCAIX monomer or dimer. Both preparations were kept in 
aliquots at −80°C for long-term storage, and reevaluated by 
UPLC-SEC upon each thaw.
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Isothermal calorimetry

ITC experiments were performed on a MicroCal Auto-ITC200 
(Malvern). In total 19 injections were performed using the 
following instrument settings: cell temperature 25°C, reference 
power 10 µCal/second, initial delay 60 seconds, stirring speed 
750 rpm, feedback mode/gain high, and injection volume 2 µL 
for 4 seconds spaced at 120 second intervals with a filter period 
of 5 seconds. The syringe volume was 120 µL and the cell 
volume was 400 µL. Data were analyzed using MicroCla 
PEAQ-ITC Analysis Software v1.1.0.1262 (Malvern).

Domain-level epitope mapping by yeast surface display

To map the epitopes of the anti-hCAIX mAbs, fragments of 
hCAIX extracellular domain (ECD) were PCR amplified from 
the hCAIX DNA sequence corresponding to various combina-
tions of hCAIX protein domains and sections between domains. 
The DNA fragments were then cloned into the YSD vector by 
in vivo recombination (IVR) in yeast. The hCAIX ECD and its 
fragments were expressed and covalently displayed on the sur-
face of yeast cells using YSD.74 The YSD vector (pPNL6) was 
from The Pacific Northwest National Laboratory, USA. The 
hCAIX fragments were expressed as fusion proteins (Aga2-HA 
-(CAIX)-MYC) on the yeast cell surface. The binding of the 
mAbs to yeast cells was performed using a whole yeast cell 
ELISA. Briefly, the various clones of the induced yeast cells 
were loaded into a 96-well filter plate (1x107 cells per well), 
blocked, incubated with the anti-hCAIX antibodies, the binding 
of these mAbs was revealed by a horseradish peroxidase (HRP)- 
conjugated secondary antibody followed by incubating with the 
HRP substrate tetramethyl benzidine (TMB) according to the 
manufacturer’s conditions and read at OD450. The relative 
amount of displayed fusion protein was measured by probing 
with an anti-MYC antibody (ab19233, Abcam), followed by an 
HRP-conjugated secondary antibody (ab97135, Abcam) to be 
used to normalize the binding signal for anti-hCAIX mAbs. For 
determination the nature of epitopes, linear versus conforma-
tional, yeast cells with displayed hCAIX fragments were heated 
at 80°C for 30 min, then chilled on ice for 20 min prior to 
labeling with antibodies.75 The binding levels for anti-hCAIX 
mAbs were normalized to the amount of Myc tag (ratio anti- 
hCAIX/anti-Myc).

HDX-MS

ΔPG-hCAIXCys38Ser was equilibrated with the mAbs at a 1:1 
molar ratio in phosphate-buffered saline (PBS, pH 7.4). hCAIX- 
mAb complexes (4 μL) were diluted with 4 μL of labeling buffer 
(90% D2O, 0.1x PBS, pD 7.0). The labeling reaction (0.25, 1, 3, 
10, 60 min) was quenched with a 5x dilution of reducing buffer 
(100 mM TCEP, 100 mM Gly-HCl, pH 2.2). Samples (19 pmol) 
were manually injected into an ice-cooled loop, digested online 
with a Poroszyme Immobilized pepsin cartridge (Thermo) and 
trapped on a C18 Pepmap100 (1 x 5 mm, 5 μm, 100 Å) at 
100 μL/min for 3 min in mobile phase A (0.23% formic acid). 
Peptic peptides were eluted from a Halo-Peptide ES analytical 
column (50 x 0.3 mm, 2.7 μm, 160 Å, Sciex) with a 10–35% 
acetonitrile gradient (0.23% formic acid) over 7.5 min at 10 μL/ 

min. Data acquisition was performed with a Waters Q-Tof 
Ultima API MS. Peptides were identified by data-dependent 
acquisition of an undeuterated sample which subsequently 
searched against a Mascot database. Data was collected in tripli-
cate and analyzed with MS Studio.76 Significant changes in 
deuteration were defined by ± 3 SD (p = .02).

Competitive SPR binding assay

All SPR experiments were performed using the ProteOn 
XPR36 system (Bio-Rad Laboratories Inc.). PBS with 0.05% 
Tween 20 (Teknova) and with 3.4 mM ethylenediaminetetraa-
cetic acid (EDTA) disodium salt (Teknova), pH 7.4 was used as 
running buffer and all experiments were performed at 25°C. 
Reagents used for the antibody immobilizations were obtained 
from Bio-Rad Laboratories Inc.

The CAIX antibody clones 4A2 and 9B6 were immobilized 
on a ProteOn GLC sensor chip using standard amine coupling 
chemistry (All reagents were obtained from Bio-Rad 
Laboratories Inc). Using a flow rate of 100 µL/min for 140 s, 
all ligand channels were activated simultaneously by injecting 
a fresh mixture of 20 mM 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC) and 5 mM 
N-hydroxysulfosuccinimide (Sulfo-NHS) followed by 25 µg/ 
mL of the antibodies diluted in 10 mM sodium acetate buffer 
(pH 4.5; 25 µL/min for 240 s). The sensor chip surface was then 
deactivated with 1 M ethanolamine HCl (30 µL/min for 300 s). 
Approximately 5000 RU each of the 4A2 and 9B6 antibodies 
were immobilized. One ligand channel was used for a mock 
immobilization for subsequent reference subtraction. Next, 
using the Co-Inject Ligand function of the ProteOn 
ManagerTM software v3.1.0.6, the CAIX monomer (100 nM) 
and a buffer blank was simultaneously injected (50 µL/min, 210 
s) over the two immobilized CAIX antibodies. Immediately 
after, the 4A2, 9B6 and cG250 (100 nM) and a buffer blank 
were injected followed by an 800 s dissociation phase (50 µL/ 
min, 180 s). Sensorgrams were aligned, and the resulting sen-
sorgrams were analyzed using ProteOn Manager Software 
v3.1.0.6.

Cell culture

The MDA-MB-231 human breast cancer cell line and U87 MG 
human glioblastoma cell line were originally obtained from the 
American Type Culture Collection (ATCC) and cultured as 
described previously.56,77 The 67NR murine breast cancer cell 
line was originally provided by Dr. Fred Miller (Karamanos 
Cancer Institute, Detroit, MI) and was cultured as described 
previously.78, The generation of CAIX-negative MDA-MB-231 
cells using CRISPR-mediated gene editing and the generation of 
CAIX-positive MDA-MB-231 cells through the re-introduction 
of a wild-type CAIX construct have been described previously.56 

To generate 67NR cells constitutively expressing human CAIX 
(67NR-hCAIX), a human wildtype CAIX plasmid (gift from 
Dr. Jacques Pouyssegur, University of Nice, Nice, France) was 
transfected into 67NR cells using Lipofectmine 2000 as per the 
manufacturer’s instructions. Transfected cells were selected 
using Zeocin and then subcloned for selection of cells with 
high levels of CAIX expression. For culture in normoxia, cells 
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were incubated in a humidified incubator at 37°C with 5% CO2. 
For studies in hypoxia, cells were grown at 37°C in an atmo-
sphere of 1% O2, 5% CO2, 94% N2 in a humidified incubator 
inside a sealed workstation as described previously.58 Cell lines 
were routinely tested for mycoplasma contamination using the 
LookOut Mycoplasma PCR detection kit (Sigma; Cat. No. 
MP0035). The 67NR and MDA-MB-231 cell lines have been 
authenticated using short tandem repeat DNA profiling (DNA 
fingerprinting) by a commercial testing facility (Genetica). In 
addition, the cell lines were routinely tested for viability, mor-
phology and hypoxia-induced endogenous CAIX expression or 
over-expression of CAIX.

“In cell” CAIX activity assay

In cell CAIX catalytic activity assays were carried out as 
described previously with the following modifications.56 

Assays were performed using 67NR murine breast cancer 
cells exogenously expressing human CAIX (67NR-hCAIX). 
For each replicate sample (n = 3/Ab), 5.0 × 105 cells were 
harvested with 0.5 mM EDTA in PBS and re-suspended in 
200 µl CO2-free isotonic buffer (20 mM Hepes, 130 mM 
NaCl, 5 mM KCl, pH 8.0) in a 2 ml flat-bottom glass vial 
equipped with an 8 mm magnetic stir bar. 10 µl of a 50 µg/ml 
stock solution of the anti-CAIX Abs or isotype control Abs 
were added to the cell suspension and the sample was incu-
bated with gentle stirring at room temperature for 45 min. The 
remainder of the assay was carried out on ice. 600 µl ice cold 
buffer was added to the cell-Ab mixture and a narrow pH 
electrode (Accumet, Cat # 13–620-850) was immersed in the 
sample and equilibrated for 3–5 min. 200 µl of ice-cold CO2- 
saturated water was added to initiate the assay and pH readings 
were immediately recorded at 2 to 5 s intervals. The final Ab 
concentration in the assay was 0.50 µg/ml. Data were analyzed 
using Graphpad Prism v8 (Graphpad Software). To determine 
the rate of spontaneous CO2 hydration, measurements were 
performed on cell-free samples. The increase in hydration rate 
above the spontaneous rate is a measure of CA activity.

Glycolytic rate assay

Metabolic flux was assessed using Seahorse XF technology as 
described previously58 with the following modifications. MDA- 
MB-231 human breast cancer cells engineered to constitutively 
express hCAIX (CAIX positive) were seeded at 2.0 × 104 cells/ 
well in a 96-well XF microplate (Agilent Technologies) and 
allowed to attach overnight. The following day, the cells were 
washed with complete assay medium (XF DMEM medium, pH 
7.4, 10 mM glucose, 1 mM pyruvate, 2 mM glutamine; Agilent 
Technologies) and incubated in 200 µl/well complete assay 
medium containing 10 µg/ml m4A2 anti-hCAIX or IgG2b 
control antibodies for 60 min at 37°C without CO2. Media 
was then removed, 160 µl/well fresh media containing 10 µg/ 
ml m4A2 anti-hCAIX or IgG2b control antibodies was added, 
cell layer integrity was verified by microscopic observation and 
cells were subjected to a Seahorse XF Glycolytic Rate Assay 
(Agilent Technologies) according to instructions provided by 
the manufacturer. Assays were carried out using the Seahorse 

XFe96 Extracellular Flux Analyzer (Agilent Technologies). 
Data were acquired using Wave v2.6 (Agilent Technologies). 
After completion of the assay, cell nuclei were stained with 
HCS NuclearMask Red Stain (ThermoFisher Scientific,), cell 
layers were imaged using the Incucyte Zoom live cell imaging 
system (Essen Biosciences, Ann Arbor, MI) and cell nuclei 
were enumerated as a measure of cell number for normaliza-
tion of metabolic data. Normalized data were exported to the 
Glycolytic Assay Report Generator for conversion of experi-
mentally derived ECAR and OCR data into Proton Efflux Rate 
(PER) and calculation of specific glycolytic rate assay para-
meters. These parameters include basal PER (last PER mea-
surement prior to injection of Rot/AA), basal glycolysis (last 
glycoPER measurement prior to injection of Rot/AA) and 
mitoOCR/glycoPER [(Last OCR measurement before first 
injection) – (Minimum OCR after Rot/AA injection)]/(Basal 
Glycolysis). Data for calculated parameters were exported to 
GraphPad Prism 8 (Graphpad Software) for statistical analysis. 
Statistical significance between two groups was assessed by 
unpaired Student’s t-test. Data are presented as mean ± s.e.m. 
and P values less than 0.05 were considered statistically 
significant.

TUNEL assay

U87 MG glioblastoma cells cultured for 72 hours in hypoxia to 
upregulate CAIX expression. Cells were then seeded onto cov-
erslips and incubated with 100 μg/ml m4A2 antibody in media 
containing 0.1% serum in hypoxia for an additional 72 hours. 
Mouse IgG2b (100 μg/ml) was used as an isotype control. Cells 
were then fixed and a TUNEL (terminal deoxynucleotidyl 
transferase dUTP nick end labeling) assay (Roche Applied 
Sciences) was performed according to the instructions pro-
vided by the manufacturer to assess cell death. For quantifica-
tion, 3–4 random fields from triplicate samples were imaged at 
20x using a Zeiss Colibri inverted fluorescence microscope. 
TUNEL-positive cells and total cells were enumerated and the 
percentage of TUNEL positive cells was calculated using 
ImageJ (v1.48, National Institutes of Health, USA). Statistical 
significance between two groups was assessed by unpaired 
Student’s t-test. Data are presented as mean ± s.e.m. and 
P values less than 0.05 were considered statistically significant.

Abbreviations

ADC antibody-drug conjugate
CA catalytic domain
ECD extracellular domain
ECA Rextracellular acidification rate
hCAIX human carbonic anhydrase
HDX-MS hydrogen-deuterium exchange mass spectrometry
ITC isothermal calorimetry
mAb monoclonal antibodies
OCR oxygen consumption rate
PER proton efflux rate
PG proteoglycan domain
SP signal peptide
SPR surface plasmon resonance
TM transmembrane domain
YSD yeast surface display
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