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Abstract

Hydrogen deuterium exchange (HDX) mass spectrometry (MS) and covalent labeling (CL) MS 

are typically considered to be complementary methods for protein structural analysis because one 

probes the protein backbone while the other probes side chains. For protein-ligand interactions, we 

demonstrate in this work that the two labeling techniques can provide synergistic structural 

information about protein-ligand binding when reagents like diethylpyrocarbonate (DEPC) are 

used for CL because of the differences in the reaction rates of DEPC and HDX. Using three model 

protein-ligand systems, we show that the slower timescale for DEPC labeling makes it only 

sensitive to changes in solvent accessibility and insensitive to changes in protein structural 

fluctuations, whereas HDX is sensitive to changes in both solvent accessibility and structural 

fluctuations. When used together, the two methods more clearly reveal binding sites and ligand-

induced changes to structural fluctuations that are distant from the binding site, which is more 

comprehensive information than either technique alone can provide. We predict that these two 

methods will find widespread usage together for more deeply understanding protein-ligand 

interactions.
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Protein-ligand interactions are fundamental in all living organisms. Understanding the 

details of protein-ligand interactions is an important step for understanding biology at the 

molecular level.1 Characterizing protein-ligand binding sites as well as ligand binding 

induced structural changes can facilitate drug discovery, design, and development.2

Mass spectrometry (MS) based methods have some inherent advantages for studying 

protein-ligand interactions over other methods that reveal a protein’s higher order structure 

(HOS) such as X-ray crystallography and NMR.3 These advantages include limited sample 

consumption, almost no protein size limitations, and the ability to obtain information in 

mixtures. As a result of these advantages, many MS-based methods have been explored to 

study protein-ligand interactions to characterize binding stoichiometries, binding constants, 

and binding sites.4–7

Hydrogen deuterium exchange (HDX) MS is a well-established method to study protein’s 

HOS that is increasingly used in the pharmaceutical industry.8–10 HDX relies on changes in 

mass resulting from backbone amide hydrogen exchange with deuterium at rates that vary 

based on a number of factors, including protein secondary structure, solvent accessibility, 

pH, and temperature. For a backbone amide hydrogen in an unstructured region of the 

protein in a solution at neutral pH, the chemical exchange rate is on the order of 

milliseconds.11 However, in a folded protein this exchange rate can vary significantly from 

minutes to days as a result of the sequence, structure of the protein, accessibility of a given 

region to solvent, and protein backbone dynamics.12 Upon ligand binding to a protein, 

changes in accessibility to solvent and to protein structural fluctuations can occur at the 

ligand binding site and elsewhere in the structure that can protect the protein from exchange.
13,14 This allows HDX-MS to be a useful technique to characterize the protein-ligand 

binding sites.15–17 However, it is also common that ligand binding can affect overall protein 

stability and dynamics in other structural regions distant from the binding site. This effect 

can make it difficult to distinguish which decreases in HDX result from local protection due 

to ligand binding and which are caused by allosteric effects that lead to distant protection 

against exchange.

Covalent labeling (CL) MS is another method that has been used to characterize protein-

ligand complexes.6, 18–22 In CL, a labeling reagent is used to modify amino acid side chains 
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of the protein by forming a covalent bond.23,24 This results in a mass shift that can be 

detected via MS. CL-MS can be used to study protein-ligand interactions because ligand 

binding decreases the solvent accessibility of the side chains involved in ligand binding. 

Decreased labeling at specific residues can be used to determine the ligand binding site. 

Covalent labeling techniques can be divided into two categories: amino acid specific 

labeling techniques (e.g. Lys-specific labeling)25 and non-specific labeling techniques (e.g. 

hydroxyl radical footprinting, carbene labeling, and DEPC labeling).24,26,27 Non-specific 

labeling techniques have a range of intrinsic reaction rates, ranging from ns for carbene 

labeling28,29 to μsec/ms for hydroxyl radical labeling30 to 10’s of seconds for DEPC 

labeling.31 The faster reacting CL reagents, such as hydroxyl radicals, are likely sensitive to 

changes in protein dynamics, whereas reagents that react more slowly, such as DEPC, are 

presumably transparent to protein dynamics.

Because HDX probes backbone amide hydrogens when used with MS and CL probes the 

solvent accessibility of side chains, these two methods are typically considered to be 

complementary. Indeed, several studies have used HDX together with CL to obtain more 

insight into protein structure and protein-ligand interactions.32–37 For example, Konermann 

and co-workers used HDX and oxidative labeling to more fully characterize membrane 

proteins,33 and Gross and co-workers have recently demonstrated the value of combining 

HDX and hydroxyl radical footprinting for antibody epitope mapping.34,35 We hypothesize, 

though, that as a result of the large differences in reaction rates between HDX and CL 

reagents like DEPC, the two techniques can provide synergistic information regarding 

structural changes that take place upon ligand binding. Ligand binding usually induces a 

decrease in local solvent accessibility at the binding site and often a decrease in protein 

dynamics at distant sites as proteins are often stabilized by interactions with the ligand. 

Because HDX responds to changes in both solvent accessibility and structural fluctuations, it 

sometimes provides ambiguous information with regard to ligand binding site. We predict 

that the slower labeling timescale for DEPC labeling should make it only sensitive to 

changes in solvent accessibility and insensitive to changes in protein dynamics. Moreover, 

because CL is typically done at a single reaction time point, the rate information that often 

reveals dynamic information in HDX would not be readily apparent in CL experiments. 

Thus, when used together, HDX and CL have the potential to provide clearer information 

about protein-ligand binding sites and changes in protein dynamics caused by ligand 

binding.

Here, we test this hypothesis by comparing HDX-MS and CL-MS on three model protein-

ligand complexes. The model protein-ligand systems were chosen to represent protein 

complexes that range from ones that undergo substantial changes in protein dynamics upon 

ligand binding to ones that undergo almost no change in protein dynamics. From these 

experiments we show that when used together the two methods provide both complementary 

and synergistic information about protein-ligand interactions.

EXPERIMENTAL SECTION

Materials.

The materials used in this study are listed in the Supporting Information (SI).

Liu et al. Page 3

Anal Chem. Author manuscript; available in PMC 2020 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sample Preparation.—Proteins were prepared in a 20 mM MOPS buffer at pH 7.5 using 

the material as received, except for the maltose-binding protein (MBP), which was first 

buffer exchanged, as described in the SI, into a 20 mM phosphate buffer at pH 7.5. The 

concentrations before beginning the CL or HDX experiments were 25 or 35 μM for all the 

proteins. Stock solutions (5 mM) of the brinzolamide were prepared in 1:1 (v/v) acetonitrile 

and water due to the limited water solubility of this compound. For experiments involving 

brinzolamide bound to bovine carbonic anhydrase (BCA), the molar ratio between protein 

and ligand was always 1:1. This ratio was sufficient to lead to more than 99% bound, even 

after dilution for the HDX experiments, based on the known Kd of 0.1 nM.38 The final 

concentration of acetonitrile in the prepared sample was always below 1% (v/v). Maltose 

stock solutions were prepared in 20 mM phosphate buffer, and a maltose concentration of 

480 μM was used for the maltose-MBP binding experiments. Based on the known MBP-

maltose Kd of 1.5 μM,39 this molar ratio resulted in greater than 99% protein bound during 

the CL experiments and greater than 90% bound during the HDX experiments.

HDX-MS Experiments.—D2O was prepared in the buffer appropriate for each protein, as 

indicated above. The pD was adjusted via a pH meter corrected by the following 

relationship: pD = pH reading + 0.41.40,41 HDX experiments were conducted using the Leap 

HDX Automation Manager as part of the Waters nanoACQUITY UPLC system (Waters 

Corporation, Milford, MA, USA). The HDX procedure, including the exchange reaction, 

quench, proteolytic digestion, LC separation, and MS conditions are detailed in the SI.

Peptides were identified as having statistically significant differences in deuterium uptake 

between ligand-bound and ligand-free states if at least two out of three exchange time points 

(i.e. 10 s, 10 min, and 4 (or 24) h) showed significantly different deuterium uptake levels. 

The 10 s, 10 min, and 4 h (or 24 h) time points were chosen to represent short, medium, and 

long exchange times, respectively. Statistical differences in uptake were determined using 

the following two-step statistical cutoff: 1) a difference in deuterium uptake between the 

ligand bound and ligand free states at a given time point was larger than the global 

deuterium uptake significance limit as described by Hageman and Weis,42 the value of 

which was decided with a 99% confidence interval; and 2) the relative deuterium uptake of 

the two states at a given time point were significantly different from one another according 

to a Welch’s t-test at a 99% confidence interval.

CL-MS Experiments.—In all CL experiments, conditions were chosen to control labeling 

to 1 to 1.5 labels on average per protein molecule to maintain the structural integrity of the 

protein during the modification reactions.23,24 DEPC labeling was performed following 

procedures and conditions previously developed by our group.31,43 DEPC is capable of 

labeling His, Lys, Tyr, Ser, Thr, and free Cys residues, with Cys, His, and Lys being the most 

reactive.23,24 DEPC stock solutions were prepared in acetonitrile. The reaction was initiated 

by adding an aliquot of the DEPC stock solution into the prepared sample. The final 

concentration of DEPC was 120 μM for myoglobin, 360 μM for BCA, 300 μM for MBP. 

The final volume of acetonitrile was less than 1% (v/v) in all experiments. The reaction 

proceeded at 37 °C for 1 min and then was quenched by the addition of imidazole at a final 

concentration of 10 mM. The dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium bromide 
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(HNSB) labeling reactions were initiated by adding an aliquot of an HNSB solution at 2.7 

mM to the prepared sample. The reactions were allowed to proceed at room temperature for 

3 min before being stopped by the addition of tryptophan at 5 mM. After the protein labeling 

reactions, the samples were prepared for digestion using the procedure described in the SI.

The digested proteins were analyzed by LC/MS on a Thermo Scientific (Waltham, MA) 

Orbitrap Fusion mass spectrometer with a nano-electrospray ionization source. The MS, 

tandem MS, and LC-MS parameters are described in detail in the SI.

For peptide identification and determination of CL extents, a custom software pipeline 

specifically designed for protein CL-MS studies was used.44,45 Residue level CL 

modification percentages (% labeling) were determined from the chromatographic peak 

areas of modified and unmodified peptides and by applying eq. 1.

% labeling  =
∑i = 1

n ∑z = 1
m Ai, z

modified

∑i = 1
n ∑z = 1

m Ai, z
modified + ∑i = 1

n ∑z = 1
m Ai, z

unmodified × 100 (1)

In eq. 1, Ai,z represents the peptide peak area from any given peptide (i) that contains the 

residue of interest, and considers all detectable charge states (z) for that peptide. The 

resulting modification percentage is a relative rather than an absolute value because the 

modified and unmodified peptides have different ionization efficiencies and elute at different 

retention times. It is important to note that % labeling, as determined by eq. 1, can only be 

used if all the charge states that are summed are present in all samples, and this was the case 

for the reported data. Unpaired student t-tests with a 99% confidence interval were used to 

determine if a given residue underwent a change in labeling when the ligand was present as 

compared to when the ligand was absent.

RESULTS AND DISCUSSION

Myoglobin.

Holomyoglobin (i.e. heme bound) and apomyoglobin were selected to test our hypothesis 

that DEPC labeling is insensitive to protein dynamics and thus can provide synergistic 

information when combined with HDX-MS. Apomyoglobin is known to be more dynamic 

than holomyoglobin,46,47 making myoglobin an excellent model system. Comparative HDX-

MS measurements of holomyoglobin and apomyoglobin result in a large number of peptides 

that undergo a statistically significant change in deuterium uptake (Figure 1, Table S1, and 

Figure S1). Twenty-one measured peptides undergo significant changes and come from four 

regions of the protein that include residues 12–29, 30–69, 70–106, and 137–153 (see Table 

S1). We only observe decreases in deuterium uptake in holomyoglobin and do not observe 

any peptides that significantly increase in deuterium uptake upon ligand binding. Results 

from HDX/MS indicate that the presence of the heme significantly stabilizes the protein, 

especially in the region spanned by residues 30–106, which is consistent with previous 

studies by NMR46,48 and HDX-MS.47,49 Interestingly, exchange decreases are apparent 

throughout the protein upon ligand binding and are not localized to just the ligand binding 

site. Peptides in the heme-binding pocket, including parts of residues 30–69 and 70–106, as 

well as other regions not directly involved in the heme-binding site (e.g. 137–153) or even 
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remote from the binding pocket (e.g. 12–29) also have significantly decreased deuterium 

uptake. With the HDX-MS data alone, it would be difficult to identify the heme binding site 

due to the widespread stabilization of the protein.

Changes in CL-MS with and without the heme are not as widespread throughout the protein. 

Several residues have significant decreases in labeling upon heme binding, including T34, 

K45, K50, T51, K62, H64, S92, H93, T95, K96, H97, K98, and K102 (Figure S2), and these 

residues are primarily localized around the heme-binding site (Figure S3). A few of these 

residues (K50, T51, S58, and K62) are about 12 Å from the heme in the bound form. While 

these residues are not immediately next to the heme, the fact that these residues lie in an 

unstructured loop or in a helix that interacts with the heme causes us to surmise that heme 

binding induces a rearrangement of these side chains. These rearrangements could change 

their solvent accessibility and/or microenvironment, which would influence their reactivity 

with DEPC.

More importantly, there are several protein regions that undergo significant decreases in 

HDX in holomyoglobin (e.g. 12–29, 71–86, 143–151) (Figure 2), but show no significant 

changes in CL. These regions of the protein are stabilized in holomyoglobin, but because 

they do not directly interact with the heme, they presumably do not undergo significant 

changes in solvent accessibility or microenvironment. Residues 12–29 contain a DEPC-

modified residue, K16; however, this residue does not experience a significant change in 

labeling extent (Figure S2). Residues K76, K77, K78, H80, and H81, which all fall within 

region 71–86, are modified by DEPC, but none of them show significant decreases in CL 

(Figure S2). While residues 71–86 are part of the larger region of the protein that is 

significantly stabilized by heme binding,46,47 they do not interact with the heme so their 

solvent exposure and microenvironment likely remains relatively unchanged. A similar 

result is obtained for residues between 143 and 151. Our results and previous HDX-MS 

results indicate protection in this region upon heme binding,47 but the CL changes that 

K145, Y146 and K147 undergo are not significant at a 99% confidence interval (Figure S2).

Overall, the myoglobin data support our hypothesis that CL by DEPC is relatively 

insensitive to changes in dynamics as a result of its relatively slow reaction rate. Residues in 

protein regions that undergo changes in their transient folding/unfolding (i.e. dynamics) do 

not undergo changes in DEPC reactivity because the reagent reacts too slowly to respond to 

these transient changes in solvent accessibility, whereas HDX is sensitive to these changes 

because the H to D exchange reaction is orders of magnitude faster. Heme binding in 

holomyoglobin stabilizes the protein, causing several regions (e.g. 12–29, 71–86, and 143–

151) to sample solvent exposed states less frequently (i.e. become less dynamic) and thus 

undergo decreased HDX. These same regions either undergo no significant change in 

solvent accessibility/microenvironment or the lifetimes of these more solvent exposed states 

are too short to allow labeling by DEPC. It is also important to note that the DEPC reactions 

are done at a single time point (i.e. 60 s), whereas the HDX measurements are done at time 

points ranging from 10 s to 4 h. Consequently, it is possible that there is not enough time to 

populate the solvent exposed states for sufficient CL by slow-reacting DEPC. Because CL 

by DEPC is primarily affected by changes in solvent exposure caused by ligand (i.e. heme) 

binding, DEPC-based CL and HDX-MS can provide synergistic structural information. 
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HDX-MS indicates regions that are both protected by heme binding and undergo decreased 

structural fluctuations, while CL by DEPC is predominantly sensitive to decreases in solvent 

accessibility. When used together, the techniques provide a more definitive picture of the 

binding site and binding-induced stabilization.

Bovine Carbonic Anhydrase II.

The second model system we selected was bovine carbonic anhydrase II (BCA) and its 

inhibitor brinzolamide. Extensive studies of human carbonic anhydrase II (HCA) indicate 

that brinzolamide does not cause a significant structural or dynamic change to the protein.
50,51 BCA and HCA have a high degree of sequence and structural homology (Figure S4), 

thus brinzolamide binding has a similarly small effect on BCA.50 This model system 

provides another test of the complementarity and potential synergy of DEPC-based CL and 

HDX-MS measurements.

The vast majority of BCA undergoes no significant change in HDX for up to 24 h when 

brinzolamide is bound (Figure 3 and Figure S5), which is consistent with the known effects 

of ligand binding. However, there is one peptide, 197–203, that undergoes a measurable, 

albeit subtle change in exchange. This peptide contains Thr197, Thr198, and Pro202, which 

are residues known to interact with brinzolamide in the binding pocket of the protein.52 

Presumably, the decreased HDX of this peptide is due to decreased solvent exposure upon 

ligand binding.

When BCA is labeled with DEPC, 19 residues are modified, but only His63, Ser64 and 

Lys259 undergo a significant decrease in labeling in the presence of brinzolamide, while 

Ser28 significantly increases in labeling upon ligand binding (Figure S6). Unfortunately, no 

labeled residues were measured between residues 197 and 203. His63 and Ser64 are on the 

edge of the brinzolamide binding pocket, so it is not surprising that their labeling extent 

decreases in the presence of the ligand (Figure 4a). The decreased labeling by Lys259, 

which is the C-terminal residue, is more difficult to explain. Upon brinzolamide binding, this 

residue reorients itself but does not undergo a significant change in SASA. The increased 

labeling of Ser28 was unexpected because its solvent accessible surface area does not 

change upon ligand binding. One possible explanation is that its local microenvironment 

changes upon brinzolamide binding. Ser28 is about 5 Å from Thr198, which interacts with 

brinzolamide (Figure 4b). Perhaps the presence of brinzolamide decreases the pKa of the Ser 

side chain, making it more reactive with DEPC.

Applying HDX/MS and CL/MS to BCA demonstrates that the two techniques can provide 

complementary information. HDX reveals that the protein undergoes very little change in 

dynamics or structure upon ligand binding, although decreased exchange is observed in 

some parts of the ligand binding site. CL provides complementary insight by revealing other 

regions of the ligand binding site that undergo decreased solvent accessibility that are not 

reported by HDX/MS. Moreover, CL at Ser28 is affected indirectly by ligand binding, 

revealing a subtle change in structure around the binding site.
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Maltose Binding Protein.

For a third model system we selected the maltose binding protein (MBP) and its ligand 

maltose, which is known to undergo a conformational change upon ligand binding. Two 

globular domains in MBP are connected by a hinge region that includes a short helix 

(around residues 315–328) and a two-stranded B-sheet (around residues 167–184).53 These 

two domains adopt an “open” and “closed” state by a hinge rotation of 35° (Figure S7).54–56 

According to previous NMR studies, this conformational change occurs with no significant 

dynamic changes in MBP induced by maltose binding.57 Such a conformational 

rearrangement with minimal dynamics changes allows this protein-ligand system to reveal 

other aspects of the synergy provided by CL and HDX-MS measurements.

HDX indicates that 10 out of 125 detected peptides (Figure 5, Table S2, and Figure S8) have 

a significant decrease in exchange, and these peptides span four regions of the protein: 8–22, 

62–76, 322–336 and 346–361 (Figure S9). The peptides 8–22 and 62–75 contain residues 

that line the ligand-binding pocket and form hydrogen bonds with maltose.53,58 The peptide 

322–336 represents part of the hinge region and also has residues that are as close as 4 Å 

from the maltose binding site. The peptide 346–361 is remote from ligand binding site and 

also is not part of the hinge region, suggesting that this region undergoes dynamic changes 

that were too subtle or occur on the a different timescale to have been detected in previous 

NMR experiments.57

DEPC labeling of MBP results in 26 modified residues, yet only Lys297 shows a statistically 

significant decrease in labeling upon ligand binding (Figure S10). Unfortunately, of the 

seven modifiable residues (Lys15, Tyr17, His64, Tyr70, Lys326, Ser252, Thr356) in the four 

regions that undergo changes in HDX (i.e. 8–22, 62–76, 322–336 and 346–361), none of 

them are found to be labeled by DEPC. The residue that does decrease in labeling, Lys297, 

is partially buried when the protein undergoes the conformational change from the open to 

closed state. This observation is also supported by the change in solvent accessible surface 

area (SASA) of Lys297 from 38% in the open state to 23% in the closed state. This decrease 

in SASA of Lys297 is the most significant decrease among all the measured DEPC modified 

residues upon ligand binding and the conformational change (Table S3). A few residues 

become relatively more exposed upon ligand binding, such as Lys25 and Lys189, but these 

residues are already very exposed to solvent, and we have found that residues that are 

already highly exposed rarely undergo significant increases in labeling.45 In other words, CL 

is more sensitive to decreases in SASA.

Because there are a limited number of residues along the maltose binding pocket that can be 

modified by DEPC, we applied another labeling reagent, HNSB, which specifically modifies 

tryptophan side chains with reaction kinetics that are similarly as slow as DEPC.23 HNSB 

was chosen because there are two Trp residues (Trp230 and Trp340) near the binding site. 

Eight Trp residues are labeled by HNSB, and only Trp230 and Trp340 significantly decrease 

in labeling extent upon ligand binding. It should be noted that Trp232, which is located near 

the hinge region also undergoes a notable decrease in SASA (Table S3) but does not 

significantly decrease in labeling extent. The reasons for this are not clear.
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Comparing the results from HDX and CL for the MBP-maltose system further indicate the 

value of obtaining results from both techniques. The two methods together provide a clearer 

picture of the ligand binding site (Figure 6). CL data from both DEPC and HNSB reveal 

only residues that decrease in labeling due to significant decreases in SASA. Lys297, 

Trp230, and Trp340 all significantly decrease in SASA value upon ligand binding and the 

associated conformational change, but these three residues alone are somewhat insufficient 

to fully map the binding site. The data from HDX-MS alone is also insufficient to identify 

the binding site because too many non-proximate regions of the protein undergo decreases in 

deuterium uptake in the presence of the ligand. Considering the data together, however, 

allows one to more confidently map the maltose binding site.

CONCLUSION

Using three model protein-ligand systems, we demonstrate that HDX-MS and CL-MS can 

provide complementary and synergistic information about protein-ligand interactions. For 

brinzolamide binding to BCA and maltose binding to MBP, the two techniques together 

provide separate information that more clearly indicates the ligand binding site. Changes in 

side chain solvent accessibility upon ligand binding cause significant decreases in CL that 

complement the decreases in HDX that also occur at the ligand binding site. When used 

together on the same protein-ligand system, the different timescales of the two labeling 

techniques can also provide information that is not accessible to either technique alone. This 

synergy is most clearly evident in the holomyoglobin and apomyoglobin comparison. Heme 

binding to holomyoglobin causes decreases in HDX at the ligand binding site and distant 

from the ligand binding site, which would make it difficult to definitively identify the heme 

binding site with HDX alone. In contrast, CL is only influenced by changes in side-chain 

solvent accessibility at the heme binding site and is insensitive to changes in protein 

structural fluctuations at sites distant from the heme binding site. When used together, 

HDX/MS and CL/MS provide more comprehensive information, revealing more clearly the 

binding site and ligand induced changes in protein structural fluctuations caused by the 

stabilizing effect of heme binding. With this better understanding of the complementarity 

and potential synergy of the two MS-based labeling techniques, we predict that these two 

methods will find widespread usage together for more deeply understanding protein-ligand 

systems that are important in areas such as drug discovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative deuterium uptake plots for myoglobin (i.e. with heme) and apomyoglobin 

(i.e. without heme), and the relative fractional uptake (at the 4 h exchange time point) 

mapped onto the holo myoglobin structure (PDB 1DWR). The darker the blue color on the 

structure, the more the HDX decreases upon heme binding. Calculations of the Relative 

Fractional Uptake of deuterium, as mapped on the protein structure, were performed using 

the Waters DynamX software (see the Supporting Information for more details).
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Figure 2. 
A comparison of the differential CL and HDX results for myoglobin mapped on its crystal 

structure (PDB 1DWR). Regions that undergo significant decreases in HDX upon heme 

binding are shown in green. Residues that undergo significant decreases in DEPC labeling 

are shown in blue.
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Figure 3. 
Representative deuterium uptake plots for BCA and the BCA-brinzolamide complex, and 

the relative fractional uptake (at the 24 h exchange time point) mapped onto the BCA crystal 

structure (PDB 1V9E), with the position of brinzolamide adapted from HCA-brinzolamide 

complex (PDB 1A42). The darker the blue color on the structure, the more the HDX 

decreases upon ligand binding. Calculations of the Relative Fractional Uptake of deuterium, 

as mapped on the protein structure, were performed using the Waters DynamX software (see 

the Supporting Information for more details).
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Figure 4. 
(a) Structure of bovine carbonic anhydrase with sites undergoing no change in covalent 

labeling (cyan) or a significant decrease in covalent labeling (blue) with binding site residues 

His63 and Ser64 indicated. (b) Expanded region around the brinzolamide binding site in 

bovine carbonic anhydrase, indicating residues (in magenta) interacting with brinzolamide 

(orange) and the proximity of Ser 28 (red) to the binding residues.
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Figure 5. 
Representative deuterium uptake plots for maltose binding protein (MBP) and the MBP-

maltose complex, and the relative fractional uptake (at the 4 h exchange time point) mapped 

onto the MBP-maltose complex crystal structure (PDB ID 1ANF). The darker the blue color 

on the structure, the more the HDX decreases upon ligand binding. Calculations of the 

Relative Fractional Uptake of deuterium, as mapped on the protein structure, were 

performed using the Waters DynamX software (see the Supporting Information for more 

details).
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Figure 6. 
A comparison of the differential CL and HDX results for the maltose binding protein 

mapped on its crystal structure (PDB 1ANF). Regions that undergo significant decreases in 

HDX upon maltose binding are shown in green. Residues that undergo significant decreases 

in DEPC labeling are shown in blue.
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