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Scheme S1. Structures of the ligands used in native mass spectrometry experiments.
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The molecular weight of each ligand (in Da) is shown in parentheses.



Table S1. Ligand concentrations that were analysed to obtain the Ky values of ligands to
human carbonic anhydrase | and lysozyme that are reported in Figure 1 and Table 1.
Solutions containing 5 uM protein, 70 mM ammonium acetate, and each concentration of

ligand were measured in triplicate by native MS to obtain an average Ky value (Figure 1
and Table S2).

Ligand Concentration (UM)
Ethoxzolamide 1,2,3,4
Brinzolamide 1,2,3,4,8
Furosemide 1,2,3,4
Dichlorophenamide 1,2,3,4
Indapamide 1,3,5,10, 15
Acetazolamide 1,2,3,4
Tri-N-acetylchitotriose 3,7,10,15




Table S2. Ky

spectrometry and emitter tips with different inner diameters.

(MM) values measured using nanoelectrospray ionization mass

Protein- Inner diameter of emitter tip Literature
Ligand 250 nm 500 nm 850 nm 2000 nm
hCAI-L1 0.014 +£0.002 0.015+0.002 0.018 +0.003 0.024 + 0.004 0.009', 0.0252
hCAI-L2 1.06 £ 0.05 1.12 +£0.07 1.13+0.11 1.70+£0.15 0.732
hCAI-L3 0.055+0.005 0.053 +£0.005 0.058+0.006 0.079 +0.009 0.0623
hCAI-L4 1.3+£0.1 1.3+£0.1 1.5+0.1 1.9+£0.2 1.24
Lys-Ls 76+0.1 7.9+0.2 7.8+0.2 9.4+0.3 6.6°, 8.65, 9.97, 11.18

@This work; value was measured using a CA inhibition assay.



Table S3. CYP199A4 was produced recombinantly using Escherichia coli and purified
using standard biological buffers and protein chromatography techniques.®

Sequence

VSNSSAESISAPPNDSTIPHLAIDPFSLDFFDDPYPDQQTLRDAGPVV
YLDKWNVYGVARYAEVHAVLNDPTTFCSSRGVGLSDFKKEKPWRPP
SLILEADPPAHTRPRAVLSKVLSPATMKTIRDGFAAAADAKVDELLQR
GCIDAIADLAEAYPLSVFPDAMGLKQEGREHLLPYAGLVFNAFGPPN
ELRQTAIERSAPHQAYVNEQCQRPNLAPGGFGACIHAFTDTGEITPD
EAPLLVRSLLSAGLDTTVNGIGAAVYCLARFPGELQRLRSDPTLARNA
FEEAVRFESPVQTFFRTTTREVELGGAVIGEGEKVLMFLGSANRDPR
RWSDPDLYDITRKTSGHVGFGSGVHMCVGQLVARLEGEVMLSALAR
KVAAIDIDGPVKRRFNNTLRGLESLPVKLTPA

Length

409 amino acids

Mass

Average mass: 44392 Da
Protein mass plus heme (616.5 Da): 45008.5 Da




Methods

Fabrication of nano- and micro-scale nanoelectrospray ionization emitters.

Nanoelectrospray ionization emitters with different tip diameters were fabricated in-house
from borosilicate glass capillaries (Harvard Apparatus, 1.2-mm o.d., 0,68-mm i.d.) using
a microcapillary puller (Model P-97, Sutter Instruments, Novato, CA, USA) using the
parameters listed in Table S4. Approximately 30 emitters were sequentially fabricated
within 30 min, and stored in a petri dish on double stick tape under ambient conditions.
For reproducibility, all emitters that were used in all reported ESI-MS and SEM
experiments were fabricated and coated on the same day using the same heating filament
for the tip puller. The inner diameters of the ion emitters depend strongly on the tip pulling
conditions (Table 4) and the position of the heating filament. Each batch of 30 emitters
were sputter coated together simultaneously with a mixture of gold and palladium
(Scancoat Six, Edwards, UK). The nanoscale ion emitters can be stored for at least 6
months prior to use if care is taken not to break the tips. For the narrowest bore ion
emitters, it is important to ensure that any air bubble(s) do not block the ESI solution from
reaching the tip orifice. For example, approximately 3 in 10 of the 250 nm ion emitters
were blocked by an air bubble, such that ESI-MS signal for protein ions could not be
measured. The air bubbles could be identified using a microscope camera (WAT-704R,
Watec, Japan). Shaking the emitters vigorously side-to-side by hand can be used to

remove the air bubble(s) in some instances.



Table S4. Tip puller conditions used to fabricate nanoelectrospray ionization emitters.

Parameter ~ 250 nm ~ 500 nm ~ 850 nm ~ 2000 nm
Heat 535 535 535 535
Pull 70 60 30 0
Velocity 80 60 30 20
Time - - 250 250
Delay 1 1 - -
Pressure 500 500 500 500




CA catalytic activity and ligand-binding assay.

We wused a stopped-flow spectrophotometer instrument (Sx.18Mv-R Applied
Photophysics, Oxford, UK) for measuring the CA catalyzed CO2 hydration activity
between hCAIl and brinzolamide.' Stock solutions of hCAIl and ligand were prepared at
100 pM each in distilled-deionized water and diluted with the buffer (0.2 mM phenol red,
10 mM Hepes pH 7.4 and 10 mM NaxSO4) to the desired concentration. The
concentration of hCAl was fixed at 0.1 uM and a variable amount of ligand was added.
Protein and ligand solutions were preincubated together for 15 min at room temperature
prior to the assay in order to form the complex. Phenol red working at the absorbance
maximum of 557 nm was used as indicator. The rate of CO2 hydration was measured by
tracking the pH change as a result of the formation of hydronium ions using the change
in the absorbance of the indicator. The inhibition constants were obtained by non-linear
least-squares methods using the Cheng-Prusoff equation’" from the average of at least

three replicates.



General equation for obtaining dissociation constants (K,) in native MS.

For each mass spectrum, peak areas corresponding to the unbound and ligand-bound
protein were automatically integrated by an inhouse software program entitled PLbinding,
which was written in MATLAB (2017a, The MathWorks, Natick, MA). The code for this
software is available in the supporting materials as a separate file owing to the length of
the script. This software was also used to calculate the K,; values for single or multiple

ligands competing for binding at a single binding site of a target protein.

Consider a protein (P) with a single ligand-binding site for a total of / different ligands (L;),

where i is an integer (Equation S1).

Kaqi
PL, P+ L; (S1)
The K, value for the dissociation equilibrium (Equation S1) for each ligand is defined as,

K, = (S2)

[PL;]

where [P], [L;], and [PL;] are the concentrations of the unbound protein, unbound ligand,
and the protein-ligand complexes, respectively. The initial concentrations of the ligand(s)

([L]o) and protein ([P]o) are given by Equations S3 and S4, respectively.
[Lilo = [Li] + [PL] (S3)
[Plo = [P]+ Xi[PL] (S4)

If the relative concentrations of the bound and unbound protein complexes in solution are
the same as the relative abundances in the gas phase, then: (i) the initial protein

concentration in solution is proportional to the sum of the integrated abundances of the
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unbound protein ion charge states (},, P**) and that of the bound protein ion charge
states (3; X, PLT"; Equation S5); (ii) the concentration of the unbound protein in solution
is proportional to Y, P™* (Equation S6); and (iii) the concentration of the bound protein

ion complexes are proportional to Y, PL}* (Equation S7).

[Pl o o P™* + 2,2, PLI* (S5)
[P] ec T, P+ (59)
[PL{] o 3, PLY* (S7)

Thus, the ratios between the concentration of the unbound protein to the initial
concentration of protein (Equation S8) and the ratio between the concentrations of the
protein-ligand complexes and the initial protein concentration (Equation S9) can be

readily obtained from the abundances of the protein ions and protein-ligand complex ions.

L In P
[Plo  Sn P43 SnPLPY (S8)

[PLi] _ T PLTY
[Plo  XnPmt+Y;Y,PLI"

(S9)
By combining Equations S3 and S9, the unbound ligand concentration can be obtained
(Equation S10).

TnPLTY
[Ll] = [Li]O - ann+izizan7il+

[P]o (810)

By substituting [P], [PL;], and [L;] in Equation S2 with Equations S8, S9 and S10, the

Equation S11 (Equation 1 in main text) is obtained, which can be used obtain K, ; values
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directly from the abundances of the protein and protein-ligand complex ions in ESI mass

spectra.

Kag = 2200 (o — 5l P, (s11)

, TnPLI* Tn P 4% 5, PLTY

For K4y measurements in solutions with high concentrations of salt, the top four most
abundant salt adducted protein ions without the ligand bound, [P,nNa,zH]"*2*, and those
with the ligand bound, [PL,nNa,zH]"*2* were integrated across all charge states to obtain

the values for ), P**, and },,, PL}*.
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Figure S1. Hen egg-white lysozyme co-crystallized with the Tri-N-acetylchitotriose (gray)
(PDB code 3AB6)."
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Figure S2. Carbonic anhydrase Il co-crystallized with the ethoxzolamide (gray) (PDB
code 3CAJ).™3
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Figure S3. CYP199A4 co-crystallised with 4-methoxybenzoic acid (PDB code 4DO1).'4
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Figure S4. The extent of catalytic activity of human carbonic anhydrase | for 1.0 x 10" M
human carbonic anhydrase | as a function brinzolamide concentration (1.0 x 10-° to 10

M) in 20 mM Hepes pH 7.4 and 10 mM Na2SO4 using CA catalytic activity and ligand-

binding assay.
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Figure S5. Nanoelectrospray ionization mass spectra of 5 yM Lysozyme and 7 uM tri-N-
acetychitotriose in 70 mM aqueous ammonium acetate (pH 7.4) using emitter tips with

inner diameters of (a) ~2000 nm, (b) ~850 nm, (c) ~500 nm, and (d) ~250 nm.
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Figure S6. Nanoelectrospray ionization mass spectra of (a,c) hCAIl in complex with
brinzolamide, and (b,d) hCAIll with indapamide in 10 mM Hepes and 10 mM sodium
sulfate pH 7.4 using emitter tips with inner diameters of (a,b) ~2000 nm emitter tips, and

(c,d) ~250 nm.
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Figure S7. Nanoelectrospray ionization mass spectra of the 9+ charge states of (a)
human carbonic anhydrase | and brinzolamide formed from aqueous 50 mM NaCl and 20
mM Tris-HCI buffer (pH 7.4); and (b) human carbonic anhydrase |l and indapamide from
aqueous 10 mM Hepes and 10 mM Na>SOs. The peaks separated by an m/z spacing of
2.44 corresponds to the adduction of sodium ions to the protein ion complexes; i.e. Am/z

=(22.90 - 1.01)/9 = 2.44 (replacement of a proton with a sodium cation).
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Figure S8. Nanoelectrospray ionization mass spectra of 5 yM human carbonic anhydrase

| with (a) 1 pM brinzolamide, and (b) 3 M brinzolamide aqueous 50 mM NaCl and 20

mM Tris-HCI buffer (pH 7.4) using emitter tips with inner diameters of ~250 nm.
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Figure S9. Nanoelectrospray ionization mass spectra of hCAIl in complex with

indapamide in aqueous 150 mM NaCl and 20 mM Tris-HCI pH 7.4.
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Figure S10. Nanoelectrospray ionization mass spectra of 5 yM lysozyme and 7 yM Tri-
N-acetylchitotriose (Lg) in aqueous (a) 70 mM ammonium acetate buffer pH 7.4 and (b,c)
50 mM NaCl and 20 mM Tris-HCI buffer pH 7.4 using emitter tips with inner diameters of

(b) ~2000 nm, and (a,c) ~250 nm.
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Figure S$11. 4-methoxybenzoic acid bound in the active site of CYP199A4 (PDB code:
4D0O1). Active site residues are depicted in green, the heme in grey, 4-methoxybenzoic
acid in yellow and the chloride ion in purple. The water molecule which interacts with 4-
methoxybenzoic acid is shown as a red sphere. Hydrogen bonds are represented by
black dashed lines. A salt bridge between R92 and the substrate carboxylate is

represented by a pink dashed line.™
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Figure S$12. Nanoelectrospray ionization mass spectra of hCAl and brinzolamide in 70
mM ammonium acetate (pH 7.5) using ~250 nm emitter tips with different ratios of protein

and ligand: (a) 5:1, (b) 5:2, (c) 5:3, (d) 5:4 and (e) 5:8.
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Figure S13. Nanoelectrospray ionization mass spectra of hCAIl and indapamide in 70
mM ammonium acetate (pH 7.5) using ~250 nm emitter tips with different ratios of protein
and ligand: (a) 5:1, (b) 5:3, (c) 5:5, (d) 5:10 and (e) 5:15.
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Figure S14. Nanoelectrospray ionization mass spectra of human carbonic anhydrase |

and (a) ethoxzolamide, (b) brinzolamide, (c) furosemide, (d) dichlorophenamide, (e)

indapamide and (f) acetazolamide in agueous 70 mM ammonium acetate (pH 7.4) using

~250 nm emitter tips
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Figure S15. Nanoelectrospray ionization mass spectra of human carbonic anhydrase Il
and (a) ethoxzolamide, (b) brinzolamide, (c) furosemide, (d) dichlorophenamide, (e)
indapamide and (f) acetazolamide in agueous 70 mM ammonium acetate (pH 7.4) using

~250 nm emitter tips.
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FigureS16. Scanning electron micrographs of the emitters (vertical view) with different

openings: (a) ~2000, (b) ~850, (c) ~500, and (d)~250 nm.
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