
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Applications of Disulfide Tethering to Fragment Discovery and Protein Dynamics in Protein-
Protein Interactions

Permalink
https://escholarship.org/uc/item/4jm479nz

Author
Hallenbeck, Kenneth K

Publication Date
2018
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4jm479nz
https://escholarship.org
http://www.cdlib.org/


iicatlons of Disulfide Tethering to Fragment Discovery and 
Protein Dynamics in Protein-Protein Interactions 

by 

Kenneth K. Hailenbeek 

DISSERTATION 

Submitted in partial satisfaction of the requirements for the degree of 

Pharmaceutical Sciences and Pharmacogenomics 



ii 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



iii 
 

Dedication and Acknowledgements 
 
 
 

To my wife Elyse. 
 
 
 
 The completion of the work described herein would have been impossible without the help and guidance of 
many colleagues, collaborators, and friends. Of first importance is my advisor and mentor Dr. Michelle Arkin, to 
whom I owe the chance to work on such a fascinating and well-resourced topic. The remainder of my thesis 
committee, James Fraser and Bill Degrado, regularly provided thoughtful direction. Other UCSF and Gladstone 
faculty were actively engaged in this work, including Katerina Akkassoglou, John Gross, Jim Wells, and Deanna 
Kroetz.  
 My coauthors and collaborators are noted for their contributions at the beginning of each chapter. I would 
also like to thank the many Arkin Lab members and UCSF colleagues who provided experimental and emotional 
support, including Kyle Defreese, Ben Spangler, Ryan Muir, Marcus Chin, Yuliya Birman, Stacie Bulfer, Yinyan 
Tang, Yao Fan, Daniel Medina-Cleghorn, Kenny Ang, Marja Tarr, Kazuko Olsen, Allison Doak, Ninwe Maraha and 
others who help along the way.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



iv 
 

ABSTRACT 
 
 

The study of protein protein-interactions (PPIs) can be approached with many lenses. 

Interaction networks can be mapped genetically or with proteomic methods. Biophysical 

characterization of specific partner interactions can clarify molecular mechanism of partner 

interaction. Screening methods can to identify novel interaction modulators, and site-directed 

chemical probes can used to demonstrate the importance of protein partner interaction in disease 

or biology. In this work I begin with an overview of the chemical biology toolbox for targeting 

non-catalytic cysteines residues. I apply one such tool, disulfide tethering, to two PPIs with the 

goal of broadening the PPIs which are targetable with covalent chemical probes. I then describe 

the use of cysteine-reactive molecules in understanding protein ligandability and its connection 

to protein dynamics. Finally, I study a promiscuous PPI receptor (Mac-1) to understand if 

inhibitors could be developed for specific ligands. Taken together, these data demonstrate the 

applicability of cysteine reactivity generally, and disulfide tethering specifically, to the study of 

PPIs. 
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Chapter 1 

 
COVALENT STRATEGIES AND METHODS FOR TARGETING NON-CATALYTIC 

CYSTIENE RESIDUES 
 
Contributing Authors: 
DAVID M. TURNER, JULIA L. DAVIES, CONNIE MERRON, PIERCE OGDEN, ELINE 
SIJBESMA, CHRISTIAN OTTMANN, ADAM R. RENSLO, CHRISTOPHER WILSON, 
MICHELLE R. ARKIN 
 
 
INTRODUCTION 

 

Cysteine is an underrepresented residue in protein sequence (3.3% frequency[1]) but is 

disproportionately involved in protein function, with >50% of cysteine residues being solvent 

exposed and implicated in a myriad of biochemical processes[2]. Cysteine serves as the reactive 

nucleophile in many hydrolases (such as cysteine proteases) and can mediate redox reactions 

(e.g., protein disulfide isomerase). Oxidized forms of cysteine with sulfenic acid or nitrosothiol 

functionality are increasingly appreciated as playing a role in cellular signaling, and this suggests 

the possibility of targeting such oxidized forms with specific small molecules[3-4]. Finally, 

disulfide bond formation between two cysteine residues has been long recognized as contributing 

to protein tertiary structure.  Taken together, these features make cysteine an attractive target for 

modification by small molecules. 

The concept behind covalent modification of cysteine residues is schematized in Figure 

1.  An initial non-covalent complex (E*I) positions the electrophilic group within range of the 

nucleophilic thiol moiety and facilitates bond formation (k2).  For truly irreversible inhibitors, 

the resulting covalent complex (E-I) remains intact; however, for reversible electrophiles (e.g. 

disulfides), the ligand-bound complex dissociates (k-2) over time to reform the initial non-

covalent complex (E*I).  Thus, cysteine-modifying drugs rely on two binding interactions – 
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covalent and non-covalent – that can be independently and iteratively optimized to obtain the 

necessary selectivity and potency to be useful chemical probes or drug leads. 

Cysteine-modifying compounds have been directed at both catalytic and non-catalytic 

residues. Modifying catalytic cysteines, such as those found in deubiquitinases and caspases, has 

an obvious impact on enzyme function. However, catalytic residues in enzyme active sites are 

generally highly conserved within families, and isoform selectivity can be difficult to achieve. 

Non-catalytic cysteines are generally less conserved, making them attractive for selective target 

modulation. Chemical proteomic studies employing activity-based probes has identified various 

reactive, functional, and non-catalytic cysteine residues whose functions could be probed and 

modulated with drug-like covalent molecules.  These studies have revealed that inherent thiol 

reactivity spans six orders of magnitude[5], an observation that is germane in any effort to 

develop highly selective cysteine-targeted compounds.   

 As appreciation for the targetable nature of cysteine residues has grown, covalent 

approaches to drug discovery are resurgent. However, covalent pharmacology inevitably raises 

the concern that reactive drugs or drug metabolites can induce organ damage or evoke an 

immune response through off-target protein binding[6-7].  A related concern is that an 

Figure 1: Schematic of Covalent Enzyme Inhibition. An initial non-covalent binding event brings the cysteine 
sulfhydryl group in proximity to the warhead X, driving covalent bond formation. The covalent bond can be 
irreversible (e.g vinyl sulfonamide), where k-2 is zero, reversible (e.g. another sulfhydryl group) where k-2 
depends on reaction conditions or reversible covalent (e.g. cyanoacrylamide), where k-2 depends on warhead 
reactivity. 
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electrophilic drug can be rapidly inactivated and eliminated via reaction with native nucleophiles 

(e.g. GSH)[6, 8]. These arguments are often countered by noting that many safe and well 

tolerated drugs in use for decades, such as aspirin and penicillin, act via covalent modification of 

their targets[9-10] and that the intentional targeting of nucleophilic sites with appropriately tuned 

electrophiles can mitigate the risk of covalent pharmacology. Giving appropriate attention to 

these potential issues is likely a factor in the recent clinical successes of covalent drug 

candidates[11]. 

 Taking the advantages and challenges into account, the design of selective cysteine-

modifying molecules as drug leads or as chemical probes for biomolecules has proven an 

attractive approach for the following distinct applications: 

 (1) Lead optimization.  Covalent pharmacology can enhance potency and selectivity of 

lead compounds, most compellingly by increasing target residence time. Covalent pharmacology 

is typically  associated with ‘durable’ target inhibition in vivo, and  often very different 

pharmacokinetic/pharmacodynamics (PK/PD) relationships as compared to drugs exhibiting 

reversible, fast-off inhibition kinetics[6]. Selectivity for protein isoforms containing the targeted 

residue is another benefit of this approach for lead optimization. Nearly any cysteine proximal to 

a known drug-binding site is a potential candidate.  Knowledge of the structure, to support 

computational-guided design of the cysteine-reactive analog, is also highly desirable. 

 (2) Chemical handles to identify new lead scaffolds. In targets where structural data 

indicates a binding pocket is available near a solvent-exposed cysteine, screening libraries of 

diverse molecules containing a cysteine-reactive moiety is an effective strategy for lead 

discovery. Computational approaches help triage promising target sites and identify scaffolds 

around which to build electrophile libraries for screening. One particularly interesting application 
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for new drug discovery is targeting cysteine mutations found in oncogenic proteins; cysteine 

reactive molecules could first validate the function of these mutations in disease, then serve as 

lead compounds for therapeutic development.   

Figure 2: Deriving Covalent Inhibitors from Known Scaffolds. A-B) Non-covalent 1st generation EGFR 
inhibitor Gefitinib (purple) overlayed with covalent 2rd generation inhibitor Afatinib (white). T790, the eventual 
site of resistancemutation, is drawn. B-C) Telaprevir (purple) overlayed with covalent derivative Compound 3 
(white) which binds to conserved Cys159. E-F) Natural product Hypothemycin bound to ERK2 and synthetic 
drug candidate E6201. 
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 (3) Site-specific study of protein allostery, dynamics, and structure-function relationships.  

Native or engineered surface cysteines can be used to find molecules that bind at known sites of 

allosteric regulation, or can uncover previously undetected (‘cryptic’) binding pockets. 

1. Improving drug properties for known scaffolds 

Kinases 

 It is startling to recall that twenty-five years ago, kinases were considered ‘undruggable’ 

targets.  The central importance of kinases and the high structural homology within the family 

suggested that imperfect selectivity would lead to unacceptable levels of toxicity.  Through the 

creative efforts of many laboratories, kinase inhibitors are now a well-established class of cancer 

therapeutics.  However, the development of drug resistance during kinases inhibitor therapy is 

also common.  First-generation inhibitors of epidermal growth factor receptor (EGFR) were 

effective in treating certain subtypes of lung carcinoma, but a mutation in the gatekeeper residue 

(T790M) resulted in a steric clash in the binding site (Figure 2A) ultimately leading to clinical 

relapse[12-13]. Walter and colleagues demonstrated that EGFR Cys797, which sits at the edge of 

the ATP-binding pocket and is present in just 2% of kinases, could be targeted to improve 

potency and recover function in the presence of T790M[14]. Selectively targeting a rare cysteine 

to increase drug residence time was expected to result in an improved clinical outcome (Figure 

2A, B). However, the effectiveness of second-generation EGFR inhibitors was limited by on-

target toxicity, since the drugs inhibited both mutant and WT EGFR[15-16]. To selectively target 

oncogenic T790M EGFR, the 1st and 2nd generation quinazoline scaffold was replaced by other 

heterocyclic scaffolds into which an acrylamide electrophile could be readily introduced[17]. 

Several pyrimidine-based molecules were identified that exhibited 30 to 100-fold selectivity for 

T790M over WT EGFR. Two of these pyrimidines, Osimertinib (Phase 1/2)[18] and Rociletinib 
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(Phase 2/3) [19], are now in advanced clinical trials for treatment of non-small-cell lung cancer 

and are showing promising effects in patients[20-21]. The search for the next generation of 

covalent EGFR inhibitors continues, guided by rational design and lessons learned from the 

clinic[22].  

 As these examples illustrate, the Michael reaction between cysteine thiol as nucleophile 

and an alpha-beta unsaturated carbonyl (e.g. acrylamide) has figured prominently in the  

design of covalent kinase inhibitors. Michael ‘acceptors’ are attractive for these applications 

because their reactivity can be tuned by changing the nature of the electron-withdrawing 

carbonyl (or related) function and/or by altering the steric environment surrounding the 

electrophilic beta carbon atom.   

 The early success of covalent EGFR inhibitors motivated use of the approach in many 

other kinases.  Ibrutinib, which received a breakthrough drug designation in 2013 for mantle cell 

lymphoma, del17p chronic lymphocytic leukemia and Waldenström's macroglobulinemia[23], 

contains an acrylamide warhead that irreversibly modifies Cys481 in Bruton’s tyrosine kinase 

(BTK). Ibrutinib’s scaffold was identified in a screen and was prioritized because it showed 

selectivity for a small group of Tec and Src-family kinases. Sequence comparison and structural 

homology modeling suggested that BTK contained a nucleophilic cysteine in the position 

analogous to Cys797 in EGFR[24]. This observation motivated a structure-guided medicinal 

chemistry effort that sampled three potential Michael acceptors – propiolamide, vinyl 

sulfonamide, and acrylamide – and found the last had the best activity (0.5 nM against BTK) and 

selectivity profile. 

 The Janus kinase (JAK) family have >80% amino acid identity in their ATP-binding site, 

exemplifying the kinase selectivity problem. Because of their importance to cytokine signaling 
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pathways and potential as autoimmune disease therapeutics, many pan-JAK inhibitors have been 

described[25]. However, no reversible, isoform-specific inhibitors exist. JAK3 is the only JAK 

that contains a cysteine (Cys909) at the EGFR and BTK site, and was therefore targeted with 

tricyclic JAK inhibitors that included a terminal electrophile designed to irreversibly react with 

JAK3 Cys909[26]. These compounds inhibit JAK3 with <100 nM potency in cells and 

selectively ablate JAK3-dependent signaling pathways, with little to no JAK2 activity up to 

50uM. However, Goedken and colleagues report poor pharmacokinetic profiles for these JAK3 

compounds[26], and more optimization is necessary before JAK3 inhibitors catch up to their 

EGFR or BTK counterparts. 

      As it happens, covalent kinase inhibition is not solely a product of human ingenuity. The 

fungal natural product hypothemycin[27] and related macrocycles[28] are known to covalently 

inhibit a subset of human kinases with a cysteine preceding the kinase DXG motif (Figure 

2C,D).  These so-called CDXG kinases comprise 48 of 518 human kinases and include important 

cancer drug targets such as MEK, ERK, PDGFR, VEGFR2, and FLT3[29-30].  The macrocyclic 

structure of these compounds contains a cis-enone that serves as the cysteine-reactive moiety.  

The epoxide present in some family members is remarkably unreactive due to a macrocyclic 

conformation that blocks the approach of would-be nucleophiles.  The wholly synthetic drug 

candidate E6201, described as a dual MEK1 and FLT3 inhibitor, is in early clinical trials for 

advanced hematologic malignancies with documented FLT3 mutation[31].The pharmacokinetics 

of E6201 in preclinical species and in humans is characterized by moderate to high distribution 

but rapid clearance[32], which might be regarded as an ideal PK profile for a drug exhibiting 

covalent pharmacology.    
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Beyond Kinases 

 These kinase examples illustrate a general principle:  if a non-covalent scaffold for a 

target pocket is already available, adding a suitably positioned electrophilic group to form a 

covalent bond with a nearby cysteine residue provides large gains in potency. To achieve this, 

analogs of the inhibitor are prepared in which an electrophilic function, typically a Michael 

acceptor, is placed in a position and orientation informed by structural information about ligand 

binding, if available.  Recent studies have extended this approach to non-kinase enzymes. For 

example, in 2010 Avila Therapeutics reported selective peptidomimetic inhibitors targeting a 

cysteine in  Hepatitis C virus (HCV) protease[33]. Using sequence and structural alignment, they 

identified non-catalytic Cys159, which does not occur in human proteases but was conserved 

across all 919 HCV NS3 sequences known at the time. An acrylamide was appended to a 

scaffold based on the protease inhibitor telaprevir using a structure-guided approach, realizing 

gains in IC50 from 2,500 nM for telaprevir to 2 nM for the electrophilic analog (Figure 2E,F). 

The addition of the acrylamide also improved selectivity vs off-target mammalian proteases.  

Whereas covalent protease inhibitors targeting active-site nucleophiles are common, to our 

knowledge, HCV NS3 is the only published example where a non-catalytic cysteine was 

leveraged to develop an irreversible inhibitor. 

 Daniel et. al, recently reported a similar strategy for inhibiting histone deacetylases 

(HDACs).  The HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) was modified to 

include a covalent moiety that reacted with a conserved cysteine 5.6Å from the enzyme active 

site[34]. This dual-action inhibitor did not achieve isoform selectivity or increased potency, but 

represented an interesting example of using structure-guided design and cysteine modification to 

develop a novel drug-targeting scheme. 
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Identifying New Scaffolds 

 Incorporating cysteine reactivity into de novo drug (and probe) discovery efforts is a 

newer concept that builds on the successes described above.  This hit-discovery strategy might 

be adopted because non-covalent approaches failed to give validated chemical starting points, as 

is often the case for challenging targets like protein-protein interactions and some classes of 

proteases, or because the targeted cysteine is hypothesized to be important for the protein’s 

pathological function.   For instance, a recent survey of oncogenic mutations found that 

mutations to cysteine were 2.6-fold more likely than would be expected by chance; of the fifteen 

most commonly found cysteine mutants, fourteen were surface exposed and several were known 

to affect protein function[35].  Oncogenic cysteine mutations in the extracellular domain of 

fibroblast growth factor receptor (FGFR3), for instance, are found in 88% of mutated FGFR3, 

and have been shown to induce ligand-independent activation of the receptor through disulfide 

bond formation.  Conceptually, these mutations could be strong candidates for a cysteine-binding 

inhibitor approach. 

 Of surface-available, non-catalytic cysteines, only a subset is proximal to a site capable 

of interacting favorably with a small molecule. When structural data are available, computational 

methods for detecting potential binding pockets are therefore useful for assessing potential 

druggability.  Several programs, including FTmap[36] and WaterMap[37], exist for predicting 

binding pockets on a protein surface.  As an example, FTmap is a simple, DOCKING-based 

algorithm that scans a protein surface for propensity to bind very small organic molecules. 

Clusters of molecules indicate hotspots for ligand binding and suggest whether a tractable pocket 

is available[36]. FTMap has been applied to regions of FGFR3 near two of the known cysteine 

mutations, and the hotspot analysis suggests that residue has more of a pocket than the other[35].  
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Neither pocket was high scoring, but it is important to note that proteins have regions of 

structural flexibility, and even small changes in side chain orientation or secondary structure can 

create cryptic pockets not seen in the unbound protein structure[38]. 

Computational Library Design 

 Of equal importance to the selection of a druggable cysteine/binding site, is the selection 

of a suitable compound library to screen. As in traditional high-throughput screening, there are 

three general approaches: targeted libraries designed to bind conserved features of target class 

(e.g., kinases), diversity libraries meant for screening a wide range of targets, and virtual screens.    

 Computational methods for in silico screening of covalent small molecules have recently 

been described[39-40]. For example, virtual screening using DOCKovalent, an adaptation of 

DOCK3.6, led to experimentally validated inhibitors of the β-lactamase AmpC and kinases 

RSK2 and MSK13a[40]. In this method, a large virtual library based on commercially available 

compounds built with a range of electrophiles was evaluated and the top 1% were manually 

prioritized for experimental validation. For AmpC, a library of boronic acids was screened for 

covalent modifiers of catalytic Ser64. Six diverse hits were tested for AmpC inhibition and three 

had a Ki < 1uM. The most potent inhibitor (Ki = 40 nM) was crystalized to confirm the predicted 

docking pose. Comparisons with the original screen motivated the purchase of 7 additional 

compounds, ultimately yielding a 10 nM inhibitor with a similar binding pose. This compound 

represented a novel AmpC inhibitor with good selectivity (>104-fold) over common serine 

proteases that bind boronic acids. 

Experimental Library Design 

 Assembly of cysteine-reactive small molecule libraries for experimental screening have 

tended to use a fragment-based philosophy[41-42].  Fragment-based drug discovery (FBDD) 
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seeks to identify low molecular weight fragments (typically <300 Da) that bind with high ligand 

efficiency to sub-pockets within a binding site. An attractive feature of FBDD is the ability to 

efficiently sample chemical space with a relatively small number of compounds (often ≤ 2000 

fragments)[43]. Once fragments are identified, hits are further evolved into more complex and 

optimized leads[44-45]. Since a cysteine-reactive library generally needs to be synthesized from 

scratch, the focus on small libraries of fragment-sized molecules is appealing.  Furthermore, the 

use of covalent elements in the fragment library serves to increase the initial potency, making 

fragments easier to find in a binding- or activity-based screen.  Finally, the use of engineered or 

native cysteine residues makes these methods site-directed, allowing the chemical biologist to 

evaluate the ligandability of a given site on a protein. 

 In designing a cysteine-reactive fragment library, both the nature/reactivity of the 

electrophile and the structure of the non-covalent ‘diversity’ elements must be considered.  The 

distance between the electrophilic warhead and the diversity element is also important, since an 

effective hit must make productive interactions with the protein whilst also displaying the 

electrophile to react with the cysteine residue.  Thus, linker lengths and geometries provide 

another opportunity for diversification. The composition of the linker can also have important 

effects on the chemical reactivity of the electrophile, as described below. 

 In selecting diversity elements for a library, one can take cues from a large literature on 

fragment library design[46-47]. For instance, researchers at Astex proposed guidelines for 

constructing fragment libraries with desirable physiochemical properties[48]. This rule of thumb, 

dubbed the "Rule of three"[49] recommends a molecular weight <300 Da, number of H-bond 

acceptors ≤3, number H-bond donors ≤3, and cLogP ≤3. Further considerations include limiting 

the number of rotatable bonds to ≤3 and the polar surface area to ≤60 Å2 [50]. Another recent 



12 
 

trend favors selecting fragments with greater shape diversity, including more sp3-rich structures 

to complement the generally ‘flat’ aromatic heterocycles commonly included in fragment 

libraries. While such fragments are underrepresented in commercial libraries, they can be 

accessed through bespoke synthesis or diversity-oriented synthesis[51-52].  

 Finally, electrophilic warheads must be selected.  Electrophiles come in three flavors, 

irreversible, reversible, and reversible-covalent, which will be considered separately. 

Irreversible Warheads 

 Traditional cysteine-reactive compounds are irreversible electrophiles.  Given the wide 

range of cysteine nucleophilicity in proteins, it is desirable to include a range of electrophilic 

warheads with differing reactivity during library construction. This concept was illustrated by 

Flanagan and coworkers at Pfizer using LCMS and NMR based kinetic studies to measure thiol-

reactivity for a number of irreversible electrophiles.  This study revealed a 450-fold range in 

reaction rates, from minutes to days[53]. To further guide warhead design, computational 

methods are available to identify those electrophiles likely to exhibit undesirable non-selective 

protein reactivity[54-55].  As seen above, acrylamides are commonly used warheads, since they 

often show low rates of reaction in solution.  Non-covalent affinity for the binding site, however, 

increases the local concentration and residency time enough to allow reaction with the cysteine-

of-interest. 

      Identifying the targets and off-targets of irreversible-covalent inhibitors can be significantly 

facilitated by the covalent nature of inhibition.  In a recent example, the natural product 

hypothemycin (Figure 2F) was found to inhibit growth of the eukaryotic parasite T. brucei, the 

causative agent of Human African Trypanosomiasis (sleeping sickness).   Though the parasite 

target was unknown, Choy et al suspected a CDXG kinase, given the known reactivity of 
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hypothemycin with mammalian CDXG kinases.  They used the X-ray structure of hypothemycin 

bound to ERK2 (Figure 2D) to design a propargyl analog of hypothemycin for labeling and pull-

down applications[56]. Application of this probe to T. brucei lysates, followed by ‘click’ 

conjugation of a fluorescent dye, allowed putative protein targets to be visualized by SDS-

PAGE. Specific, ‘saturable’ binding interactions could be distinguished from non-specific 

labeling by co-incubation with hypothemycin, which competes with the probe for labeling of 

saturable (specific) targets.  The same probe was also employed for pull-down and quantitative 

MS analysis, leading to the identification of TbGSK3short and TbCLK1/2 as bona fide, saturable 

Figure 3: Applications of Disulfide Tethering. A) K-Ras G12C mutation targeted by an optimized disulfide 
tethering hit (white) B) and an irreversible inhibitor (purple) C) with nM potency. D) Caspase-1 zymogen dimer 
(monomers colored tan/purple) bound to two DICA molecules E) at Cys290. G) Caspase-7 dimer (monomer 
surface colored tan/purple) bound to two interacting copies of Compound 34 F). H) PDK1 bound to activator 
JS30 I) and inhibitor 1F8 J) at the PIF-pocket. The activator shifts the regulatory C-helix down toward the active 
site where GDP is bound (purple). 
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targets of hypothemycin in T. brucei.  The probe was then employed to demonstrate that 

hypothemycin treatment at cytotoxic concentrations fully inhibited TbCLK1 but only marginally 

inhibited TbGSK3short, suggesting that TbCLK1 was the central target  While hypothemycin 

proved to be a relatively selective electrophile in the parasite proteome, the same approach can 

be applied to identify off-targets for less selective covalent inhibitors[57].  

Reversible Warheads 

      In contrast to irreversible fragment library screening, where compounds are selected through 

a combination of kinetic trapping and binding thermodynamics, disulfide trapping (Tethering) 

uses readily reversible disulfide bonds to screen for fragments based primarily on 

thermodynamic stabilization[58]. 

 In disulfide tethering, a library of disulfide-containing fragments is assayed against a 

cysteine-containing protein under reducing conditions. Mass spectrometry or functional assays 

are used to screen for fragments that form disulfide bonds with the desired cysteine thiolate[59].  

Using reversible disulfide-exchange chemistry allows the screening assay to reach 

thermodynamic equilibrium; this equilibrium (and the stringency of the screen) is also controlled 

by the reduction potential of the buffer, which is varied based on the chemical reactivity of the 

target cysteine[60]. The library design also favors hit-selection based on non-covalent binding 

interactions; the disulfide moieties are separated from the diversity elements by 2-3 carbon 

aliphatic linkers, which serve to separate the diversity element from the reacting thiol and lend 

similar intrinsic nucleophilicity to each library member.  Disulfide hits are then developed into 

leads through replacement of the disulfide bond with electrophiles such as acrylamide, or they 

can be converted to non-covalent ligands through removal of the thiol and structure-guided 

optimization.   For example, in developing inhibitors of the interleukin-2 (IL-2)/IL-2 receptor 
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interactions, disulfide trapping identified a pharmacophore that bound in a site proximal to that 

of a known inhibitor; linking the two compounds provided a 30-fold enhancement in affinity[61]. 

Converting Reversible to Irreversible Warheads 

The GTPase K-Ras (Ki-ras2 Kirsten rat sarcoma viral oncogene homolog) is an oncogene with 

many cancer-associated activating mutations[62]. Pharmacological inhibition of K-Ras has been 

the goal of many drug discovery efforts but the target has proved mostly intractable[63]. One K-

Ras mutation, G12C, introduces a cysteine that sits proximal to the Switch-I and -II regions 

involved in K-Ras nucleotide binding. A disulfide tethering screen of 480 fragments identified 

two fragments that labeled the G12C mutant[64]. Crystal structures of K-Ras bound to an 

optimized screening hit (compound 6; Figure 3A,B) informed the replacement of the reversible 

thiol with an irreversible acrylamide. This acrylamide-containing compound bound to a 

previously unidentified allosteric pocket that formed under the switch-II pocket, stabilizing the 

inactive GDP-bound state and also disrupting the binding of effector proteins. Despite this novel 

mechanism of inhibition, the compound was ultimately incapable of engaging intracellular K-

Ras, motivating efforts to find more potent G12C-specific molecules. Wellspring Biosciences 

recently reported ARS-853 (Figure 3A,C), which was optimized through iterative structure-

guided design and crystallography[65]. ARS-853 bound to the same switch-II pocket and was 

able to ablate downstream signaling at low micromolar potency in cells. ARS-853 is the first 

reported K-Ras inhibitor to reach the potency range of a quality drug lead.  

 The K-Ras G12C mutation is also close enough to the nucleotide binding site that it can 

be used in conjunction with a GDP analog to covalently inhibit at the active site.  This approach 

yielded SML-8-73-1, a nucleotide analog that forms a stable thioether with G12C and competes 

for binding with GDP and GTP[66-67]. Though SML-8-73-1 bears two ionizable functions and 
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is cell impermeable, cell-permeable analogs were cell permeable and showed EC50 values of 25-

45 uM against three K-Ras G12C cell lines. Achieving sub-micromolar cell-based activity with a 

GDP analog will be challenging and may require a permeable prodrug strategy. Nevertheless, the 

general strategy of targeting disease-specific cysteine mutants is a novel and highly attractive 

one that might well be applied to other targets with surface-exposed cysteine mutations[35]. 

Reversible-Covalent Warheads 

 The most recent development in cysteine targeting has been the development of slowly 

reversible electrophiles.  These warheads offer the benefits of irreversible and rapidly reversible 

chemistries, while mitigating their limitations. Since slowly reversible inhibitors can be selected 

based on thermodynamic binding, it should be possible to optimize their non-covalent 

interactions with the binding site.  Additionally, reversibly covalent ligands could provide the 

high affinity and long residency time of covalent warheads while reducing the risks of 

immunogenicity arising from truly irreversible binding.  Modulating the residency time of the 

E*I complex (Figure 1) can enable on-target action in vivo long after free drug has been 

eliminated from circulation[68].  

The concept of slowly reversible electrophiles was described by Taunton and coworkers 

in 2012[69]. In this work, a Michael acceptor based on the β-cyanoacrylamide function was 

Figure 4: BTK Reversible-Covalent Cyanoacrylamide Inhibitors. The core Ibrutinib scaffold with three 
systematically substituted cyanoacrylamide warheads: 1 Me, 2 i-Pr, and 3 t-Bu. 
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found to react with cysteine thiols in a slowly reversible reaction. The labeling of C436 on the 

kinase RSK2 was evaluated with a series of congeneric pyrrolopyrimidine inhibitors bearing 

various electrophilic side chains positioned to react with C436.  Acrylate and acrylamide-based 

inhibitors showed irreversible inhibition, while the cyanoacrylamide analog exhibited reversible 

inhibition.   Interestingly, the kinetically stable covalent bond between C436 and the 

cyanoacrylamide inhibitor was rapidly broken upon unfolding of the kinase domain of RSK2 

with detergent. This result revealed that non-covalent interactions between the inhibitor and 

surrounding residues of the binding site served to stabilize the covalent adduct.  

 The reversible-covalent reactivity of cyanoacrylamides motivated a subsequent effort by 

the same group to explore tuning of target residence time via systematic modifications to the 

cyanoacylamide warhead[70]. In this work, Bradshaw et al. targeted C481 in BTK, the same 

cysteine targeted by the irreversible acrylamide Ibrutinib. Unlike C436 in RSK2, C481 in BTK 

lies outside the immediate confines of the ATP binding site. Accessing this surface-exposed 

residue thus necessitated the introduction of a piperidine spacer between the hinge-binding 

pyrazolopyrimidine core and the cyanoacrylamide.  Additionally, the cyanoacrylamide warhead 

in the BTK inhibitor was ‘reversed’, with the linkage forged via the amide function of the 

cyanoacrylamide rather than at the beta carbon as in the RSK2 inhibitors. Thus, structure-based 

design was crucial in successfully engaging cysteines C436 and C481 in RSK2 and BTK, 

respectively. 

 In addition to optimally presenting the cyanoacrylamide for reaction with C481 in BTK, 

reversal of the warhead allowed the kinetics of cysteine engagement to be altered via 

introduction of various substituents at the electrophilic beta carbon. Increasing the steric 

demands of this substituent correlated with increasing target residence time; 20 hours after 
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removing unbound compound, ~60% of the t-Bu compound was still bound to BTK (Figure 4, 

compound 3), compared to ~30% for i-Pr (2) and ~10% for the Me-containing compound (1).  

Further exploration of diverse beta substituents led to a series of inhibitors exhibiting a range of 

target residence times, from minutes to several days.  Importantly, the intrinsic potency of these 

inhibitors in biochemical assays was not correlated with the durability of target engagement, 

highlighting the potential of this approach to enable separate optimization of potency and target 

residence times to meet the requirements of a specific therapeutic application.  

One of the most promising BTK inhibitors exhibited a residence time of >1 week in vitro was 

tested for kinase selectivity across a panel of kinases. Only 6 of 254 tested kinases were inhibited 

>90% at 1 M, and each of these sensitive kinases possessed the analogous C481.  Importantly, 

other C481 kinases, including EGFR and JAK3 that were regarded as possible off-targets, were 

relatively unaffected (IC50 > 3 uM). Finally, this compound was evaluated for BTK inhibition in 

vivo and was found to retain target engagement >24 hours after oral dosing, by which time free 

inhibitor had been cleared from circulation. Overall, the tunability of reversible-covalent 

warheads and the corresponding benefits in terms of selectivity and in vivo PD properties make a 

convincing case for the wider application of this approach in drug discovery[70]. 

Exploring Allostery 

      Cysteine-targeted agents have also served as chemical-biology tools to explore protein 

conformation and allostery.  Conformational changes, e.g., caused by posttranslational 

modification, protein-protein interactions, and the binding of signaling molecules, play a critical 

role in protein function.  Designing molecules that affect a specific protein state could make for 

highly selective drugs.  However, compounds that act at allosteric sites on proteins are often 

found serendipitously. Allosteric sites can also be cryptic sites, in that they are not apparent in 
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crystal structures of the unbound protein and are therefore difficult to discover and model 

computationally.  On the other hand, some cryptic sites might not bind endogenous ligands, yet 

might have nascent allosteric potential that synthetic ligands could harness.  For these reasons, 

predicting and evaluating the functional relevance of cryptic sites are active areas of research, 

and the potential to pro-actively identify and target allosteric and/or cryptic sites remains an 

important challenge for structure-based drug discovery. 

Native Cysteine Residues 

      In the case of caspases, disulfide trapping identified a previously unknown allosteric site.  

Caspase-7 is a dimeric cysteine protease and a potent effector of cell death by apoptosis.  The 

enzyme is expressed as an inactive dimeric zymogen that is cleaved under apoptotic conditions 

to the active form; a series of loop movements causes a significant change in the overall 

conformation of the active sites and the dimer interface.  Disulfide Tethering identified two 

compounds called FICA and DICA (Figure 3E,G) that bound selectively to the Cys290 residue at 

the dimer interface and stabilized a zymogen-like, inactive conformation of the ‘active’ caspase-

7[71].  Caspase-1, a caspase involved in pro-inflammatory processes, was also found to have a 

cysteine residue (Cys331) at the dimer interface that could be targeted by a disulfide-containing 

compound[72].  Each of these disulfide-trapped compounds bound with two molecules tethered 

to symmetry-related cysteines at the interface, but the compounds bound with different 

orientations; for instance, compound 34 made compound-compound interactions in the caspase-1 

site, while 2 DICA molecules did not interact (Figure 3D).  For both proteins, analysis of the 

structures of the compound-trapped inactive state and the active conformation uncovered an 

allosteric network over the 15A between the allosteric site and the enzyme active site[73-74].  In 
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an interesting and potentially generalizable application, compound 34-bound caspase-1 was used 

to select anti-caspase-1 antibodies that preferentially bound to the inactive conformation[75].  

3.2. Engineered Cysteine Residues 

      Naturally, many allosteric or cryptic sites will not have native cysteine residues nearby.  In 

these cases, engineering cysteine residues and probing them with cysteine-reactive compounds 

can provide deep insight into protein structure and dynamics.  The surface of the protein 

hormone IL-2 was probed with a series of cysteine residues followed by disulfide trapping.  IL-2 

is a four-helix bundle that binds to a trimeric receptor.  Eleven cysteine mutations were made, 

one-at-a-time, along the surface of the alpha-chain binding site of IL-2 [38].  This face of IL-2 

was found to be amphiphilic, with one side being hydrophilic, flat, and structurally stable, while 

the other side was more hydrophobic and structurally dynamic.  Disulfide screening identified 

many more compounds that bound to the dynamic portion of the interface, in some cases 

trapping conformations not seen in structures of the apo protein, including conformations 

induced by the binding of ligands at other locations on the surface of IL-2.  Thus, protein-protein 

interfaces can have regions of structural adaptivity, which might have a role in binding multiple 

protein partners[76] and/or may be exploited by small-molecule ligands[38, 77]. 

      Protein-protein interactions can also allosterically regulate enzyme activity, as is the case 

with different classes of kinases.  The AGC kinases, for instance, have a common allosteric site 

in the N-lobe of the kinase domain, where substrate proteins or regulatory domains of the kinase 

itself can bind[78].  Binding to this allosteric site co-localizes the substrate and enzyme and also 

allosterically activates catalysis by positioning the regulatory ‘C helix’ into an active position.  

The AGC kinase PDK1 is a well-studied example of this allosteric regulation, and multiple 

small-molecule modulators that bind to the allosteric site have been designed.  Cysteine 
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mutagenesis followed by disulfide trapping identified several compounds that allosterically 

activated or inhibited kinase activity[79].  Importantly, both inhibitors and activators could be 

selected at the same cysteine residue; hence, the details of the non-covalent binding interactions 

and molecular shape determined allosteric outcome, not structural changes in the protein due to 

cysteine mutagenesis per se.  X-ray structures of an activator and inhibitor bound to PDK1 

(Figure 3H) highlighted the mechanism of allostery; the smaller compound (Figure 3J) stabilized 

a conformation in which the regulatory C helix was pulled away from the active site, while the 

larger compound (Figure 3I) pushed the C-helix down and into the active conformation[79]. 

These studies underscore the subtlety between binding and allostery that makes small-molecule 

design of allosteric modulators both fascinating and complicated. 

      Bishop and coworkers have taken a protein engineering approach to develop selective 

allosteric inhibitors of protein tyrosine phosphatase (PTP) enzymes[80]. This important class of 

signaling enzymes has encountered significant challenges for drug discovery, given the similarity 

of the active site across the family and the challenge with obtaining cell-permeable active-site 

inhibitors.  The Bishop lab found that the PTP Shp2 is sensitive to inhibition by the cysteine-

reactive dye FLAsH, which binds to 2-, 3-, or 4 cysteine residues.  They identified two nearby 

cysteine residues, Cys333 and Cys367 that are buried in the apo-structure of Shp2, but become 

surface accessible in the presence of FLAsH [80].  Cys333 is unique to Shp2 among PTPs, 

potentially providing a novel therapeutic strategy for targeting Shp2. However, FLAsH itself did 

not bind tightly enough to wild type Shp2 to bind selectively in cell lysates, so the investigators 

engineered an additional Cys368 to provide trivalent coordination of FLAsH[81].  Intriguingly, 

they were able to create similar allosteric sites by engineering cysteine residues at the analogous 
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position in several PTPs.  Thus, they discovered a novel, cryptic allosteric site that can be used to 

probe the functions of specific PTPs in cells.  

      Cysteine mutagenesis/reactivity has also been used to experimentally validate potential 

hidden/cryptic allosteric sites identified computationally.  Bowman, et al. utilized a Markov state 

model that evaluates protein structural changes on the microsecond to millisecond timescale[82].  

Using a drug-resistant mutant of TEM-1 beta-lactamase as a model system, they collected an 

ensemble of protein structures and looked for transient pockets that a) were fragment-to-lead 

sized, b) correlated with motions at the active site, and c) included residues that changed from 

buried to surface-exposed upon pocket formation. They then mutated these residues to cysteine 

and used the thiol-detection reagent 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) to demonstrate 

that they could be labeled.  The rate of DTNB reaction with cysteine mutants supported the 

hypothesis that pockets opened and closed transiently.  In three cases, TNB-labeled enzyme had 

a reduced catalytic efficiency, suggesting that trapping these pockets did have an allosteric effect 

on the active site.  The authors envisaged a pipeline in which cryptic pockets would be identified 

computationally, then validated through cysteine mutation and screening with cysteine-reactive 

libraries.  Structure-guided design could then be used to optimize the compounds so that they 

allosterically inhibit the non-cysteine containing protein.  

 

CONCLUSION 

 The post-translational modification (PTM) of reactive amino acid side chains is well 

recognized as an essential mechanism by which biology regulates cell signaling, protein 

structure, and the epigenetic control of gene expression.  The various examples and approaches 

to cysteine modification described herein might be considered as examples of unnatural PTM 
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leveraging the vastly greater access to chemical space enabled by synthetic organic chemistry.   

While chemical biologists and drug discovery scientists have yet to equal the exquisite 

selectivity of biochemical PTM, structure-guided design and ever improving computational tools 

for predicting chemical reactivity and ligand binding portend a bright future for cysteine-reactive 

small molecules in chemical biology and drug discovery.  
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INTRODUCTION 

 

The last decade has seen an increase in the development of covalent inhibitors as 

potential therapeutic agents.  This interest has been driven by an appreciation of the advantages 

of covalent mechanisms of inhibition[1,2], including the ability to overcome resistance, such as 

in EGFR gatekeeping mutations[3], the opportunity to increase affinity for otherwise 

‘undruggable’ targets, and distinct pharmacokinetic properties due to very long target-residency 

times[4-5].  A barrier to the pursuit of such compounds has been the perception that electrophilic 

drugs present greater risk due to nonspecific binding to off-targets, formation of reactive 

metabolites, or rapid inactivation by reaction with glutathione or other endogenous 

nucleophiles[6-8]. However, the design and synthesis of covalent inhibitors, particularly 

targeting cysteine residues, has proven an effective discovery approach for select targets and 

therapeutic areas[9]. Furthermore, covalent inhibitors have been used as chemical probes of 

proteins with native or engineered cysteine residues.  These success stories have utilized 

reversible adduct formation, such as disulfides[10] and cyanoacrylamides [11], or irreversible 

electrophiles [12-14].  

As interest in covalent drug discovery has grown, so have analytical techniques to screen 

for adduct formation, as well as chemical methodologies to prepare disulfide-based and 

electrophilic compound libraries [12, 15-16].  Despite these improvements, the largest reported 
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screen of an electrophile library involved just 1000 compounds [13], similar in size to the UCSF 

Small Molecule Discovery Center (SMDC) 1600-member disulfide-fragment library (Appendix 

Fig 1). Library sizes reflect several challenges inherent to the goal of discovering selective 

covalent inhibitors. Adduct-forming libraries are generally custom synthesized to normalize 

chemical reactivity and optimize structural diversity[12, 14-16].  Ideally, covalent ligand binding 

involves initial non-covalent recognition of the protein surface, followed by reaction with a 

proximal nucleophilic residue on the protein.  If a compound is too reactive, binding is 

dominated by the energetics of covalent bond formation and is insensitive to molecular 

recognition (such chemotypes are unfortunately ubiquitous in many HTS libraries, and act as 

“pan assay interference compounds”, or PAINS) [17].  At the same time, small changes to 

compound structure can impact chemical reactivity through electronic or steric effects, obscuring 

underlying structure-activity relationships that derive from molecular recognition of the target.  

Well-designed libraries therefore seek to normalize reactivity, either by selecting electrophiles 

with lower functional-group sensitivity [14] or by separating the diverse structure elements from 

the reactive group using linkers [10].  The design of covalent compound libraries and the 

development of effective covalent screening conditions must therefore control for the differing 

reactivity of screening compounds, and/or include counter-screens to establish selectivity [2].   

When identifying covalent ligands is the goal, it is reasonable for the primary screen to 

detect the formation of a covalent bond, with secondary screens for biochemical and cellular 

activity. Methods for measuring covalent protein modification are usually based on liquid-

chromatography mass spectrometry (LC/MS), analyzing either intact protein or proteolytic 

peptides (LC/MS/MS). The chromatographic step in tandem MS generally takes > 10 minutes 
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and is therefore incompatible with demands of high-throughput screening (HTS), where seconds 

per sample is ideal. Intact protein detection has been reported at ~3min/sample in LC formats 

that take advantage of Ultra-Pressure Liquid Chromatography (UPLC) [18] and as quickly as 1.5 

min/sample at high concentrations (> 10 uM) with flow-injection analysis [19]. Solid-phase 

extraction MS (SPE-MS) has been shown to be a viable alternative to LC/MS with reported 

Figure 1. Liquid chromatography/mass spectrometry 
(LC/MS) screening workflow. (A) Examples of structures 
from the tethering library.15,16 (B) Labeling reaction 
scheme. Target protein, β-mercaptoethanol (βME), and 
various fragments (black square) are mixed in individual 
wells of a 384-well plate and incubated until equilibrium. 
(C) Rapid ultra-pressure liquid chromatography (UPLC) 
desalting, time-of-flight (TOF) detection, and m/z 
deconvolution identify unlabeled, βME-capped, and 
fragment-bound protein species. (D) Detected species are 
checked for expected fragment adduct formation and 
plotted as a percentage of protein that is fragment bound. 
Results are checked for data quality and uploaded to an 
internal database where hits are selected for follow-up. 



33 
 

speeds of 20s/sample [13].  While fast, SPE-MS does not allow fractionation of complex samples 

through chromatography.  Typically, only the expected masses – rather than a full spectrum – are 

recorded, which can lead to false positives for noisy spectra and loss of information about 

multiple adduct formation [13]. Finally, SPE-MS is a relatively insensitive MS method, using 

high ng/low µg amounts of protein/injection; screening is therefore done with micromolar 

concentrations of protein, limiting the ability to distinguish high-affinity binders and measure 

apparent binding affinities. 

In 2013, the intact protein LC/MS methods in the SMDC functioned in a 96-well format 

with a 360s/sample chromatographic cycle time. The library was formatted into 20 plates, 

requiring 10 overnight runs to complete data collection. Semi-automated processing and manual 

QC added additional researcher time, for a total of 135 hours of instrument time and 10 hours of 

data inspection time. To address the LC/MS limitations to collecting high-throughput tethering 

screens, the SMDC purchased an Acquity/Xevo G2S (Waters). Here, we report the optimization 

of our intact protein LC/MS method for the rapid (84 sec/sample) screening of covalent small 

molecules using a custom 1600 compound library of disulfide–bearing fragments. We achieve a 

totally screening time of 40 hours (3.5-fold faster) and incorporate automated data processing, 

QC, and database storage. While our method remains 4-fold slower than available SPE-MS 

methods [13], our approach takes advantage of efficient UPLC desalting to inject less sample. 

For an example 19.5 kDa protein, Campuzano and colleagues’ SPE-MS method has detection 

limits of 40 ng and screening injections of 400 ng (10 μL of 2 μM). Across 31 proteins of various 

molecular weights (MW), our method has detection limits of 0.2-20 ng, with screening injections 

of 12-120 ng (6μL of 100-500 nM). This enables screening of our library, including assay 
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development, with as little as 20 µg of purified protein. We have applied the method to a range 

of protein classes, collecting high-quality spectra at a speed capable of sustainably screening 

1000 compounds/day.  Custom pipelines facilitate data processing and analysis. Since this 

method uses commonly available equipment, has low protein consumption, and is analyzed with 

publicly available computational tools, it can be readily adopted in other laboratories. 

 

Results & Discussion 

 

Tethering screening technology 

Figure 2. Liquid chromatography/mass spectrometry (LC/MS) data and processing. (A) Total ion count trace of 
liquid chromatography step. Flow before 0.6 min and after 0.9 min is diverted to waste with Xevo G2S fluidics. 
(B) The peak corresponding to protein ions (0.78–0.84 min) is combined, background subtracted, and reported as 
m/z. (C) MaxEnt (maximum entropy) deconvolution of the m/z charge spectrum identifies the masses present in 
a sample containing unlabeled protein. (D) MaxEnt spectrum deconvoluted from m/z shown in (B) of a reaction 
containing β-mercaptoethanol (βME) and screening compound, noting adduct formations. 
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Figure 1 describes the Tethering screening methodology.  Library compounds are built 

from structurally diverse fragment moieties (commonly < 200 Da), joined via amides, 1,2,3-

triazoles, or other more extended linkers to a common aliphatic disulfide terminated with a basic 

amine to afford good solubility (Fig 1A).  The common aliphatic disulfide moiety roughly 

normalizes library members’ intrinsic reactivity in disulfide exchange reactions.  Fragments are 

mixed with proteins containing native or engineered disulfides under conditions (pH, reduction 

potential) that favor thiolate-disulfide exchange.  Once equilibrium is reached, the reaction 

mixture is injected onto a UPLC/MS system; UPLC offers partial purification and ESI-TOF 

mass spectrometry allows determination of protein and protein+adduct masses. Sample data are 

provided in Figure 2. 

Method Optimization 

The UPLC step was optimized for speed, signal/noise, and consistency by varying 

solvent flow rate (0.2-1.0 mL/min), column chemistry (C4, C8, C18), and elution strategy. A 0.4 

mL/min flow over a 50 mm C4 column with a rapid (10s) gradient provided the fastest desalting 

which still afforded separation of proteins from post-elution noise (Fig 2A). A second 'wash' 

elution immediately followed the detected gradient to reduce carry-over of compounds and 

proteins on the C4 column (Appendix Fig 2). Flow diversion to waste before 0.3 min and after 

0.9 min minimized contamination of the Xevo ion source. 

We optimized the Xevo G2 LC/MS ionization conditions for detection of various proteins 

between 500-5000 m/z. Varying cone voltage (80-200 V), desolvation temperature (350-650 °C), 

the source capillary proximity to the cone, and angle toward the cone led us to the settings 

described in the Materials & Methods. We then performed a limit of detection (LOD) test on a 

series of proteins with varying molecular weight, without modifying the experimental or analysis 
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parameters (Fig 3A). LOD was defined as the lowest concentration at which a given sample 

could be successfully processed in the data analysis pipeline; LOD values varied from 5-10 nM 

(ca. 1-5 ng per 6 ul injection; 12 proteins) to 250 nM (5 proteins).  Representative 

chromatograms, m/z spectra and deconvoluted masses from a range of protein classes and MW 

are shown in Fig 3B-E. 

Assay Development 

Assay development for screens followed a 3-step process. First, protein concentration 

was selected to be 2-fold LOD. For example, various cysteine mutants of adapter protein 14-3-3σ 

have detection limits of 10-50 nM (0.2-2.5 ng; Fig 3), and we selected a screening concentration 

of 100 nM. Second, tethering constructs were probed for reactivity with a titration of β-

mercaptoethanol (βME), a thiol capable of forming a disulfide with an available cysteine 

thiolate, to confirm solvent accessibility and chemical reactivity of the target cysteine [10]. 

Screens were run from 100-1000 uM βME, and screening conditions were selected where a 

minor βME peak (ca. 20%) was present. Higher βME concentration resulted in a more stringent 

screen by providing competitor and increasing reduction potential of the mixture; selecting an 

appropriate screening concentration allowed tuning of the signal/noise and hit-rate. Notably, 

some cysteines showed no βME labeling during assay development but resulted in normal 

screening datasets.  
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Figure 3. Liquid chromatography/mass spectrometry (LC/MS) data across molecular weight (MW) and class. 
(A) Limit of detection studies. Using a 5-μL injection for a wide range of protein samples, the limit of detection 
ranged from 5 to 250 nM for our recombinant samples and a suite of controls (Sigma). (B) A low MW target, 
caspase-6, is a tetramer containing small and large subunits, which are resolved by MaxEnt1. (C) An 
intermediate MW target, the I-domain of Mac1 is a 22.7-kDa monomeric ligand-binding domain. (D) A higher 
MW target, ATG4B, is a monomeric cysteine protease. (E) A high MW target, P97, is a hexameric AAA+ 
ATPase that ionizes as an 89.5-kDa monomer. For each example protein, the left panel m/z spectrum is 
combined from the inset LC chromatogram, and the corresponding MaxEnt1 deconvolution is shown in the right 
panel, along with the amount injected and the theoretical and calculated mass. 
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As previously shown [10], disulfide labeling assays are thermodynamically (vs kinetically) 

controlled, balancing chemical reactivity with specific small-molecule/protein interactions. One 

benefit of directly injecting the biochemical reaction (vs methods requiring sample pre-

processing) is access to time-course and washout experiments to test labeling equilibrium and 

reversibility. For example, by repeated injection of 2 µL from the same well containing a 100 µL 

reaction of 100 µM compound, 100 nM 14-3-3σ and buffer, the reaction reached equilibrium in 5 

minutes and remained stable for 45 minutes (Appendix Fig 6). An aliquot was then diluted 1000-

fold with reaction buffer and assayed to confirm reversibility. Typically, the stability of the target 

at selected protein and βME concentration was tested by incubation at room temperature for 1-3 

hours before analysis. A time was selected where the signal intensity was stable and no change in 

signal or % βME labeling was observed, indicating thermodynamic equilibrium.  

Primary Screening 

The library of 1,600 disulfide fragments was stored in 384-well format in DMSO at 50 

mM. 30 nL of the compound library was pinned into a reaction mixture of protein diluted into 20 

mM TRIS or Ammonium Acetate pH ≥8.0, the high pH chosen to increase the concentration of 

thiolate and therefore facilitate thiolate/disulfide exchange. The exchange reaction was incubated 

until reaching equilibrium (1-3 hours) before beginning analysis. 

The Acquity UPLC was equilibrated at initial conditions until ΔPSI over one minute was 

≤1% of total system PSI (2-3 minutes) before beginning injections. Two plates of 320 

compounds were queued simultaneously, with water in the first two and last two columns. Four 

dummy injections of HPLC-grade H2O were included to remove impurities in the UPLC before 

injections. The experiment cycle time was 84 seconds, a rate that allowed us to complete two 

384-well plates overnight (15 hours) and was sustainable over long periods of use. Initial tests 
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achieved tractable MS datasets with cycle times as fast as 50 seconds/sample but suffered from 

column pressure buildup and salt residue deposits on the ion source, leading us to extend cycle 

time to decrease maintenance requirements. The speed of the LC step relies on minimizing the 

amount of labeling reaction injected per sample. Injecting more than 2-fold the LOD of a target 

protein leads to detectable carry-over between samples. Conversely, screening too close to the 

LOD results in low signal/noise and increases the false positive rate from compound ion-

suppression. We find that 2-fold LOD allows for rapid, sustainable LC desalting. In 24 months of 

operation at 84 seconds/sample, we performed 184,301 injections over 6317 hours of 

experimental time, consuming 134 L of mobile phase. Including idle time, regular maintenance, 

and intermittent instrument repair, these values translated to 8.75 hours, 251 experiments and 

0.18 L of solvent per day for two years.  During this time, we performed screens of several target 

Figure 4. Data set analysis. (A) A typical data set with each of the 1600 screening compounds plotted to 
compare signal significance of each sample versus its calculated percent bound. The horizontal dotted line is 
drawn at 3 standard deviations above the mean percent bound. The horizontal line is drawn at an arbitrary cutoff 
for low-quality samples determined by manual inspecting the data. (B) MaxEnt spectrum for a sample (green 
box) with medium signal significance (<10), where adduct formation and calculated percent bound are well 
correlated. (C) MaxEnt spectrum for a sample (red box) with low signal significance (<5) where high noise has 
artificially inflated the percent bound value. 
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proteins; representative screens are shown in Table 1. The method was broadly applicable and 

agnostic to target class or construct size. While we have not attempted to screen a protein >50 

kDa, the method detected proteins ranging from 8-90 kDa (Fig 3). 

 

Table 1. Screening Outcomes Across Representative Targets 
 
Target Protein Protein 

Class 
Protein Mass 

(kda) 
Engineered/Native  Hit rate  

(>3sigma) 
ATG4B Protease 44.5 Native 0.1 % 
   Nativea 1.4 % 

   Engineered 1.5 % 
Lfa-1 Integrin, I-domain 21.0 Engineeredb 1.8 % 
   Engineeredb 1.6 % 

Mac-1 Integrin, I-domain 22.8 Engineeredb 2.6 % 
   Engineeredb 2.3 % 

LRH-1c,d Nuclear Receptor 28.3 Native 0.7 % 
Target 1 Ubiquitin Ligase 8.78  Native 1.4 % 
Target 2 Kinase 19.3 Native 0.4 % 

Target 3c 
Kinase 37.3 Engineered 0.6 % 

14-3-3σ Adapter Protein 26.5 Native 1.8 % 

   Engineeredb 2.8 % 

   Engineeredb 2.7 % 

aScreened in the presence of a protein partnerbCys-mutants targeting the same pocket on 
respective target 
cScreened 1280/1600 compounds 
dReference 25 
 
 

 

Data Processing 

Raw screening data were processed with Waters OpenLynx program, software designed 

to apply a single Waters algorithm across large datasets. M/z data were combined across the total 

ion count (TIC) peak, subtracted, and analyzed with MaxEnt 1, a maximum entropy algorithm 
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for deconvoluting intact protein mass (Fig 2, 3). These data were reported as mass vs %, in .rpt 

format.  

Due to the volume of data and the varying quality of individual spectra, we developed a 

high-throughput analysis algorithm to quantify adduct formation.  OpenLynx output files were 

read and processed using a custom Pipeline Pilot (BIOVIA) protocol to quantify binding and 

indicate the quality of each experiment (Appendix Fig 5). Spectra were divided into small mass 

bins surrounding the expected masses for free protein, βME-capped protein, and protein bound to 

adduct, as well as one large bin for unexpected masses (Appendix Table 1). “Expected mass” 

bins included +/- 5 amu from the expected mass to accommodate resolution fluctuations due to 

signal/noise or drift of mass lock. The bin width could be varied from screen-to-screen to match 

sample quality, from +/- 2 to +/- 5 amu from target peaks. If bin overlap occurred due to a larger 

bin size (possible in lower quality data) or a similarity in mass between the adduct and the 

reductant (possible for small fragments), bins were adjusted by dividing the difference between 

the cap and adduct mass by 2, rounding down to the nearest integer. Within each bin, the 

intensities were summed and used to calculate the percent bound as in Eq. (1), 

Eq. (1)     % 𝑏𝑜𝑢𝑛𝑑 =  
∑ ௜ೌ೏೏ೠ೎೟ା∑ ௜೏೚ೠ್೗೐ ೌ೏೏ೠ೎೟

∑ ௜೛ೝ೚೟೐೔೙ା∑ ௜ೌ೏೏ೠ೎೟ା∑ ௜೏೚ೠ್೗೐ ೌ೏೏ೠ೎೟
 

where the % of βME-protein adduct is included with ‘protein’. The protocol also checked for 

double-adduct formation in constructs that had alternative nucleophilic residues, e.g., two 

exposed cysteine residues near compound-binding sites.  The algorithm additionally identified 

unanticipated species and adducts by reporting a maximum intensity found outside of the 

expected mass ranges as a secondary peak. In fact, these data were used in one study to identify 

and correct incorrectly drawn structures in the database.   
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Screening hits could be identified by plotting % bound vs compound number, e.g., as 

shown in Fig 1D.  However, this strategy was sensitive to false positives; during the +/- 5 amu 

binning step, experiments with low signal/noise could report high % labeling. To provide 

indicators of data quality, a “signal significance number”, analogous to a signal to noise ratio, 

was generated by calculating the percentage of the sum of intensities in meaningful bins versus 

the sum of all intensities Eq. (2), 

Eq. (2)  𝑠𝑖𝑔𝑛𝑎𝑙 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑐𝑒 =

100 𝑥 (
∑ ௜೛ೝ೚೟೐೔೙ା∑ ௜ೌ೏೏ೠ೎೟ା∑ ௜೏೚ೠ್೗೐ ೌ೏೏ೠ೎೟ା∑ ௜ೞ೐೎೚೙೏ೌೝ೤

∑ ௜೛ೝ೚೟೐೔೙ା∑ ௜ೌ೏೏ೠ೎೟ା∑ ௜೏೚ೠ್೗೐ ೌ೏೏ೠ೎೟ା∑ ௜ೞ೐೎೚೙೏ೌೝ೤ା∑ ௜೙೚೔ೞ೐
). 

False positives with high % bound but low signal significance were readily identified by plotting 

the results of Eq. (1) vs. the results of Eq. (2) (Fig 4).  Importantly, wells with high labeling 

sometimes also reported low signal significance; thus, manual inspection of hits from the lowest 

5% of the signal significance range was found to be necessary (Fig 4B-C).  The protocol code for 

the analysis step has been uploaded with an example dataset to the publicly accessible 

ScienceCloud Protocol Exchange (Biovia)[21] as “Read and Analyze HTS LCMS RPT File”. 

Additionally, the module code is included as text in the Supplemental Information.  The outputs 

from Eq (1) and Eq (2) were then loaded into the SMDC’s MySQL database for further analysis 

in a custom web application, HiTS [22].   

In conclusion, we report an optimized LC/MS method for screening intact protein for 

covalent adduct formation, using a library of disulfide-capped fragments. By taking advantage of 

advances in UPLC and ESI-TOF technology, we developed an LC method capable of more rapid 

(<90s) and sustainable injections than previously reported [18]. The method can detect proteins 

across range of molecular weights and with varying amenability to electrospray ionization (Figs 

3, 4).  Additionally, the labeling reaction is directly injected, facilitating kinetic studies 
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(Appendix Fig 6).  While our approach remains slower than extraction-based methods, it benefits 

from a LC desalting step to increase MS data quality, requiring less than ten ng of material per 

injection and 20-200 ug of protein for a full screen.  The sensitivity allows the screening of low 

expressing and/or poorly ionizing proteins, and ability to characterize binding events over a wide 

affinity range. Finally, full MS spectra are collected and analyzed for unexpected adducts and for 

acceptable signal/noise (signal significance), allowing post-hoc inspection of data quality.   

A throughput of 1000 compounds per day represents an advance in LC/MS-based 

screening which shifts the limiting factor in screening covalent compounds to the size of 

available libraries. We routinely screen and analyze our library of 1600 compounds in 3 days. 

Further increasing the throughput of LC/MS methods or screening compounds in mixtures will 

become attractive as larger libraries of electrophilic compounds become available. 

Though our method is applicable to multiple target classes (Fig 3, Table 1), some targets 

are intractable due to protein instability at ≥10 °C or in low salt, highly reducing conditions. 

These limitations represent inherent facets of this approach, and targets not amenable to UPLC 

desalting would require a re-imagining of our screening conditions. In rare cases where the target 

protein is excessively hydrophobic and requires more robust chromatography, we have extended 

the elution gradient step from 15 seconds to 120-180 seconds, keeping all other parameters 

identical. While successful, the resulting screening time of 5 days could motivate the use of 

higher-throughput and higher-consumption methods such as SPE or Matrix-assisted laser 

desorption/ionization. 

Applications of this and other LC/MS screening of covalent molecules extends beyond 

drug discovery. Adduct formation is a complex reaction, where reaction rate and equilibrium 

report on availability and reactivity of the nucleophile and the affinity of the probe molecule for 
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the local environment [2]. Experiments that control for compound reactivity and affinity can 

probe surface ligandability [23]. Screens can be run in the presence and absence of a PPI partner 

or an active-site ligand to identify or confirm active-site binding or allosteric regulation [24]. 

Combining the control of site-directed technologies with the sampling size of high-throughput 

experiments generates compelling data about a target protein and the molecules that bind to it. 

 

Materials and Methods 

 

Protein Expression and Purification 

Desired WT sequences of target proteins were cloned from their respective cDNA into a 

pET15b plasmid containing a 6xHis affinity tag followed by a TEV protease cleavage site at the 

N-terminus. Cysteine mutations were made via Megawhop PCR [20] or QuikChangeTM Site-

Directed Mutagenesis Kit (Agilent). All constructs were verified by DNA sequencing. 

Recombinant protein expression protocols for targets in Table 1 varied to obtain optimal 

yield. For example, Lfa1, Mac1 and 14-3-3σ were grown in E. coli Rosetta 2(DE3) at 37 °C until 

OD600 reached 0.3. The temperature was reduced to 25 °C and at OD600 = 0.6 expression was 

induced with 0.25 mM IPTG followed by overnight culture. Cells were harvested by 

centrifugation, resuspended in 50 mM HEPES pH 7.5, 500 mM NaCl, 10 mM MgCl, 0.25 mM 

TCEP, 10 mM imidazole and 5% w/v glycerol, and lysed by microfluidization (Microfluidics). 

The soluble lysate fraction was incubated with HisPurTM Cobalt resin (Thermo), washed and 

eluted by gravity flow in lysis buffer containing 150 mM imidazole. To remove the 6xHis 

affinity tag, purified protein was incubated overnight at 4 °C with 0.5 mg recombinant TEV 

protease with its own 6xHis affinity tag and dialyzed with an excess of 20 mM HEPES pH 7.5, 
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250 mM NaCl, 10 mM MgCl, 0.25 mM TCEP and 5% w/v glycerol. TEV protease and 

uncleaved protein were removed by re-pass over a HisPurTM Cobalt resin column equilibrated in 

lysis buffer. Cleaved and re-passed protein was further purified by size exclusion 

chromatography on a Superdex 75 16/600 column (GE Healthcare) in 20 mM HEPES pH 7.5, 

250 mM NaCl, 10 mM MgCl, and 5% w/v glycerol. Protein purity was confirmed via SDS-

PAGE. WT protein identity and cysteine mutation presence were confirmed by intact protein 

LC/MS on a Xevo G2-S (Waters). Pure protein was concentrated to >5 mg/mL, flash frozen in 

LN2 and stored at -80 °C. 

Compound Library 

A custom library of 1600 disulfide exchangeable compounds available at the UCSF 

Small Molecule Discovery Center (SMDC) was synthesized using parallel methods as previously 

described15-16. For screening, the compounds were arrayed in 384w plates as 50 mM solutions in 

DMSO. 

Disulfide Tethering 

Protein constructs containing target cysteines were diluted to screening concentration 

(Table 1) in 20 mM Tris pH 8.0. 15 L of the dilute protein was plated into columns 3-22 of a 

384-well Low Volume V-Well Greiner Bio plate, with water in rows 1-2 and 23-24. 30 nL of 

disulfide-capped fragments were pinned into the 320 wells containing protein with a Biomek FX 

(Beckman), and the reaction mixture was incubated for 1-3 hours at RT (depending on 

experimental determination of time-to-equilibrium). Two plates of compounds were prepared 

simultaneously for overnight data collection.   

Liquid Chromatography 
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UPLC used an I-Class Acquity UPLC (Waters) using a BEH C4, 300 Å, 1.7 µm x 2.1 

mm x 50 mm column. A flow rate of 0.4 mL/min was used with the gradient scheme outlined in 

Appendix Fig 2, operating at pressures 8000-10,000 psi. Mobile phase A was H2O + 0.5% 

formic acid and B was acetonitrile + 0.5% formic acid. 6 L of sample was drawn from 384-well 

low-volume plates and injected, a 12 s process. Post-injection wash of 50:50 MeOH:H2O added 

6 s to yield a total experiment time of 84 s. The UPLC was diverted to waste from time = 0 to 

0.30 min, and again after 0.90 min; eluent from 0.30 to 0.90 min was routed to the mass 

spectrometer for detection. UV absorbance at 280 nM was collected for troubleshooting purposes 

during the experiment time of 0.30 min to 0.90 min.  

Mass Spectrometry 

Mass Spectrometry data was acquired on a Xevo G2-XS Quadropole Time of Flight mass 

spectrometer with a ZSpray ion source (Waters). Electrospray ionization (ESI) conditions were 

optimized for m/z signal intensity of a Leucine Enkacephalin dimer (LeuEnk) (Waters) peak at 

1111.6 Da by direct infusion of 200 pg/µL solution MeOH:H2O with 0.1% FA. The dimer peak 

was used because it falls in the typical m/z range of analyzed protein charge envelopes (1000-

2000 Da). Two ng/µL LeuEnk was additionally used as a detector control with the ZSpray 

LockSpray system. Screening experiments were done at a capillary voltage 3.20 kV, cone 

voltage 40 V, source temperature 150 °C, desolvation temperature 650 °C, cone gas 50 L/hr, 

desolvation gas 1200 L/hr. Data was collected at 1 spectra/second from 50-5000 m/z. 

Limit of Detection Experiments 

Limit of Detection (LOD) experiments were run using the LC/MS conditions reported 

above. Protein samples were 2-fold serial diluted from 500-5 nM in 10mM TRIS pH 8.0 using 

Optima LC/MS-grade water (Fisher). Injections of increasing concentration were monitored by 
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manual inspection of the chromatogram until a protein peak began to appear (between 0.75-0.90 

min). The LOD was defined as the first concentration at which the processing parameters below 

yielded the expected deconvoluted mass. 

Data Processing 

Raw LC/MS data files were batch processed with Waters OpenLynx within a MassLynx 

v4.1 environment. A maximum entropy algorithm for mass deconvolution, MaxEnt1, was used 

on background subtracted m/z spectra from the portion of the LC chromatogram containing 

protein signal.  Peak picking of the chromatogram was performed with parameters noted in 

Appendix Fig 3 and always fell between 0.75-0.90 min.  As noted in previous work [13], rare 

peak-picking errors in noisy data can be manually inspected and combined prior to 

deconvolution. The OpenLynx processing parameters subtracted m/z background between 750-

2000 Da, with background defined as ≤1% maximum intensity. The 750-2000 Da range for m/z 

subtraction and deconvolution was chosen for general application to a range of target MW, but 

can be varied to match a target protein charge envelope. Deconvolution was performed with a 

range of +/- 6000 Da around the target’s expected mass, a target resolution of 0.5 Da, with 20 

iterations of MaxEnt1 (Appendix Fig 4). 384-well plates were batch-processed into one large .rpt 

file at an analysis rate of ~30s per sample. 

The resulting .rpt text file was inspected for data quality within MassLynx. The expected 

highest abundance monoisotopic adduct masses were calculated for all compounds using 

Pipeline Pilot (BIOVIA) via a systematic transformation using a defined virtual reaction 

(Appendix Fig 4A). Once the expected adduct structure was verified, the highest abundance 

monoisotopic masses were registered using an adduct mass registration system through the 

Pipeline Pilot WebPort into a MySQL database. The protocol code for the adduct mass 
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registration system has been uploaded with an example compound set to the publicly accessible 

ScienceCloud Protocol Exchange (Biovia) as “Adduct Highest Abundance Monoisotopic Mass 

Registration”.  The mass of the protein-βME conjugate (cap) was calculated analogously. Protein 

and cap masses were registered via HiTS, a custom web application, into a MySQL database. 

Finally, a separate Pipeline Pilot algorithm used Eq. (1) (see Results and Discussion) to report 

adduct formation and Eq. (2) to provide a measure of data quality; the output was recorded in a 

MySQL database (Appendix Fig 4B).  
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OTTMANN, MICHELLE R ARKIN 
 
 
INTRODUCTION 

 

Disulfide tethering has been used in the discovery of fragments targeting orthosteric sites of 

defined function, for identification and targeting of allosteric sites, and for the general study of 

surface ligandability, as reviewed in Chapter 1. In the case of Caspase-1 and -7, disulfide 

fragments were targeted to a homo-dimer interface and stabilized the inactive form of the 

enzyme. We imagined a similar approach could be used to in the case of a hetero-dimer. 

Stabilization of a specific PPI by targeting a small-molecule to the interface could prove a 

general strategy to modulating PPIs for drug discovery and biological inquiry.  

The family of eukaryotic hub proteins known as 14-3-3 recognize and dock onto specific, 

mainly phosphorylated, binding motifs, thereby influencing the enzymatic activity, stability, 

subcellular localization, folding or dimerization behavior of their partner proteins. With a wide 

range of cellular interaction partners (>300), 14-3-3 proteins have a central regulating role in 

many essential cellular signaling pathways and dysregulation of their PPIs are implicated in 

numerous pathologies[1,2]. Each monomer in a 14-3-3 dimer contains an independent phospho-

accepting channel, referred to as the 14-3-3 primary interaction site. These ligand-binding 

grooves are arranged in an antiparallel orientation and enable a dimer to interact with two motifs 

simultaneously, either from a single protein or from  two different binding partners [3,4] With a 
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central position in phosphorylation-dependent signaling pathways and strongly disease-

associated interaction partners, including Raf kinases5, heat shock proteins (HSP)[6] and tumor 

suppressors (p53)[7], 14-3-3 proteins, and more specifically, their protein-protein interactions, 

are arising as attractive drug targets[8,9].  

Protein-protein interactions have only been successfully targeted in drug discovery efforts 

in the last 10-15 years[10]. PPIs were considered ‘undruggable’ mostly because of the challenges 

posed by the typically flat and expanded nature of their interface area, in contrast to the well-

defined cavities and pockets typically observed for native ligand binding sites on proteins[11]. 

This view has dramatically changed, due to an increased appreciation that some interfaces are 

more amenable to small-molecule binding than others, based on the structure and dynamics of 

the interfaces. The past two decades have also seen the development of computational, chemical 

and biophysical technologies suitable for tackling challenges related to PPI druggability[12,13]. 

However, whereas in recent years many inhibitors of PPIs have been published, the opposite 

strategy of PPI stabilization has not been systematically pursued, despite the clear biological 

potential[14].  

In considering 14-3-3 PPI inhibition or stabilization, it is important to note that 14-3-3 

binding can have either agonizing or antagonizing effects on its substrates.  For instance, 14-3-3 

binding to the ion channels TASK3 and CFTR increases membrane trafficking, leading to higher 

levels of functional channels (reference).  By contrast, binding to estrogen receptor alpha (ERα) 

inhibits formation of ER dimers and nuclear translocation; stabilizing this PPI would therefore 

antagonize ERα function.  Both inhibition and stabilization for 14-3-3 PPIs have been 

reported[15]. However, even though various approaches have resulted in the identification of 

novel small molecule and peptidic inhibitors, thus far the only compounds that are known to act 
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as stabilizers of 14-3-3 PPIs are natural products. Most studied and described are the 

fusicoccanes. Fusicoccin-A (FC-A) is a fungal toxin, found to stabilize the binary complex 

between 14-3-3 and the plasma membrane H+-ATPase (PMA) by enhancing their interaction 

affinity, even though the compound itself has a low binding affinity for the apo protein[16]. This 

mode of action is found for more natural compounds and supports the rationale of systematically 

screening for PPI stabilizers versus inhibitors.  

A major challenge in the development of 14-3-3 PPI modulators is related to the cellular 

selectivity and specificity of the compounds. Inhibitors targeting the primary ligand-binding 

groove may affect a large number of 14-3-3 partner proteins resulting in off-target effects. An 

added benefit of looking for PPI stabilizing compounds therefore is an increase in client-specific 

selectivity.  Furthermore, there are seven isoforms of 14-3-3 in humans; achieving specific 

binding to one isoform would further increase selectivity in stabilizing 14-3-3/client interactions. 

We set out to develop a platform to screen for 14-3-3 PPI stabilizers targeting a 

druggable pocket that was previously validated with FC-A[17]. We envisioned taking advantage 

of the structural knowledge of 14-3-3/client complexes by applying a fragment-based drug 

discovery method known as ‘Disulfide Tethering’, which makes use of a cysteine on the protein 

as a selectivity handle for a disulfide-containing library, combined with X-Ray crystallography 

and NMR. Fragment-based drug discovery has to deal with the great difficulty of detecting low 

affinity binders, but has strong advantages over conventional high-throughput-screening, 

including the requirement for smaller library sizes and more efficient lead optimization[18,19]. 

Disulfide tethering is a site-directed approach, pioneered by Wells and Erlanson and co-

workers[20,21]. This strategy discovers binding of low molecular weight ligands to a specific 

protein region through the formation of an intermediary disulfide tether. Reversible binding of 
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fragments via a disulfide bond increases their affinity at least 10-100 fold and hits can easily be 

detected by mass spectrometry [20,21]. Using this approach, small molecule inhibitors have been 

developed that bind to a gain-of-function cysteine mutant K-Ras (G12C) irreversibly and with 

high selectivity over the wild-type which furthermore resulted in the identification of an 

unknown allosteric pocket on K-Ras [22]. Additionally, a second small molecule binding site 

was identified by applying disulfide tethering to explore an adaptive region of interleukin 2 (IL-

2), showing cooperative binding of ligands to two pockets where the first strongly influences the 

affinity of the second [23]. These results illustrate the impact of disulfide tethering on drug 

discovery projects with difficult targets and how powerful even fragments can be for exploring 

protein function. Whereas functional inhibition and PPI antagonists have been the main focus in 

previous examples, we are interested in cooperative binding by disulfide tethering applied to PPI 

stabilization. By translating the knowledge from these previous results to the aims of this field, 

we envisioned to screen for cooperative binding of a ligand and the binding epitope of a protein 

partner, thereby selecting for ligands that bind to 14-3-3 only in the presence of the 14-3-3 

binding phospho-motif of a client protein, forming a more preferred, stable ternary complex. 

The 14-3-3 binding partner we selected as a suitable and medically relevant test case is 

the Estrogen Receptor α (ERα), an important breast cancer target. ERα is a member of the 

superfamily of Nuclear Receptors (NRs), which act as ligand-dependent transcription-factors. 

Upon ligand binding, NRs undergo conformational changes and translocate to the nucleus where 

they can bind specific recognition elements in the DNA as homo- or heterodimers or monomers. 

Their function is strongly dependent on cofactor proteins and therefore many of these can be 

targeted to regulate NR transcriptional activity. The current modulation of ERα by small 

molecules is focused on the pocket of the ligand binding domain (LBD), thereby disrupting the 
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interaction of ERα and cofactor proteins necessary for its transcriptional activity. These 

compounds, like the partial agonist 4-hydroxy-tamoxifen, compete for binding with the 

endogenous ligand [17] β-estradiol (E2), resulting in complications including gain-of resistance 

in recurrent disease.  

It was reported by de Vries-van Leeuwen et. al. that phosphorylation on ERα-Thr594 is 

essential for the interaction between ERα and the sigma isoform of 14-3-3 (14-3-3σ) [17]. 

Furthermore, they showed that this interaction inhibits the E2-dependent transcriptional activity 

of ERα by interfering with its dimerization, and that this negative regulation can be enhanced by 

stabilizing the interaction with 14-3-3 by the natural product Fusicoccin-A (FC-A) [17]. As 

illustrated in figure 1A, FC-A occupies a pocket in the 14-3-3 binding groove, in close proximity 

to the C-terminal valine of ERα, in a very similar fashion as the above mentioned interaction 

between 14-3-3 and PMA.  Motivated by the physiological relevance for the stabilization of the 

interaction between ERα and 14-3-3 and with FC-A as a proof-of-principle, we aimed for the 

identification of small molecule stabilizers of this interaction by disulfide tethering.  

Here, we report the first successful application of the disulfide tethering approach to 

identify 14-3-3 PPI stabilizers. We screened disulfide fragments to identify those that bound 

cooperatively to 1433 in the presence of an ERα phospho-peptide. The screening results indicate 

the position of the cysteine in the FC-A binding pocket has a large effect on the cooperativity of 

the fragment hits. We validated the most promising hits and studied the binding mechanism to 

explore the mechanism of cooperativity. Binding of the ligand increases the apparent affinity of 

the phospho-peptide for the protein by ~30-fold. Furthermore, the resulting fragments are 

selective towards the type of 14-3-3 client binding motif that they were selected for over other 
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interaction motifs. Tethering at protein-protein interfaces is a valid and promising drug discovery 

tool for facing the challenges of PPI stabilization. 

 

RESULTS 

 

A tethering screen for cooperativity 

Figure 1: Disulfide tethering for cooperativity: overview of screening design and results. A) The target pocket 
for stabilizing the interaction of 14-3-3 (surface representation, white) and Estrogen Receptor α (green sticks) bound 
by FC-A (yellow sticks) provides the rationale for the site-directed approach. (PDB: 4JDD). Next to the native cysteine 
in 14-3-3σ on the 38-position (red surface), two constructs containing introduced cysteines at an alpha-helix turn +1 
and +2 are included in the tethering screen (N42C and S45C; orange and yellow surface area). B) Schematic overview 
of the approach selecting for PPI stabilizers by disulfide tethering. 1: the cysteine-containing 14-3-3 is incubated with 
a disulfide library under reducing conditions. The equilibrium is shifted to the conjugated state only when the 
monophore has an inherent affinity for the protein binding pocket, thereby selecting for pocket binders. 2: the same
screen is repeated with the cysteine-containing 14-3-3 protein bound to its binding partner-derived phospho-peptide. 
C) The overview of screening results in 2D-plots illustrate the correlation between percent tethering for the apo 14-3-
3 and the 14-3-3/ERα complex for individual disulfide molecules (each represented by grey dot). The library was 
screened against 14-3-3σ containing native Cys38 (left); introduced Cys42 (middle) or Cys45 (right). In each graph 
959996 is indicated by the purple circle.  
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The interaction between ERα and the adaptor protein 14-3-3 comprises an interesting 

drug target and provides a possible alternative modulation of ERα transcriptional activity. 14-3-

3σ is the only isoform that contains a native cysteine at the edge of the FC-A binding pocket 

(Cys38) (Fig1A). It was unclear if tethering fragments bound to Cys38 would be able to reach 

the far side of the FC-A pocket to make cooperative contacts with the C-terminus of ERα. We 

therefore designed two additional protein constructs, with introduced cysteines at positions 42 

and 45 in 14-3-3, one and two α-helix turns closer towards the C-terminal valine of ERα, 

respectively. To identify fragments with preferential binding to 14-3-3/ERα complex, the three 

14-3-3 constructs were each screened against a 1600-member disulfide library twice: once in apo 

form and once after incubation with an ERα-derived 14-3-3 binding phospho-peptide.  In both 

cases, 1mM beta-mercaptoethanol (βME) was used as a reductant.  Figure 1B illustrates the 

design of the disulfide-tethering screen.  The protein or protein/ERα complex was incubated with 

disulfides fragments in a low-volume 384-well format and conjugate formation analyzed by 

intact protein LC/MS. For most screening samples, three peaks were observed in MS spectra, 

corresponding to the mass of apo 14-3-3, BME-capped 14-3-3, or the disulfide protein-conjugate 

(Figure 2A-B). The intensity of the protein-conjugate complex over the total of all protein peaks 

was determined for all samples using an automated custom pipeline as previously described 

(Chapter 2) [24].  

Figure 1C illustrates the screening results for each protein construct, in presence and 

absence of the ERα phospho-peptide. In both contexts, the overall tethering rate of the fragment 

library increased as the target cysteine moved further into the FC-A binding pocket (Cys45 > 

Cys42 > Cys38 in Fig 1C), confirming the FC-A pocket was available for fragment binding and 

is an attractive site for identifying novel chemical matter. The correlation between tethering for 
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each compound in the 14-3-3 apo and 14-3-3/ERα complex were plotted in 2D graphs (Fig 1C). 

For each screen, hits were selected based on a cut-off for percentage tethering (3 standard 

deviations from the mean) and categorized into disulfides that were: (1) active in only the apo 

screen, indicating a preference for binding to 14-3-3 in absence of ERα-peptide; (2) bound 

preferentially to the 14-3-3/ERα complex, indicating an increase in binding affinity in presence 

of the phospho-peptide, and therefore demonstrating cooperative binding; or (3) equally bound in 

absence or presence of ERα. 

Cys38 showed more hits for the 14-3-3/ ERα complex than for apo 14-3-3, but the 

percent tethering of hits was low (<55% bound), suggesting that fragments bound to Cys38 may 

not optimally access the FC-A pocket (Figure 1C, left). Conversely, the cysteine deepest in the 

Figure 2: Validation of cooperativity of 14-3-3/ERα tethering hits. A) Deconvoluted LC/MS spectra of tethering 
screen results for 959996 conjugated to 14-3-3(Cys42) in apo (left) or ERα bound (right) state, resulting in 25.9% and 
60.4% tethering, respectively. 14-3-3 expected mass: 26509 Da, BME capped mass: 26585 Da, protein-disulfide 
conjugate mass: 26795 Da.  B) LC/MS spectra of tethering screen results for 917884 conjugated to 14-3-3 (Cys42) 
apo (45.5%) or in complex with ERα (58.9%). C) LC/MS dose-response curves for 959996 (top) and 917884 (bottom). 
Percentage of fragment-protein conjugate formation for titrations of disulfides to 14-3-3 (Cys42) apo (purple) and in 
complex with ERα (green). Experiments were performed at 100nM 14-3-3, 1mM TRIS pH 8.0, 1mM βME. 
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FC-A pocket, Cys45, yielded more hits for the apo screen, all of which had a high % tethering. 

Cys45-bound fragments may access both the FC-A pocket and parts of the ERα phospho-peptide 

pocket, therefore preferring the apo protein (Figure 1C, right). Satisfyingly, the intermediate 

Cys42 yielded hit fragments for both apo and phospho-peptide bound 14-3-3 (Fig 1C, middle). 

Together, these screening data show the positioning of the cysteine directly influences the 

available ligand binding pocket and the resulting hit compounds. Structurally described PPI 

interfaces such as the 14-3-3/ ERα complex allow the design of screening campaigns which 

result both in hits with a desired modulation: inhibitors and stabilizers are both accessible. 

One advantage of tethering is that it detects covalent adduct formation that is stable only 

when the fragment has an inherent affinity for the binding pocket. An increase in % tethering 

therefore reports directly on an increase in affinity of the fragment for the target protein. This 

allows the identification of hits whose apparent affinity for 14-3-3 is increased in the presence of 

saturating ERα phospho-peptide by simple comparison of screening data. Indeed, some 

fragments demonstrated greatly increased binding in the presence of ERα; for example, tethering 

of compound 5A12 on Cys42 increased 2.3-fold from 25,9% for apo to 60,4% for the complex 

(Fig 1C). To validate screening hits with increased % tethering in the 14-3-3/ERα screen, we 

selected 13 structurally diverse fragment hits from the Cys42 and Cys45 screens for validation 

(Appendix Table 2). 

Hit validation and quantification of cooperativity 

Selected hits were validated in tethering dose-response experiments by collecting intact 

protein LC/MS spectra for titrations of hit fragment with 14-3-3 in the presence and absence of 

ERα phospho-peptide. A clear cooperative effect was observed for a number of hits, represented 

by a shift in EC50 of % tethering. Of these hits, two highly similar fragments selective for Cys42 
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demonstrated strong preference for binding to the 14-3-3/ERα complex over the 14-3-3 protein 

alone (Fig 2C). Compound 917488 showed an ~200-fold increase in EC50  from ~1 mM for apo 

14-3-3 to 3 µM for the 14-3-3/ ERα complex. Compound 959996, an N-methylated version of 

917884, had an EC50 of ~100 µM for apo 14-3-3 but remained >80% tethered to the 14-3-3/ ERα 

complex down to 100 nM in 1 mM βME.  Binding and cooperativity are two separate parameters 

in evaluating allosteric modulators; when tested against Cys45, 959996 and 917884 retained 

their 14-3-3 affinities but lost cooperativity with ERα, confirming that the precise placement of 

the fragment within the binding site determined its cooperativity.   

Figure 3: Fluorescence anisotropy experiments to 
quantify 14-3-3/ERα stabilization. A) Compound titration 
to 2μM 14-3-3 and 100nM FAM-ERα resulting in EC50

values for 917884 (142.6 ± 10.2 nM), 959996 (77.1 ± 7.6 nM) 
and FC-A (129.7 ± 10.6 nM). B) Protein titration to 100nM 
FAM-ERα and saturating concentration of 917884 or FC-A 

(100μM) or DMSO control. Dissociation constants (Kd

ap
) 

were calculated from non-linear fitting of the data, resulting 
in 524 ± 33.8 nM for DMSO, 16.2 ± 3.5 nM for 917884 and 
0.85 ± 0.88 nM for FC-A. 
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To confirm that disulfide fragments also stabilize the binding of 14-3-3 to ERα, we 

determined the effect of 959996 and 917884 on the affinity of the ERα/14-3-3 complex.  Using a 

fluorescein-labeled ERα peptide, we monitored ERα binding to 14-3-3 by fluorescence 

anisotropy.  We first replicated our tethering results by performing a compound titration.  The 

disulfides 959996 and 917884 and the positive control FC-A were titrated into Cys42 14-3-3 

preincubated with FAM-labeled ERα phospho-peptide (the concentration at which 20% ERα was 

bound; Fig 3B).  All three compounds increased the anisotropy of the FAM-ERα peptide, 

indicating an increased binding affinity for the peptide upon compound addition.  As anticipated 

by the tethering titrations, 959996 was effective at slightly lower doses than 917884 (EC50 = 77.1 

± 7.6 nM nM and 142.6 ± 10.2 nM nM respectively). Notably, both had a similar EC50 as FC-A, 

a much larger but non-covalent molecule. 

To quantify the increase in ERα affinity for 14-3-3 upon fragment binding, we reversed 

the anisotropy experiment. Increasing concentrations of 14-3-3 were titrated into a saturating 

concentration of FAM-ERα phospho-peptide in the presence of 10 or 100 µM of 917884, 100 

µM FC-A, or DMSO (Fig 3C). The affinity of the 14-3-3/ERα complex was ~1 µM in DMSO 

and increased 500-fold to 2 nM in the presence of the positive control FC-A. Increasing 

concentrations of 917884 also strongly increased the affinity of ERα phospho-peptide (Kd = 100 

nM in the presence of 10 µM 917884, 20 nM in the presence of 100 µM of 917884).  

These data confirmed the tethering screen hit 917884 stabilizes of the 14-3-3/ERα PPI. 

Structural mechanism of 14-3-3/ERα PPI Stabilization 

To understand the SAR and structural mechanism of 14-3-3/ERα PPI stabilization, we 

collected crystal structures of the fragment/14-3-3/ERα ternary complex for a series of disulfide 

fragments. Crystals of the binary N42C 14-3-3/ERα complex were grown under previously 
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reported conditions and soaked with 1 mM of 959996, 917884, and a selection of analogs and 

other screening hits. After data collection and model refinement, electron density representing 

covalently-bound compound was visible for five of the twenty compounds targeting N42C (Fig 

4). All five of the compounds contained an aromatic ring pointed into the back of the FC-A 

pocket, rotated to make a hydrophobic contact with the C-terminal V595 of ERα. The chloro-

phenyl substitution in 917884 and 959996 is fully buried in the pocket, explaining the loss of 

affinity observed in analogs where the para-chloro-phenyl was modified. Remarkably, the 

additional contacts made by 917929, 917599 and 917105 correlated with decreased cooperativity 

with ERα (Appendix Fig 7). Comparison of the N42C hits with S45C hits reveals several close 

Figure 4: Structural Basis for N42C 14-3-3/ERα PPI Stabilization. Ternary crystal structures of 14-3-3, ERα 
phospho-peptide, and A) 917884 B) 959996 C) 917929  D) 917599 and E) 917105. Each fragment contains an 
aromatic ring which points toward the back of the PPI pocket and contacts 14-3-3 on one side and the C-terminal 
Valine of the ERα phospho-peptide on the other.  
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analogs of 917884, such as 957782, which contains the identical fragment moiety but has one 

more carbon in the aliphatic linker to the disulfide-forming thiol. To test whether 957782 and 

similar S45C hits bound to the 14-3-3/ERα complex with a similar mechanism as the N42C, we 

solved an additional five structures of compounds bound to S45C-14-3-3/ERα. The density 

observed for 917137 and 957782 allowed the unambiguous assignment of the fragment binding 

pose (Figure 5A-B). In both fragments, the aromatic ring occupied the same pocket as in the 

N42C hits, though in 957782 the chloro-phenyl ring is rotated to maintain the orientation of the 

chloro substitution, confirming the importance of the ion for binding at the interface (Appendix 

Fig 8). Other compounds in the S45C series show fragmented or minimal electron density, 

reducing confidence in the modeled binding pose (Fig 5C-E). However, density is visible in the 

Figure 5: Structural Basis for S45C 14-3-3/ERα PPI Stabilization. Ternary crystal structures of 14-3-3, ERα 
phospho-peptide, and A) 917137 B) 957782 C) 917204  D) 917662 and E) 917209. Fragment density for 917204, 
917662 and 917209 is limited and the displayed models are likely binding poses which fit the available density.  



63 
 

essential aromatic ring pocket for all three datasets, suggesting these fragments may also bind via 

a similar mechanism. This binding mechanism may explain which 917662 displays such poor 

electron density – the double ring is too bulky to fit in the chloro-phenyl pocket.  

Stabilization Selectivity of 917884 

14-3-3 binds to many phosphorylated proteins in the ERα binding pocket. The convergent 

binding mode of the N42C and S45C hits suggests the cooperativity of the tethering stabilizers 

with ERα could also occur for 14-3-3 partners which have C-terminal valines capable of making 

similar contacts. Conversely, the fragments may serve as antagonists to 14-3-3 binding proteins 

which do not adopt a pose similar to ERα, either due to extension of the peptide into the FC-

A/fragment pocket, or a sequence change at the C-terminus.  

 To understand if the stabilization of our tethering hits through contacts with the C-

terminal valine of ERα conveyed any selectivity for other 14-3-3 binding partners, we selected a 

panel of proteins with diverse C-terminal tail length and sequence for which binary 14-3-

3/phospho-peptide structures have been reported.  These proteins fall into two classes: ones 

which ought to form similar contacts with the tethering hits and therefore be cooperative, and 

ones which should sterically clash with the tethering pocket and therefore be antagonists. We 

tested 917884, given its excellent cooperativity profile in tethering and polarization experiments 

(Fig 3A-B) and strong electron density in the ternary compound/14-3-3/ERα complex (Fig 4A). 

Of the binding partners, TASK3 phosho-peptide has the most similar pose toERα in the phospho-

peptide pocket and contains a C-terminal valine. Therefore, we predicted that the 14-3-3/TASK3 

interaction would have been stabilized by 917884. Lastly, the EXOS phospho-peptide extends 

into the 917884 binding site, and therefore ought to act as an inhibitor of 917884 binding. To test 
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our predictions, we performed tethering dose-response experiments with 917884 in the presence  

and absence of saturating concentrations (10-fold the reported Kd) of ERα, TASK3, and EXOS 

(Fig 6). As expected, TASK3 increased the tethering efficiency of 917884 as well as ERα did 

(from EC50 = 100 µM to 3 µM). EXOS is indeed an antagonist of 917884 tethering, shifting the 

% tethering EC50 from 100 µM to ~500 µM. These data suggest 917884 could serve as a 

stabilizer for any phospho-peptide containing a C-terminal Valine which adopts a pose similar to 

ERα. However, additional screening campaigns modeled after the efforts reported here could 

target peptides with divergent C-termini, such as TAU, and yield class-selective stabilizers of 14-

3-3 PPIs. 

 

Discussion 

 

Figure 6: Selectivity of 917884 for 14-3-3 PPI Partner Peptides.  Disulfide tethering titration of 917884 in the 
absence (blue) or presence of saturating concentrations for 14-3-3 binding peptides ERα (red), TASK3 (green), 
and EXOS (purple). 
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The rationale and biological relevance for small molecule protein-protein interaction 

modulation comes from nature itself. Many fruitful drug discovery efforts have resulted in the 

development of PPI inhibitors, whereas the discovery of PPI stabilizers is lagging despite the 

physiologic benefit illustrated by many natural product stabilizers [14,15]. A possible 

explanation for this is that the rational design of small-molecule stabilizers faces different 

challenges for PPI stabilizers vs inhibitors. Inspiration for PPI inhibitors in many cases comes 

from targeting the small ‘hot spots’ of an interaction responsible for most of the binding energy 

and aiming to mimic one of the binding partners at the interface. This has, for example, resulted 

in stapled peptides and small molecule α-helical PPI mimetics [25,26]. On the contrary, 

stabilizers generally do not have starting points in nature; furthermore, stabilizers must not only 

bind to the protein(s) but also cause a difficult-to-predict allosteric effect. Here, we have 

developed and validated the use of disulfide tethering to select for a compound that acts as a 

stabilizer towards 14-3-3/ ERα. Such a compound would bind more stably to the protein/peptide 

complex but also have some (weaker) affinity for the protein alone. 

We show that the interaction between 14-3-3 and ERα can be stabilized by increasing the 

apparent Kd of this interaction over 30-fold. The fragment hits resulting from these screens are 

chemical starting points for optimization towards potent and selective PPI stabilizers. Further 

study of why analogs of 917884 which made additional contacts with 14-3-3 had decreased ERα 

cooperativity is necessary. The ablated cooperativity may be due to strain on the phenyl-chloro 

binding pose introduced by coordinating an additional protein surface, in which case a larger 

molecule may accommodate ideal contacts with the phospho-peptide and other 14-3-3 surface 

residues.  
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 One unexplored benefit of our approach is that a single screening campaign could yield 

both inhibitors and stabilizers. One major concern in targeting 14-3-3 PPIs is the client 

selectivity, related to the wide range of 14-3-3 binding partners. It is highly valuable to explore 

different approaches in circumventing the non-specific targeting of the primary binding groove 

of 14-3-3. The approach presented here was found to yield small molecules showing a client 

selectivity for ER-like (called “mode III”) peptides over mode I or II in a straightforward 

selection procedure. This approach might be expanded by implementing a screening step over all 

known 14-3-3 interaction motifs and picking up hits that show high selectivity, directly from the 

disulfide library. Alternatively, one could make use of the growing evidence for secondary 

interaction sites between 14-3-3 and its client proteins.  These secondary sites occur outside of 

the phospho-accepting groove based on structural information of binary complexes of 14-3-3 

bound to client protein domains. For instance, to Ottmann lab previously discovered secondary-

site fragment binders on outer surfaces of the 14-3-3 protein [27]. This opens up new 

possibilities in another direction for selectivity in modulation of 14-3-3 PPIs.  

Even though the main aim has firstly been to develop and validate a platform for the 

identification of PPI stabilizers, the next challenge is the development of potent, selective non-

covalent PPI stabilizers based on the main hits from these screening campaigns. As 14-3-3σ 

contains a native cysteine, the hits resulting from this screen might be further developed into 

covalent stabilizers, with the added benefit of an isoform selective compound. The hits from the 

other cysteine positions, however, result from 14-3-3 constructs with introduced cysteines. To 

optimize these fragments, we have identified fragments that bind to nearby sites.  Though these 

fragments have no stabilizing activity, they are within linking distance of the stabilizing disulfide 
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fragments; linking these two fragment classes could provide increased affinity while maintaining 

stabilization activity. 

The results presented here demonstrate the utility of a site-directed tethering approach to 

finding PPI modulators. By leveraging structural data available from binary complexes, a 

rationally designed screen allowed the identification of fragment hits with high cooperativity for 

the 14-3-3/ERα. Characterization of these hits revealed a convergent binding pose, well-defined 

SAR, and selectivity for the ERα-like phospho-peptides. Of the hundreds of 14-3-3 partner 

proteins, fewer than 10 have ERα-like C-terminal binding poses, and we expect our compounds 

would selectively stabilize <2% of 14-3-3 interactions. Though our effort began from a defined 

natural product binding pocket, similar screening campaigns could be conceived against any PPI 

interface with a structural description. Applications then extend from finding small molecule 

stabilizers of a PPI to identifying fragments for use in bi-functional targeting molecules such a 

Proteolysis Targeting Chimeras (PROTACs). PROTACs have strict binding site and orientation 

requirements to enable target degradation. Tethering approaches allow control of these variables, 

and specifically recruiting cellular degradation machinery to a PPI complex, rather than to the 

individual component of the complex, could be a powerful chemical biology tool. 

 

Methods 

 

Protein expression and purification 

The 14-3-3 σ isoform with a C-terminal His-tag was expressed in NiCo21 (DE3) competent 

E.coli (New England Biolabs) from a pPROEX HTb expression vector. Site-directed 

mutagenesis to obtain C38N-N42C and C38N-S45C was performed using QuickChange 
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Lightening site-directed mutagenesis kit (Agilent Technologies) following manufacturer’s 

instructions. Correct constructs were confirmed by DNA sequencing. The wild-type and Cys-

mutant proteins were first purified by Ni-affinity chromatography (HisTrap HP column, GE), 

followed by His-tag cleavage by TEV protease during dialysis overnight. The flow-through of a 

second HisTrap column was subjected to final purification by size-exclusion chromatography 

(Superdex75). The protein was concentrated to ~60 mg/ml, analyzed for purity by SDS-PAGE 

and Q-Tof LC/MS and aliquots flash-frozen for storage at -80°C.  

Disulfide Tethering  

The primary screening was performed on a 384-well plate format. A custom library of 1600 

disulfide-containing fragments of the UCSF Small Molecule Discovery Center (SMDC), 

synthesized as previously reported, was available as 50 mM stock solutions in DMSO [28,29]. 

For screening, 14-3-3 wild-type and Cys-mutants were diluted to 100 nM in buffer (10 mM Tris, 

100 μM β-mercaptoethanol (BME), pH 8.0) and plated in 384-well plates (15 μl/well). Of the 

disulfides stocks, 30 nl was pinned into the protein samples using a Biomek FX (Beckman). The 

reaction mixtures were incubated for 3 hours at RT before subjected to LC/MS (I-class Acquity 

UPLC / Xevo G2-XS Quadrupole Time of Flight mass spectrometer, Waters) data collection and 

automated processing using a custom pipeline, as previously described in detail [24].  Dose-

Response titrations of hit compounds were collected at identical LC/MS conditions and 14-3-3 

concentrations. The screening concentration of 100 µM βME was increased to 1 mM to raise the 

stringency of the labeling reaction after complete labeling was observed at <1µM concentrations 

of top hits. 

X-Ray Crystallography 
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14-3-3 crystals were grown as previously described, with slight modification by E. Sijbesma 

[27]. Crystals containing ERα phospho-peptide were soaked with 1 mM disulfide hits form 50 

mM stocks in DMSO. Diffraction data were collected at PETRA III, beamline P11, DESY, 

Hamburg, Germany. Resulting datasets were indexed and integrated with XDS [30], scaled with 

SCALA [31], and models were determined via molecular replacement and refinement in Phenix 

[32]. Appendix Table 3 reports the data collection, processing, refinement and validation 

statistics. 

Fluorescence Anisotropy 

Fluorescence polarization experiments were performed by E. Sijbesma as previously reported in 

work from C. Ottmann’s lab [33].  
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Chapter 3 

 
DIVERGENT CONFORMATIONAL DYNAMICS CONTROLS ALLOSTERIC LIGAND 
ACCESSIBILITY ACROSS EVOLUTIONARILY RELATED I-DOMAIN-CONTAINING 

INTEGRINS 
 

Contributing Authors: 
RAHEL A. WOLDEYES, SAMUEL J. PFAFF, GREGORY LEE, SAUL V. CORTEZ, MARK 
J. KELLY, KATERINA AKASSOGLOU, JAMES S. FRASER, MICHELLE R. ARKIN 
 
 
INTRODUCTION 

 

Allostery, the process by which binding at one site can influence the conformational 

ensemble at distant sites, is an important property in the regulation of proteins [1]. Proteins 

within a family are generally thought to share conserved allosteric mechanisms. For example, 

binding of ligands to GPCRs is accompanied by an 11 Å displacement of a helix in the 

cytoplasmic region about 40 Å away from the orthosteric site [2,3]. Similarly, many kinases use 

protein-protein interactions to stabilize a catalytically active state [4]. The evolutionary origins of 

allostery may lie in the adaptability of the conformational ensemble [5], suggesting that the ease 

of reaching an allosteric state may vary between family members.   

The β2 family of integrins are heterodimers containing the CD18 β chain and one of four 

α chains (CD11a/Lfa-1, CD11b/Mac-1, CD11c, or CD11d).  β2 integrins sit on the surface of 

immune cells in an inactive conformation; activation can occur via intracellular signals that 

change the integrin conformation or via binding of extracellular proteins such as ICAM-1 [7] or 

Complement fragment iC3dg [8].  These proteins bind to a Metal Ion-Dependent Adhesion Site 

(MIDAS) located on the inserted (I)-domain of the α chain (Fig 1). X-ray crystallography and 

Nuclear Magnetic Resonance (NMR) studies of isolated I-domains show they constitutively 
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adopt the un-bound, ‘low affinity’ conformation.  Binding to the MIDAS site leads to a ~10A 

displacement of the α7 helix; this ‘high affinity’ conformation can be mimicked with disulfide 

locks, point mutations, and truncations of the α7 helix [7,9].  For Lfa-1, diverse allosteric, small-

molecule inhibitors have been found to bind to a pocket occupied by the α7 helix in the high 

Figure 1: The classical thermodynamic cycle of Lfa-1 and Mac-1 I-domains. I-domains can adopt low or 
high affinity states as marked by the position of the α7 helix (colored cyan or green). Ligand binding to the 
MIDAS stabilizes the high affinity state.  Allosteric ligand binding to Lfa-1 stabilizes the helix in a low affinity-
like state (red).  
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affinity state (the ‘α7 pocket’), thereby stabilizing an inactive-like state [7,10-11].  While the I-

domain structures are very similar, and the proposed conformational changes leading to integrin 

activation are thought to be conserved, it is not clear whether the other β2 integrins have a small-

molecule binding site analogous to the α7 pocket seen in Lfa-1. For example, Mac-1 is a target 

for autoimmune diseases such as multiple sclerosis [12,13] but there are no structurally 

characterized molecules that bind to the Mac-1 α7 pocket. Indeed, although statin drugs interact 

with the allosteric pocket of Lfa-1 [14,15], an X-ray structure of Mac-1 bound to simvastatin 

shows the statin’s carboxylate moiety coordinating the MIDAS metal ion. This divergent 

mechanism is noteworthy, given that the Lfa-1 and Mac-1 I-domains adopt nearly identical 

overall folds and have ~30% sequence identity in the putative α7 pocket.  

Here, we have examined the link between conformational heterogeneity, evolutionary 

conservation, and “ligandability” of the α7 allosteric site for LFA-1 and Mac-1 I-domains. Using 

site-directed, disulfide-trapping of molecular fragments, we find that Lfa-1 captures more ligands 

than the closely related Mac-1. The α7 helix of Lfa-1 is also more conformationally 

heterogeneous than the equivalent region in Mac-1, suggesting that increased dynamics could 

explain the differences in ligandability.  We also characterized how allosteric ligand binding 

rearranges the MIDAS of Lfa-1 I-domain and use these data to propose mutations to make Mac-

1 more closely resemble Lfa-1. Despite the more restrictive conformational landscape of Mac-1, 

a small number of molecules can be identified that bind to the allosteric site and alter the Mac-1 

MIDAS. Collectively, these results paint a picture of broadly conserved conformational minima, 

but idiosyncratic energy landscapes connecting them. LFA-1 samples a broad ensemble that 
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enables promiscuous allosteric ligand binding whereas Mac-1 transitions between two sharply 

defined minima and has more stringent ligand binding criteria.  

 

Results 

 

Disulfide-trapping indicates differential ligandablilty between Mac-1 and Lfa-1 I-domains 

As part of our efforts to identify allosteric inhibitors of Mac-1 and Lfa-1, we developed a 

series of disulfide-trapping screens. ‘Fragments’ are molecules approximately half the size of a 

drug (i.e., < 250 Da); disulfide tethering is a reversible, covalent labeling reaction using a custom 

library of disulfide-capped fragments [14]. Under reducing conditions, fragments undergo 

Figure 2: Disulfide trapping highlights greater ability of I-domain of Lfa-1 to capture small-molecule 
fragments than Mac-1. A) Homologous sites of mutation to cysteine for tethering, color-coded as in D-G.   B) 
Disulfide-containing molecules vs % binding to Mac-1 K331C, as determined by mass spectrometry (MS).  C) 
Disulfide-containing molecules vs % binding to Lfa-1 K305C, as determined by MS. D-G) Correlation plot 
reflecting the % labeling by each molecule to analogous positions on Mac-1 (x-axis) vs Lfa-1 (y-axis). D) Mac-1 
K331C vs Lfa-1 K305C; E) Mac-1 I324C vs Lfa-1 L298C;  F) Mac-1 I281C vs Lfa-1 L255C; G) Mac-1 F313C vs 
Lfa-1 K287C. 
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disulfide-thiolate exchange with solvent-exposed cysteine residues positioned near a potential 

binding site.  At thermodynamic equilibrium, fragments that bind in the pocket with the proper 

orientation stabilize the disulfide bond.  The fragment/protein adduct and residual unbound 

protein are then detected by liquid chromatography/mass spectrometry LC/MS (Fig 2B-C) [16].  

Disulfide trapping has been highly successful at identifying chemical probes and drug leads for 

allosteric sites and protein-protein interactions [17-20].   

Because neither Lfa-1 or Mac-1 I-domains contain native cysteine residues, we 

introduced matching pairs of cysteines to four sites around the putative allosteric pocket. We 

mutated residues on both the α7 helix itself and the opposing β-strand to remove bias based on 

individual cysteine orientation (Fig 2A). Next, we screened each cysteine mutation against a 

custom library of 1600 disulfide fragments, using identical buffer, chromatography, and mass 

spectrometry conditions.  For each pair of mutations, we found that Lfa-1 captured many more 

disulfide fragments than Mac-1 (Fig 2D-G). The differences between the two proteins could also 

be seen in the labeling efficiency of the top hits; for Lfa-1 mutants, the top 10% of fragments 

labeled residues K305C, L298C, I255C, and K287C by at least 47.0, 40.3, 84.8, and 51.5 %, 

respectively, whereas the top 10% of fragments for the analogous Mac-1 residues K331C, I324C, 

I281C and F313C labeled by at least 13.1, 16.5, 18.1, and 16.0 %, respectively. Furthermore, the 

most labeled Mac-1 mutation was K331C, located on the α7 helix; in contrast, the highest 

labeling Lfa-1 mutation was I255C, located deep in the α7 pocket (Fig 2F).  The greater 

accessibility of the buried cysteine residue in Lfa-1 further suggested that the pocket was more 

open than in Mac-1.  Thus, the high hit-rate, high %-binding of tethering hits, and the location of 
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the highest-labeling residues implied that, surprisingly, the Mac-1 allosteric site was much less 

ligandable than the analogous site on Lfa-1.  

X-ray crystallography suggests differences in flexibility surrounding α7 pocket 

To explore the structural basis for the differential ligandability of the Lfa-1 and Mac-1 

allosteric pockets, we analyzed all X-ray and NMR structures deposited in the protein data bank 

Figure 3. Ensemble-based analyses of I-domain crystal structures.  A) Overlaid plots of amino acid sequence vs 
c-α root mean square difference (RMSD) for all Lfa-1structures in the low affinity state deposited in the protein data 
bank (PDB; red) and sequence vs root mean square fluctuation (RMSF) for an ensemble refinement of a 1.8 Å x-ray 
dataset collected at room temperature (orange).  B) Overlaid plots of amino acid sequence vs c-α RMSD for all PDB 
Mac-1 structures in the low affinity state (blue) and high affinity state (pink) compared to RMSF for an ensemble 
refinement of a 1.7 Å x-ray dataset collected at room temperature (purple).  C) Structural overlay of the PDB 
ensemble for Lfa-1, colored by RMSD values in a gradient from 0 Å (gray) to 4.3 Å (red).  D) Structural overlay of 
Mac-1 PDB ensemble, colored by RMSD from 0 Å (grey) to 2.0 Å (blue, low affinity state) or 2.0 Å (pink, high 
affinity state).  E) The final time-averaged ensemble for room-temperature x-ray structure of Lfa-1, colored by 
RMSF from 0 Å (grey) to 4.8 Å (orange). F) The final time-averaged ensemble for room-temperature x-ray structure 
of Mac-1, colored by RMSF from 0 Å (grey) to 2.5 Å (purple). Green arrows show areas with high conformational 
heterogeneity.  Lfa-1 shows greatest mobility in the α7 helix and the α1-β2 loop, whereas Mac-1 shows greatest 
mobility in the β5-α6 loop and lower variability in the α7 helix.  
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(PDB), including 25 for Lfa-1 (excluding disulfide-bond stabilized mutants) and 13 for Mac-1. 

Alignment of the structures demonstrated that conformational heterogeneity was greatest in the 

α1- β2 loop and the α7 helix of Lfa-1, with a root mean square difference (RMSD) of 0.30 - 1.18 

Å for c-α backbone atoms for the α1- β2 loop and 0.29 - 2.96 Å for the α7 helix of Lfa-1 (Fig 

3A,C).  Alignment of Mac-1 I-domain structures also showed heterogeneity in the α1- β2 loop of 

Mac-1 (0.37 -1.21 Å closed, 0.50 -2.04 Å open; Fig 3B,D). However, the two integrins differed 

in the α7 helix.  Mac-1 could be segregated into two different classes, each of which had limited 

heterogeneity in the α7 helix compared to Lfa-1 (RMSD < 2 Å); in contrast, and in agreement 

with multistate dynamics proposed by Kukic, et al, the α7 helix of Lfa-1 could not be neatly 

clustered into two populations unless a ligand was bound to the MIDAS [21].   

To test the idea that the α7 helix of Lfa-1 was variable even within a single crystal, we 

collected high-resolution, room-temperature crystal structures of the Mac-1 and Lfa-1 I-domains 

(Appendix Table 4). These structures aligned well with previously reported structures that were 

collected on cryo-cooled crystals, but collection at room temperature increased our ability to 

visualize alternate conformations. For Lfa-1, the α7 helix had no density after residue 308, 

whereas backbone density extended to residue 322 in Mac-1, five more residues than for Lfa-1 

and just four residues short of the construct’s C-terminus (Appendix Fig 9). Time-averaged 

ensemble refinement (PHENIX) of Lfa-1 revealed that the most dynamic areas were the α1- β2 

loop, with root mean square fluctuations (RMSF) up to 1.28 Å, and the α7 helix (RMSF = 0.18 - 

3.42 Å) (Fig 3A,E). The Mac-1 time-averaged ensemble identified heterogeneity in the α1- β2 

loop (RMSF = 0.18 -0.92 Å) and low heterogeneity for the α7 helix (Fig 3B,F).  Thus, for both 
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Lfa-1 and Mac-1, the  heterogeneity observed between PDB-deposited structures was also 

observed within the single, room-temperature structures.  From these analyses, we concluded 

that Lfa-1 sampled a larger range of near-isoenergetic conformations than did Mac-1.  
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NMR confirms differential α7 flexibility between Lfa-1 and Mac-1 

To test whether the conformational heterogeneity observed by our room-temperature 

crystal structures were present in solution, we turned to NMR. We performed 15N-1H HSQC 

experiments on both I-domains and analyzed peak broadening using peak intensities. When 

combined with knowledge of secondary structure from crystallography, smaller peak intensities 

suggest regions of protein structure that are exchanging between multiple conformations on the 

μs-to-ms timescale. 

Figure 5.  Analysis of 15N-1H HSQC NMR peak intensities for I-domains.  A) Peak intensities for assigned 
residues in Lfa-1 (red bars; 159 residues) with the rolling average (green; with a rolling window of 5 residues). 
Residues along α7 helix are generally below +/- 1 standard deviation from the mean(grey solid lines) and +/- the iqr 
value from the median(black dotted lines). The rolling average is depressed to the bottom 25 percentile values for 
residues on the α7 helix. B) A similar analysis for Mac-1 peak intensities (blue bars; 112 residues) indicates that α7 
helix is more rigid in Mac-1. The α7 helix residues have sharpened peaks with peak intensity values that are mostly 
greater than  +/- 1 standard deviation from the mean  
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For Lfa-1, we observed significant peak broadening around α1- β2 loop and the α7 helix, 

consistent with x-ray crystallography analysis (Fig 4A).  This observation confirms previous 

findings by Legge et al., who have shown the flexibility of the helix using heteronuclear NOE 

and deuterium exchange experiments, and aligns well with the reduced restraints on the α7 helix 

reported in the Lfa-1 NMR structure [22]. Peak broadening/lower peak intensity is also observed 

around the α3-α4 loop, which contains one of the five residues that make up the MIDAS. 

To evaluate the dynamics of Mac-1 I-domain by NMR, we assigned the backbone 

resonances, achieving 72% sequence coverage, including the entire α7 helix and allosteric 

pocket. Peak-broadening analysis showed that, in contrast to the Lfa-1 α7-helix resonances, the 

15N-1H HSQC NMR peaks corresponding to the Mac-1 α7 helix remained sharp to the C-

terminus (Fig 4B). To expand upon this observation, we collected Carr–Purcell–Meiboom–Gill  

(CPMG) relaxation dispersion experiments on the Mac-1 I-domain. 1H/15N CPMG experiments 

interrogate the relaxation of H-N bonds on the µs-ms timescale, precluding fast protein motions 

such as bind vibration and rotamer flips, but observing slow conformation changes such as those 

undergone by the I-domain α7 helix. Data was collected at 800 Mhz, and Rex was calculated in 

MatLab by fitting the relative intensities of each backbone resonance. Surprisingly, residues on 

the Mac-1 α7 helix exhibit strong µs-ms movement, suggesting the Mac-1 α7 helix may be 

sampling the ‘high-affinity’ conformation (Fig 6). 

From these data, we concluded that conformational transitions of the α7 helix of Mac-1 I-

domain occur on a timescale slower than 15N/1H signal relaxation. Collectively, the NMR and 

X-ray results indicated that the differences in ligandability were paralleled by the differences in 

conformational heterogeneity and dynamics between Lfa-1 and Mac-1. 
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We hypothesized the ligandability of the Mac-1 α7 pocket could be modulated with a 

mutation designed to decrease the stability of the α7 helix. To identify candidate sites for 

mutagenesis, we aligned the sequence of the human I-domain homologs and inspected the crystal  

Figure 6. Carr–Purcell–Meiboom–Gill (CPMG) relaxation dispersion of Mac-1 I-domain. (A) Relaxation 
coefficient (Rex, y-axis) plotted for each residue in the Mac-1 I-domain (x-axis). (B) Representative R2eff  vs. νCPMG

curves for residues demonstrating µs-ms relaxation (top, green) and faster than µs relaxation (bottom, yellow). (C) 
Overlay of fast (yellow), intermediate (green), no (black), or un-fit (gray) residues onto the crystal structure of the 
Mac-1 I-domain. 
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structure of Mac-1 and Lfa-1 sites where the amino-acid identity Mac-1 and Lfa-1 diverged from 

the broader family. These analyses identified Mac-1 residue Q325 (analogous to Lfa-1 F299), 

which sat on the solvent-exposed side of the α7 helix and packed against the nearby α1 helix (Fig 

7A).  Reasoning that the solvent-exposed hydrophobic phenylalanine might destabilize the α7 

helix, we prepared the Mac-1 mutant Q325F.  

Destabilizing mutation in Mac-1 does not alter α7 pocket ligandability 

Mac-1 Q325F expressed and purified similarly to wild type. To test whether the mutation 

had a global effect on stability, we performed thermal denaturation melts and monitored the 

effect by circular dichroism spectroscopy. These assays revealed that Q325F was thermally 

destabilized by 3.4°C relative to wild type (Fig 7B). Using surface plasmon resonance, we 

confirmed the mutant protein had similar affinity as wild type Mac-1 for the protein ligand C3dg 

(Kd = 4.0 µM and 2.1 µM, respectively; Appendix Fig 10). To test whether Q325F increased 

conformational heterogeneity in the Mac-1 α7 helix, we performed peak-broadening analysis on 

the 1H-15N-HSQC spectrum of 15N-labeled K331C/Q325F, (Fig 7D). Indeed, the peak 

intensities for K331C/Q325F for the α7 residues N-terminal to the mutation were suppressed; the 

moving average only rose above the IQR at the very C-terminus.  Peak intensities were lower for 

the mutant compared to wild type Mac-1, where the α7 helix showed the largest peak intensities 

in the HSQC spectrum (Fig 4B); however, peaks were not as broadened as those observed in the 

homologous region of Lfa-1 (Fig 4A).  

  Next, we tested whether this variant increased the ligandability of the α7 pocket. 

Surprisingly, we found no significant impact on the ligandability of the Mac-1 pocket compared 

to Mac-1 K331C (Fig 7C). The failure of Q325F to promote the open conformations of the 
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allosteric pocket despite the 3.4 °C shift in melting temperature and the perturbation of the α7 

helix via NMR relaxation suggests further study is necessary to understand the conformational 

trajectory which results in the accessibility of the I-domain allosteric pocket. 

 

Discussion  

 

Protein ligandability is a function of both the chemistry at the binding site and the 

accessibility of the site [23]. While Mac-1 and Lfa-1 I-domains both share a hydrophobic surface 

Figure 7: Characterization of Mac-1 Q325F.  A) Selection of Q325F, based on a comparison of the Mac-1 (blue) 
and Lfa-1 (red) α7 helix sequences.  B) Melting curves for wild type Mac-1 (blue) and Mac-1 Q325F (pink).  C) 
Disulfide tethering screen comparing K331C (x-axis) to Mac-1 K331C/Q325F (y-axis). D) 15N-HSQC peak intensities 
of Mac-1 K331C/Q325F mutant (purple bars) and moving average (green line). Despite lower protein stability and 
increased α7 dynamics, ligandability is not increased.   
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underneath the dynamic α7 helix, and similar allosteric mechanisms of activation have been 

proposed for both proteins, small-molecule allosteric ligands have only previously been 

discovered for Lfa-1. Our studies demonstrate that this difference in known ligands is no 

accident - the two family members also differ in their ability to be covalently labeled by 

disulfide-containing fragments when homologous residues are mutated to cysteine (Fig 2). Since 

the chemistry of the two sites are quite similar, with X% amino-acid identity (or homology), we 

hypothesize that a difference in accessibility of the allosteric site is responsible for the 

differences in ligandability.  

Figure 8. Proposed energy landscapes of Lfa-1(Red) and Mac-1(blue) I-domains. Lfa-1 samples multiple 

conformations in the ligand unbound state while Mac-1 mostly samples around the low affinity state and adopts the 
high affinity conformation when the energy penalty is paid by introducing mutations or truncations. 
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Our data point to differences in the dynamics of the α7 helix and the MIDAS as the 

primary determinants of ligandability.  Two separate ensemble analyses based on x-ray 

crystallography data indicate a broad distribution of α7 conformations for Lfa-1, while the same 

helix in Mac-1 shows two distinct conformations (Fig 3).  NMR peak-broadening and a 

destabilizing mutation in Mac-1 further support the notion that the Lfa-1 helix is more dynamic 

than the same region of Mac-1 (Figs 4, 7). These data are consistent with previous studies that 

suggest that the Lfa-1 I-domain samples a continuum of α7 conformations in its unliganded state 

and that allosteric inhibitors function by reordering the MIDAS. A mutation in Mac-1 that 

destabilized the helix did not improve ligandability of the α7 site, further supporting the notion 

that additional features - perhaps at the MIDAS - are required to attain a ligandable 

conformation.  

Together, the data suggests a model in which, unlike Lfa-1, Mac-1 samples a defined 

two-state landscape that is probably more iso-energetic between the extremes, with a higher 

energetic penalty for the excursions that lead to formation of the allosteric pocket (Figure 8). 

This energy landscape allows Lfa-1 to readily create a ligandable, allosteric pocket adjacent to 

the helix, while for Mac-1, there is a high energetic cost to forming an analogous ligandable 

pocket. Future studies which clarify the timescales on which the Mac-1 and Lfa-1 I- domains 

sample their various conformations will add clarify to the model of accessibility we propose 

here. 

For discovery of small-molecule probes and drug leads, the quality of hits is more 

important than obtaining a high hit rate, per se. Finding the rare allosteric ligand is more difficult 

when the conformational ensemble is narrow (as in Mac-1). Additionally, the energy landscape 

of the α7 helix that controls accessibility of the allosteric site could be markedly different in the 
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context of the full-length integrin.  Nevertheless, this study demonstrates a link between the 

breadth of the conformational ensemble and the ability to identify ligands that bind at cryptic 

allosteric sites.  These results are therefore significant in the context of defining the fundamental 

principles of ligandability and allosteric networks within protein families. 

METHODS 

Protein expression and purification  

Wild-type Lfa-1 I-domain (E124-D316) was expressed in BL21(DE3) cells from a 

pET15b vector with an N-terminal hexahistidine (His6)- tag followed by a TEV protease 

cleavage site. Cells were grown in LB media (for crystallography) or M9 media (for NMR)  and 

expression was induced with 1mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) for 4hrs at 

37℃. 

For co-crystallization experiments, we expressed a smaller construct of wild-type Lfa-1 I-

domain (S125-I309) in Rosetta 2(DE3) cells using a pET15b vector containing an N-terminal 

hexahistidine (His6)- tag followed by a TEV protease cleavage site. The cells were grown in LB 

or in M9 minimal media containing 1 g/mL of 15N NH4Cl (Sigma), until an OD600 of 0.5 - 0.7 at 

37℃. Protein expression was induced using 200 uM isopropyl-β-D-1-thiogalactopyranoside 

(IPTG) at 18℃ overnight. The cells were then pelleted and flash frozen in liquid N2.  

For crystallization and NMR experiments, Lfa-1 I-domain was purified from inclusion 

bodies as previously described with some modifications [22]. The pellet of cells were dissolved 

in unfolding buffer containing 6 M Gdn-HCl, 20 mM Phosphate buffer, 10 mM Imidazole, 500 

mM NaCl, and 1 mM TCEP. The cells were lysed using a sonicator and the inclusion bodies 

were solubilized for 2hrs at room-temp. The cell debris was pelleted and HisTrap HP column 
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(GE Healthcare) was used to affinity purify the I-domain from the soluble fraction. The protein 

was refolded using the rapid dilution method previously described in a buffer with 50 mM Tris 

pH 8.5, 1 mM MgSO4, 1mM TCEP and 5% (v/v) glycerol. The refolded I-domain was then 

concentrated using a HisTrap HP column. We added TEV protease to cleave the His6 tag and 

dialyzed the sample overnight at 4℃ into the crystallization buffer (50 mM Tris pH 8.5, 1 mM 

MgSO4 and 1mM TCEP). We removed the cleaved tag and uncleaved products by running the 

sample through an additional HisTrap step. The untagged flow through was loaded onto 

Superdex 75 gel filtration column equilibrated with crystallization buffer for a final purification 

step. For NMR experiments, we buffer exchanged into an NMR buffer (10 mM Sodium 

phosphate pH 7.2, 10 mM MgSO4, 150 mM NaCl and 0.05 % NaN3) and added 10% D2O. 

For co-crystallization experiments, the pelleted Rosetta-2 cells were dissolved in a buffer 

containing 50 mM Tris-HCl pH 7.4, 3 mM Imidazole, 500 mM NaCl, 10 mM MgSO4, 1 mM 

TCEP, and 5% Glycerol in the presence of cOmplete™, Mini, EDTA-free Protease Inhibitor 

Cocktail (Roche). The cells were lysed using sonication and the soluble fraction was loaded onto 

a HisTrap HP column (GE Healthcare) for affinity purification. The eluted fractions were 

dialyzed overnight into a buffer containing 50 mM Tris pH 8.5, 10 mM MgSO4, 1 mM TCEP 

and 5% (v/v) glycerol while removing the His-tag from the protein using TEV protease. The 

untagged protein was ran through a Superdex 75 gel filtration column using the co-crystallization 

buffer (50 mM Tris pH 8.5, 10 mM MgSO4 and 1 mM TCEP).  

The Mac-1 I-domain sequence coding for residues 146-342 was codon-optimized for 

expression in Escherichia coli by DNA 2.0 and subcloned into a pET15b plasmid containing 

a 6xHis affinity tag followed by a TEV protease cleavage site at the N-terminus. Point 



89 
 

mutations were made via Megawhop PCR or QuikChange SiteDirected Mutagenesis Kit 

(Agilent). All constructs were verified by DNA sequencing. 

Recombinant Mac-1 I-domain was expressed and purified essentially as described [8] 

without an ion exchange step. Rosetta 2(DE3) Escherichia coli were grown in 2XYT (for 

crystallography and tethering) or M9 (for NMR) at 37 °C until OD600 reached 0.3. The 

temperature was reduced to 25 °C, and at OD600 = 0.5-0.7, expression was induced with 0.25 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG) followed by culture for 16-20 hours. 

Cells were harvested by centrifugation; resuspended in 50 mL buffer per L of culture of 50 

mM HEPES (pH 7.5), 500 mM NaCl, 10 mM MgCl, 0.25 mM tris(2-carboxyethyl)phosphine 

(TCEP), 10 mM imidazole, and 5% w/v glycerol. Cells were lysed by sonication while on ice, 

and the insoluble lysate fraction was removed by centrifugation. The soluble lysate fraction 

was collected and incubated with HisPur Cobalt resin (Thermo) for 1-2 hours at 4°C, washed, 

and eluted by gravity flow in lysis buffer containing 150 mM imidazole. To remove the 6xHis 

affinity tag, purified protein was incubated and dialyzed overnight at 4 °C with 0.5 mg 

recombinant Tobacco etch virus (TEV) protease, engineered to contain its own 6xHis affinity 

tag. Cleavage/dialysis buffer was 20 mM HEPES (pH 7.5), 250 mM NaCl, 10 mM MgCl, 

0.25 mM TCEP, and 5% w/v glycerol. TEV protease, contaminants, and uncleaved protein 

were removed by repass over a HisPur Cobalt resin column equilibrated in lysis buffer. 

Cleaved and re-passed I-domain was further purified by size exclusion chromatography 

(SEC) on a Superdex 75 16/600 column (GE Healthcare). For disulfide tethering mutations, 

SEC was done with 20 mM HEPES (pH 7.5), 250 mM NaCl, 10 mM MgCl, and 5% w/v 

glycerol. For crystallography, SEC was done with 20 mM HEPES (pH 7.5), 250 mM NaCl, 

10 mM MgCl. For NMR, SEC was done with 10 mM HEPES, 150 mM NaCl, 10 mM MgCl, 
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0.05% (w/v) NaN3 and 5% D2O to avoid further buffer exchange. Protein purity of SEC 

fractions was examined via sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and fractions representing >95% purity were combined and concentrated to >5 

mg/mL Preparations containing 5% glycerol were flash frozen in LN2 and stored at -80 °C. 

Preparations without 5% glycerol were stored at 4°C. WT protein identity and cysteine 

mutation presence were confirmed by intact protein (LC/MS) on a Xevo G2-S (Waters). 

Yield of pure protein varied across constructs but was 4.2 mg/L for codon-optimized WT 

Mac-1 I-domain. 

Crystallization 

Lfa-1 crystals were obtained via hanging drop vapor diffusion method by mixing 1μL of 

20-22 mg/ml of protein and 1μL reservoir solution containing 30% (w/v) PEG 3350 and 0.1 M 

potassium phosphate dibasic. Crystals were formed in 2-5 days at 295K. 

Mac-1 crystallization was induced by hanging drop vapor diffusion at room temperature. 

2 µL of 10 mg/mL Mac-1 I-domain was mixed with an equal volume of well solution: 10 mM 

MgCl2, 1.3 M (NH4)2SO4 and 1.6 M NaCl. Crystals formed overnight and grew to full size in 4-5 

days. 

X-ray Data Collection, Data processing and Modeling  

The X-ray datasets were collected at the Advanced Light Source (ALS) beamline 8.3.1 

on crystals maintained at 273K (RT). The Lfa-1 and Mac-1 I-domain diffraction data was 

processed and scaled with HKL2000 [24]. The co-crystal structures were processed using 

DIALS [25]. Space group determination and scaling were done using POINTLESS, AIMLESS 

and CTRUNCATE  in CCP4 [26-28]. 
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The structure was solved by molecular replacement using the program Phaser in PHENIX 

[29]. The structure of Wild-type LFA-1 I-domain (PDB 3F74; residues G128-Y307) was used as 

a search model. Six N-terminal residues and the α7–helix were manually rebuilt using Coot [30] 

and the model was refined using PHENIX [31]. For the co-crystal structures we used the new 

cryogenic Lfa-1 structure as a search model and used the same pipeline to solve the structures. 

X-ray structural heterogeneity Modeling  

Multi-conformer models were built using the electron density sampling algorithm qFit 

2.0 [32,33]. qFit first builds in up to 4 different conformations as well as occupancies per residue 

into the electron density and then connects the conformations to give a multi-conformer model. 

We did a grid search over backbone amplitude ranges 0.05 to 0.35 and sigma value ranges 0.01-

0.05 and selected the multi-conformer model with the lowest Rfree value.  

The CONTACT algorithm was used to discover network of residues undergoing 

collective conformational exchange [34]. The algorithm identifies network of residues that can 

switch between alternate conformations to relieve clashes caused by overlapping van der Waals 

radii (vdW). A threshold value for clashes (Tstress) was set to the worst 25% of vdW overlaps 

and the maximum vdW overlap allowed after relief was 10%. We used contactApp which uses 

Cytoscape and Chimera to visualize the networks ( generously supplied by Scooter Morris) 

[35,36].  We made the CONTACT network figures using PyMOL (The PyMOL Molecular 

Graphics System, Version 2.0 Schrödinger, LLC). 

Ensembles of conformations were built using phenix.ensemble_refinement [37]. We did a 

grid search over pTLS (0.1-1), wXRAY (2.5-10) and tX (0.5-1.5) refinement parameters to 

obtain optimal values. We selected the ensemble with the lowest Rfree value. Root mean square 

fluctuation (RMSF) were calculated using the CA atoms of each residue in the ensemble. The 
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ensemble structures are colored based on RMSF values using the Spectrumany function in 

PyMOL.  

PDB Ensemble generation  

The Lfa-1 PDB ensemble was created using PDB ID and CHAIN: 5E6S AND CHAIN A, 

5E6S AND CHAIN C, 5E6S AND CHAIN E, 5E6U AND CHAIN A, 5E6R AND CHAIN A, 

1RD4 AND CHAIN A, 1RD4 AND CHAIN B, 1RD4 AND CHAIN C, 1RD4 AND CHAIN D, 

1ZOP AND CHAIN A, 1ZOP AND CHAIN B, 1ZOO AND CHAIN A, 1ZOO AND CHAIN B, 

1ZON AND CHAIN A, 1LFA AND CHAIN A, 1LFA AND CHAIN B, 4IXD AND CHAIN A, 

1XUO AND CHAIN A, 1XUO AND CHAIN B, 1XDG AND CHAIN A, 1XDG AND CHAIN 

B, 1XDD AND CHAIN A, 1XDD AND CHAIN B, 3E2M AND CHAIN A, 3E2M AND 

CHAIN B, 3EOB AND CHAIN I, 3EOB AND CHAIN J, 3EOA AND CHAIN I, 3EOA AND 

CHAIN J, 3BQN AND CHAIN B, 3BQN AND CHAIN C, 3BQM AND CHAIN B, 3BQM 

AND CHAIN C, 1CQP AND CHAIN A, 1CQP AND CHAIN B, 3M6F AND CHAIN A, 2O7N 

AND CHAIN A, 2ICA AND CHAIN A, 3F78 AND CHAIN A, 3F78 AND CHAIN B, 3F78 

AND CHAIN C, 3F74 AND CHAIN A, 3F74 AND CHAIN B, 3F74 AND CHAIN C, 1ZON 

CHAIN A, and 1DGQ AND CHAIN A (the first chain from the NMR ensemble). We aligned 

these structures to the cryogenic Lfa-1 structure we have solved using residue ranges 120-310 

and calculated root mean square deviation (RMSD) values using the CA atoms of each residue. 

The ligand stabilized high affinity structure with a native α7–helix (3TCX) was not used in the 

RMSD calculations and  is not shown on the image of the ensemble (pink). The PDB ensembles 

are colored by RMSD values.The ensemble included all the structures currently (Oct. 2017) 

found in the PDB except for the disulfide bond stabilized structures and a structure that had the 

α7–helix pointing the opposite direction compared to other structures in the PDB. We didn’t 
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include the disulfide bond stabilized structures because we wanted to measure the 

conformational heterogeneity of Lfa-1 close to a native condition.  

The PDB ensemble for Mac-1 I-domain was generated using PDB ID and CHAIN: 

1BHO AND CHAIN 1, 1BHO AND CHAIN 2, 1BHQ AND CHAIN 1, 1BHQ AND CHAIN 2, 

1IDN AND CHAIN 1, 1IDN AND CHAIN 2, 1IDO AND CHAIN A, 1JLM AND CHAIN A, 

1M1U AND CHAIN A, 1MF7 AND CHAIN A, 1N9Z AND CHAIN A, 1NA5 AND CHAIN A, 

3Q3G AND CHAIN E, 3Q3G AND CHAIN G, 3Q3G AND CHAIN I, 3Q3G AND CHAIN L, 

3QA3 AND CHAIN E, 3QA3 AND CHAIN G, 3QA3 AND CHAIN I, 3QA3 AND CHAIN L, 

4M76 AND CHAIN B, and 4XW2 AND CHAIN A.  We used residue ranges 130-319. We split 

the ensembles to open and closed state ensembles. The open state is defined as structures with an 

overall CA RMSD values greater than 1 Å and included PDB ID and CHAIN: 1N9Z_A 4M76_B 

1M1U_A 1IDO_A and 4XW2_A. We aligned and calculated RMSD values of these structures as 

described for the Lfa-1 PDB ensembles.  

NMR Data Collection 

All Lfa-1 NMR experiments were conducted on a Bruker 800 MHz spectrometer at 300 

K. We conducted a 2D 1H-15N HSQC TROSY experiments as implemented in trosyetf3gpsi 

pulse sequence; avance-version (12/01/11) [38-43]. For Lfa-1_BMS-688521 titration 

experiments, 413 μM of uniformly 15N-labeled protein in the NMR buffer (10 mM Sodium 

phosphate pH 7.2, 10 mM MgSO4, 150 mM NaCl and 0.05 % NaN3) was used to collect spectra 

at 0 μM, 10 μM, 50 μM, 100 μM, 150 μM and 500 μM concentrations of BMS-68852. For the 

Lovastatin experiments, we titrated in 0 μM, 25 μM, 125 μM, 200 μM and 1000 μM of lovastatin 

into 187 μM of the 15N-labeled protein in the NMR buffer.  
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Mac-1 NMR samples were purified in or buffer exchanged into 5% 2H2O, 10 mM 

phosphate buffer pH 7.2 with 150 mM NaCl, 10 mM MgSO4 and 0.05% w/v NaN3. Several 

samples were used to acquire backbone amide resonance assignments, a uniformly 13C/15N/2H-

labeled sample at 1.3 mM/0.5 mL and a uniformly 13C/15N-labeled and ~70% 2H-labeled sample 

at 0.7 mM/0.5 mL. A suite of three-dimensional triple-resonance experiments were collected on 

each: HNCA, HNcoCA and 15N-NOESY-HSQC on the 70% 2H sample, and HNCO, 

HNcoCACB and HNCACB on the U-13C/15N/2H-labeled sample. Additionally, 15N/1H HSQC 

spectra were collected on five additional samples containing either 15N-glycine, leucine, alanine, 

isoleucine or valine to achieve single-residue 15N/1H-labeling (Appendix Figure 11). A 

Transverse relaxation optimized spectroscopy (TROSY) experiment was used to deconvolute 

overlapped sidechain resonances. Chemical shifts with unambiguous assignments are reported in 

Appendix Table 5. 

All data were collected at 298 K on Bruker Avance 500 MHz and 800 MHz instruments 

equipped with cryogenic probes. Data were processed and analyzed in NMRPipe [44], CCPNMR 

[45] and SPARKY [46]. 

NMR Spectral Analysis for Titration experiments 

The Lfa-1 NMR titration spectra were processed using NMRPipe [44]. We automatically 

processed the data series using autoProc.tcl script and used nmrDraw to find peaks from the 

series. The backbone chemical shift assignments for Lfa-1 I-domain were obtained using both 

BMRB entry 18941 and 4553 [47-48]. We transferred the assignments to the titration series 

using ipap.tcl script in NMRpipe. To export the chemical shift values for the Lfa-1 our series, we 

used view2D.tcl. Chemical shift values for Mac-1 were recorded manually by overlay and 

comparison processed spectra in CcpNmr Analysis. The chemical shift perturbation (CSP) values 
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for both Lfa-1 and Mac-1 were calculated using modelTitr.tcl script with coefficient values of 

1.0 and 0.2 for HN and 15N respectively (CSP = Sqrt[1.0*(X shift)^2 + 0.2*(Y shift)^2]). CSP 

values are displayed in the figures using a putty representation and a color gradient from grey to 

crimson/ruby. A wider tube and a higher intensity color indicate high CSP values. Full and per 

peak spectral images were made using CcpNmr Analysis using a macro generously provided by 

Wayne Boucher [45].  

NMR Intensity Calculations 

Peak intensities were calculated using nmrDraw. Intensities are calculated by averaging 

the intensities from multiple points around the peak. In the figures, the calculated intensities are 

shown as bar graphs with rolling average values shown as a green line graphs.  

Tethering Experiments 

I-domain constructs containing target cysteines were diluted to 500 nM in 20 mM Tris 

(pH 8.0) containing 500 µM β-mecaptoethanol (βME). 25 µL of the reaction mixture was 

dispensed into 384-well low-volume V-shape plate (Grenier Bio). Using a Biomek FX 

(Beckman), 50 nL of tethering fragment was pinned into each well from a 384-well source plate 

containing 50 mM fragments in DMSO. The reaction mixture was incubated for 3 hours at room 

temperature, and covalent adduct formation was detected via intact protein LC/MS as previously 

described [16]. 

SPR Mac-1/Q325F I-domain binding C3dg 

Recombinant C3dg (Complement 3 residues 955-1296) was expressed and purified 

identically to the Mac-1 I-domain (above). SPR data were collected on a Biacore 4000 (GE 
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Healthcare). 50ug/mL of C3dg, diluted in 10 mM HEPES pH 7.5, 0.1% Tween 20 , was 

immobilized to an activated CM5 chip surface via EDC/NHS random amine coupling. WT and 

Q325F Mac-1 were tested on a 60s immobilization with surface RU of 339. Sensograms were 

collected on increasing concentrations of WT of Q325F Mac-1 with a 450s association step 

followed by a 1000s dissociation step. Reference subtraction, dissociation constant 

determination, and sensogram plotting were performed in Biacore 4000 Analysis Software (GE 

Healthcare).  
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INTRODUCTION 

 

Recent re-appreciation for the importance of innate immunity has led to a deeper 

understanding of host defense and autoimmune disease, opening the door to novel therapeutic 

strategies targeting specific innate immune receptors. Canonically, innate immune cells patrol 

healthy tissues using many redundant receptors to detect injury or infection and initiate the 

recruitment of specialized B-cells and T-lymphocytes [1]. In this paradigm, inhibiting innate 

immune receptors is an unattractive therapeutic strategy, leading to either broad 

immunosuppression, or dampening by compensatory pathways. However, work on Multiple 

Sclerosis pathogenesis found that disrupting the protein-protein interaction (PPI) between blood-

clotting protein fibrin(ogen) and microglial (and macrophage) integrin Mac1 ablated 

neurodegeneration in mice [2]. Mac1 is an integrin expressed on the surface of microglia, 

neutrophils, and monocytes involved in cell adhesion and chemotaxis. Binding of Mac1 by some 

extracellular PPI partners initiates inflammation, and loss of functional Mac1 results in 

immunocompromise [3]. Genetically replacing the fibrin epitope for Mac1 with alanine is 

enough to increase survival in mice with experimental autoimmune encephalomyelitis, a model 

disease for Multiple Sclerosis in mice. Notably, these mice retain all hemostatic functions 
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associated with fibrin clotting, suggesting that the fibrin/Mac1 interaction is independent of 

fibrinogen’s platelet signaling activity or fibrin’s clotting function.  

While the biological validation data are compelling, the fibrin/Mac1 molecular 

interaction is complex. Fibrinogen is proteolyzed and cross-linked to form heterogeneous fibrin 

clots at sites of injury; it is the fibrin form that appears to attract Mac1-binding cells. Through a 

poorly understood mechanism, fibrin displays a ‘cryptic epitope’ to immune cell receptors that is 

not observed with soluble, full-length fibrinogen [4].  This cryptic epitope, called P2, is in the C-

terminal γ-chain of fibrinogen.  P2 is recognized by the Mac1 ligand binding domain, an apical 

200-residue Inserted (I)-domain [5]. Immobilizing an 18-mer peptide containing the P2 sequence 

on a surface such as an ELISA plate is sufficient to cause adhesion of cells expressing Mac1 and 

to detect binding of purified Mac1 I-domain [6]. Interestingly, the P2 binding site on the I-

domain is thought to be different from the canonical ligand-binding site for well-characterized 

complexes such as the complement protein iC3b6. Despite the biological relevance of the 

interaction, the structural basis for fibrinogen γ-chain binding to Mac1 I-domain remains unclear. 

The unresolved nature of the γ-chain/I-domain interaction is not unique to fibrinogen. 

Mac1 has 30+ reported protein-protein interaction partners, and rules delimiting Mac1 PPI 

partners similarly lacks a clear structural basis. Previous work on the mechanism behind Mac1’s 

PPI promiscuity centered on ligand structure and sequence. Podolnikova et al. examined peptide 

arrays of reported Mac1 ligands and identified a generic recognition motif of a basic residue 

flanked by one or more hydrophobic residues (H-B-H) [9]. However, a similar analysis by the 

same group observed the Mac1 I-domain was capable of binding to multiple fibrinogen-derived 

peptides, not just P2, even though some of the sequences do not fit the proposed H-B-H binding 
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motif [10]. I hypothesized that Mac-1’s propensity to interact with diverse ligands was encoded 

in the structure of the I-domain rather than in its PPI partners. 

Five of the eight integrin I-domains are structurally characterized (αX, αM/Mac-1, 

αL/Lfa-1, α1 and α2) and they all adopt nearly identical Rossman-like folds, with a series of 

seven α-helices surrounding six β-sheets to form a cylinder. The interaction of Mac-1 with iC3b 

and its fragments is a canonical I-domain/ligand interaction (Fig 1). As discussed in Chapter 4, 

trapping of the allosteric α7 helix into the low-affinity conformation is known to reduce binding 

Figure 1. Mac-1 Undergoes a conformation switch upon ligand binding. The Mac-1 I-domain is constitutively in 
a low-affinity conformation (red, see also Chapter 3 Fig 1) where the C-terminal α7 helix rest in an up position. Upon 
complex formation with C3d, the α7 shifts downwards ~10Å to transmit an allosteric signal to the proximal domain 
in the integrin. 
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of Lfa-1 and Mac-1 to PPI partners. Therefore, identifying small molecules that trap the Mac-1 

α7 helix in a low-affinity form is attractive (a) as a potential inhibitor of inflammatory signaling 

in innate immunity, and (b) as a chemical probe to test whether the multiple Mac-1 I-domain 

ligands converge on a common allosteric signaling pathway.  

 Here I report work toward such a model for the Mac-1 I-domain. I characterized the 

binding interaction between the fibrinogen γ-chain and the Mac1 I-domain across a variety of 

complimentary binding assays, using the canonical MIDAS-binding ligand iC3b as a control. I 

collected 1H/15N HSQC ligand titrations on U-15N labeled Mac-1 to compare the molecular 

rearrangements in the I-domain upon ligand binding. Attempts to add resolution to these data by 

co-crystallizing Mac-1 and the fibrinogen γ-chain to determine a binary complex structure were 

unsuccessful. Finally, a disulfide screening campaign for small molecule fragments targeting the 

α7-helix pocket yielded the first reported allosteric small molecule for the Mac-1 I-domain. This 

hit can serve as a starting point for a comparative chemical biology approach to understanding 

the Mac-1/fibrinogen interaction and the structural basis for Mac-1 PPI promiscuity. 

 

RESULTS 

 

The physiological interaction of Mac-1 with its protein partners occurs in the context of 

the heterogeneous extracellular matrix. Often, the partner protein is deposited on a surface such 

as a fibrin clot (in the case of fibrinogen) or an opsonized cell membrane (in the case of 

Complement 3 and its fragments). Surface-based binding assays are a natural choice to study 

Mac-1 PPIs in vitro. In an Enzyme Linked Immunosorbent Assay (ELISA) study of the Mac-1 I-

domain binding to a surface of adsorbed γ-chain or iC3b, Mac-1 binds to γ-chain with an 
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apparent Kd of 4 µM, a >2-fold preference over iC3b (Fig 2A-B). However, iC3b is a much 

larger protein than fibrinogen γ-chain (175 kDa and 29 kDa respectively) and adsorbing at the 

same surface density deposits fewer iC3b molecules than γ-chain molecules. To correct for this, 

recombinant C3dg was expressed and purified. C3dg is a smaller C3 fragment (43 kDa) 

competent to bind the I-domain in a MIDAS-dependent fashion [7]. Mac-1 binds C3dg with an 

apparent Kd of 2 µM, weaker than the reported Kd of 450 nM determined by Isothermal 

Figure 2. Mac-1 I-domain bind γ-chain and iC3b in a Protein-Protein Interaction ELISA. (A) Assay format for 
detecting biotin-Mac1 I-domain to an ELISA surface via Strepavidin-HRP. (B) Titration of Mac-1 onto a surface of 
either γ-chain or iC3b reveals a >2-fold higher affinity for adsorbed γ-chain. Binding of 6uM biotinylated Mac1 I-
domain in the presence of increasing EDTA (C), unlabeled Mac1 I-domain (D), ychain (E), and C3dg (F) to wells 
coated with 45 ug/mL C3dg (Blue) or 45ug/mL ychain (red). A zero-competitor control is plotted above the lowest 
concentration for comparison, (green = zero on C3dg surface, purple = zero on ychain surface). 



104 
 

Calorimetry [7]. In the ELISA format, C3dg and γ-chain are equally potent ligands for Mac-1. 

Both interactions were MIDAS dependent and were ablated by chelation of the Mg2+ by addition 

of EDTA (Fig 2C). Unlabeled Mac-1 was able to compete with biotin-Mac-1, as expected (Fig 

2D). However, addition of soluble γ-chain did not compete with either a γ-chain or C3dg surface, 

and soluble C3dg showed only modest inhibition to either surface (Fig 2E-F). 

 The reported propensity of the Mac-1 I-domain to bind to generic hydrophobic sequences 

convolutes the interpretation of ELISA binding data, given the disordered adsorption of ligand 

inherent to an ELISA and the inability of the soluble ligands to compete with identical molecules 

adsorbed to the assay surface. The observed binding of Mac1 to C3dg and γ-chain could depend 

on partial or total ligand unfolding driven by adsorption. While this possibility aligns well with 

the γ-chain cryptic epitope hypothesis, C3dg is known to make an ordered, one-to-one 

interaction with the I-domain MIDAS. The surprisingly similar 2-4 µM apparent Kd of γ-chain 

and C3dg led us to study the contribution of surface adsorption to the affinity of Mac-1 for its 

ligands using a pair of surface-based biophysical techniques, Bio-Layer Interferometry (BLI) and 

Surface Plasmon Resonance (SPR).  

In SPR, a dextran-coated gold surface is functionalized with an immobilization 

chemistry, allowing the site-specific or random coupling of proteins to the activated surface. 

Binding is detected through the change in refractive index (RI) at the surface; the RI is 

proportional to the mass deposited on the activated surface. The affinity and kinetics of 

interactions between two molecules can therefore be studied using microfluidics-controlled flow 

of a solution containing one molecule over and SPR surface containing the other molecule. To 

best imitate a heterogenous fibrin clot, γ-chain was coupled to a GE Healthcare CM5 Biacore 

chip via Random Amine Coupling (RAC) [8]. RAC covalently links free amines, such as 
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surface-exposed lysines, to the chip surface. The surface lysines on both γ-chain and the C3dg 

control are evenly distributed across the protein surface. While some linkages will obscure the 

putative Mac-1/ligand binding site, the overall surface serves as an approximation of the 

complex substrates of fibrin clots and C3 opsonins.  

 Immobilization of C3dg and γ-chain to a CM5 surface through RAC was optimized by 

varying surface activation time, protein concentration, and contact time. The minimum activation 

and contact time (60s each) reduced the surface response to <1000 RU for each protein, when 

injected at 50 ug/mL. Lower concentrations of ligand failed to immobilize. Binding of wild-type 

Mac-1 I-domain to the immobilized ligand surfaces yielded dose-dependent binding sensograms 

(Fig 3A-B). Mac-1 bound both C3dg and γ-chain with a fast kon, followed by a slow binding step 

which did not saturate. These data yielded Kd = 4.0 uM for C3dg and Kd = 33 uM for γ-chain. 

Both surfaces had <20% theoretical Rmax, indicating a large population of the randomly-

coupled ligands were unavailable for Mac-1 binding.  

 BioLayer Interferometry relies on similar surface reflection principles as SPR. However, 

in BLI the surface is a disposable biosensor tip that can be manipulated by an automated tip-head 

to sample various analytes in a plate-based format. To test whether the affinity of Mac-1 for 

C3dg and γ-chain was influenced by either the microfluidic flow of SPR or the RAC 

immobilization method, Mac-1 I-domain was genetically tagged with a C-terminal Avi sequence 

and co-expressed with bacterial biotin ligase BirA. The resulting Mac-1 I-domain was confirmed 

to be uniformly labeled with biotin via intact protein LC/MS. Biotin-Mac-1 was loaded onto 

Octet Red (ForteBio) biosensor tips coated in streptavidin and exposed to a solution of either γ-

chain or C3dg (Fig 3A-B). In this reversed format, the C3dg/Mac-1 interaction maintained fast 
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on-rate and off-rates as demonstrated by the instantaneous rise to a signal plateau after the Mac-

1-coated tip enters and exits the ligand solution at 150s and 250s respectively (Fig 3A). In 

Figure 3. Mac-1 I-domain binds γ-chain and iC3b in a Octet and SPR formats. (A) Increasing concentrations of 
WT Mac-1 flowing over an SPR chip coated with 339 RU of C3dg yields a Kd = 4.0uM.  (B) Increasing concentrations 
of WT Mac-1 flowing over an SPR chip coated with 996 RU of γ-chain yields a Kd = 33uM (C & E) an Octet tip 
coated in biotin-Mac-1 WT (C) or I316G (E) dipped into increasing concentrations of C3dg.  (D & F) An Octet tip 
coated in biotin-Mac-1 WT (D) or I316G (F) dipped into increasing concentrations of γ-chain. 
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contrast, WT Mac-1 binding to γ-chain is mostly ablated (Fig 3D), suggesting the affinity for 

Mac-1 to the γ-chain observed in SPR is greatly increased by deposition on a surface.  

 Previous studies of the Mac-1/fibrinogen interaction had identified ‘activating’ mutations 

in the I-domain which increased affinity of the I-domain for various ligands by as much as 10-

fold [11]. Surprisingly, introducing I316G to the I-domain converts the fast on/off rate of I-

domain binding to C3dg to slow-on and slow-off, as well as increasing the overall signal/noise 

(Fig 3E).  Mac-1 I316G binding to γ-chain is increased compared to WT (Fig 3D & F), but the γ-

chain that binds to the Mac-1-coated biosensor does not dissociate even with an extensive 

washing time (>1000s).  The slow kinetics suggests the interaction is irreversible and may result 

from a non-specific mechanism such as partial unfolding of the I-domain or the γ-chain.  

From these data and NMR studies described below, I hypothesize that I-domain affinities 

measured using activating point mutations or truncations do not represent increases in Kd, but 

rather a propensity for co-aggregation. Whether this co-aggregation is the primary means of 

Mac-1/fibrin interaction in the context of full-length fibrin and integrin is unclear. Regardless, 

the preference of Mac-1 to bind surface-adsorbed γ-chain versus soluble γ-chain (Fig 2D, 3E) 

explains the inability of γ-chain to compete for I-domain binding in the competition ELISA 

format (Fig 2E). A partial lack of competition was observed for C3dg (Fig 2F), despite the ability 

of the I-domain to bind soluble C3dg (Fig 3C). Taken together, these data suggest the Mac-1 I-

domain interactions with γ-chain and C3dg may share a common binding mechanism when the 

ligands are adsorbed to a surface, but that C3dg can access a soluble binding mode unavailable to 

γ-chain.  

 To understand if γ-chain or the putative P2 binding epitope retain any ability to interact 

with WT Mac-1 I-domain in a soluble format, I turned to Nuclear Magnetic Resonance (NMR) 
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spectroscopy, a technique capable of detecting the fine conformational changes in protein 

structure that define PPIs. Cross peaks in 1H/15N-HSQC are due to individual H-N bonds in the 

15N-labeled protein, most common in the peptide-bind amide. Chemical shift perturbation (CSP) 

of 1H/15N cross peaks upon binding of ligands denote changes in the environment of specific 

residues. Perturbations can be due to changes in local environment (seen as a shift in the peak 

and/or broadening of the peak) and/or due to changes in the relaxation rate of the resonance, as 

when a larger protein complex is formed (seen as broadening of the peak).  When paired with x-

ray structures, chemical shift perturbation enables the identification of individual residues and 

broader structural motifs involved in a PPI.   

 The structure and function of the Mac-1 I-domain are known to be sensitive to the 

presence of a divalent metal ion in the apical MIDAS [7]. To characterize the regions of the I-

domain structurally coupled to the MIDAS, a series of 1H/15N HSQC spectra were collected on 

U-15N Mac-1 I-domain with increasing concentrations of EDTA (Appendix Fig 12). The 

resulting CSP were binned into strong, intermediate and weak shifts and mapped to the I-domain 

crystal structure (red, orange, yellow in Fig 5A). As expected, the strongest CSP occurred at the 

MIDAS. Another region of CSPs occurred at the α7 helix, aligning with the well-known 

allosteric coupling of the α7 helix to the MIDAS (see Chapter 4). Finally, a region of 

intermediate CSP occurred in beta-sheet five, a part of the hydrophobic core connected to a 

MIDAS-coordinating loop, providing evidence for involvement of the I-domain core in 

propagating structural rearrangement at the MIDAS. 

 To compare CSP caused by PPI ligands with those demonstrated by EDTA, similar 

1H/15N HSQC experiments were collected on C3dg, γ-chain, and LL-37, a small anti-microbial 

peptide reported to bind the Mac-1 I-domain [12]. A constant concentration of U-15N Mac-1 I-
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domain with increasing concentrations unlabeled protein partner. LL-37 is an ideal candidate for 

NMR studies because it contains only 37 residues, and binding of unlabeled LL-37 to 15N-

labeled Mac-1 can be detected without peak broadening or loss of HSQC signal. Fast-exchange 

CSP was observed in an 8-step titration of LL-37 up to 1.8 mM, allowing the identification of 

residues in direct contact with the peptide (Appendix Fig 13). Mapping those residues to the 

Mac-1 crystal structure revealed a profile similar to EDTA: the most intense shifts occurred at 

the MIDAS, α7 helix and the β-sheet under the MIDAS loop between the metal biding site and 

the top of the α7 helix. These data provided strong evidence LL-37 bound to the I-domain in a 

MIDAS-dependent fashion and caused the canonical allosteric α7 helix shift. Additional 

structural characterization via the determination of an I-domain/LL-37 co-crystal structure would 

confirm this hypothesis. 

Unlike the LL-37 interaction, formation of a 1:1 Mac-1:γ-chain or Mac-1:C3dg complex 

would result in a 50-60 kDa heterodimer, more than double the molecular weight of free Mac-1 

(22.8 kDa). The slower solution tumbling of the larger complex would lead to broadening and 

then loss of 15N-HSQC signal if the Mac-1 and protein partner form a complex. As expected, we 

observed extensive peak broadening upon the addition of C3dg. However, the high-affinity of 

the complex led to loss of >90% of HSQC signals in one titration step (Appendix Fig 13, 485uM 

Mac-1, 240uM C3dg). Repeating the Mac-1/C3dg HSQC titration in a finer dose response will 

allow assignment of residues implicated in the interaction.  

Consistent with the hypothesis γ-chain does not access a binding-competent state in 

solution, the dose-response with γ-chain revealed significantly less signal broadening (Fig 4). In 

a 1:1 interaction, regions in direct contact with γ-chain would undergo more rapid signal 

relaxation, allowing the mapping of important residues for the Mac-1/γ-chain interaction (Fig 4, 



110 
 

arrows). Correlating broadened peaks with their location in the crystal structure of the Mac-1 I-

domain revealed diffuse impact of γ-chain binding. Residues at the MIDAS, α7 helix, as well as 

the ‘back’ of the protein all underwent relaxation (Fig 5C).  

Figure 5: 15N HSQC Titration CSP Mapped to Mac-1 Crystal Structure. WT Mac-1 chemical shift 
perturbations at saturating concentrations of (A) EDTA or (B) LL-37, or precipitation-limited concentrations of (C) 
γ-chain. 
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Though these NMR data are consistent with a 1:1 Mac-1:γ-chain binding event followed 

by an overall conformation shift to a ‘bound’ state, they are also consistent with co-aggregation 

of receptor and ligand. In the final stage of the 15-N HSQC titration, visible aggregates were 

observed in the NMR tube. Recovering the sample, centrifuging to collect any aggregates, and 

resuspending the precipitate allowed SDS-PAGE analysis of the residue’s contents. Bands with 

molecular weights corresponding to both Mac-1 and γ-chain were present in the precipitate, 

supporting the co-aggregation hypothesis (data not shown). The aggregation and precipitation of 

the complex is consistent with BLI and ELISA data, which both suggest that soluble γ-chain 

does not bind soluble Mac-1 I domain in a reversible manner.  From these data, we cannot 

determine whether aggregation-dependent binding is due to truncating the native proteins (I-

domain for Mac-1; γ-chain for fibrinogen) or whether it reflects a biologically relevant binding 

activity. 

Co-crystallization of the Mac-1 I-domain with C3d, a truncation of C3dg, was reported in 

2015, resulting in a high-resolution crystal structure which elucidated the structural basis for the 

C3d/Mac-1 interaction at the MIDAS [7]. I therefore explored co-crystallizing the Mac-1 I-

domain with γ-chain and its peptide epitope P2. Initial screens centered around previously 

described I-domain and γ-chain crystallization conditions. I then expanded into 96-well plate-

based screening of the JCSG Core I, II, III, IV and V suites. The results are summarized in Table 

1. Focused screens were performed on conditions from the 96-well plates with granular 

precipitate or microcrystals (Appendix Fig 14). Crystals which grew to >50 um were confirmed 

to be protein and taken to the Advanced Light Source (ALS) 8.3.1 beamline for analysis. All 

crystals diffracted poorly (>3 Å resolution). Datasets collected from diffracting crystals were 

indexed, which revealed the unit cell dimensions were too small to contain a Mac-1:γ-chain 
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complex. Future co-crystallization efforts of the Mac-1:γ-chain would require a redesign of the 

crystallization constructs, or the introduction of crystallization chaperones such as γ-chain or I-

domain specific Fabs. 

TABLE 1: FIBRINOGEN/MAC-1 CO-CRYSTALLIZATION TRIALS 
DATE 
(MO, 
YR) 

PROTEINS NUMBE
R OF 
WELLS 

CRYSTAL
LIZATION 
BUFFER 

CRYSTALLIZATI
ON SALTS 

CRYSTALLIZAT
ION ADDITIVES 

RESULT SYNCHOTRO
N DATA 

MAY-
16 

aM Idomain, 
ychain 

24 
(12x1uL, 
12x2uL) 

0.1 M Tris 
pH 8.0 

70 mM CaCl2 15-25% PEG 
4000 

negative 
 

MAY-
16 

aM Idomain, 
ychain 

24 
(12x1uL, 
12x2uL) 

0.1 M MES 
pH 6.0 

70 mM CaCl2 13% PEG 8000 negative 
 

MAY-
16 

aM Idomain, 
P2 

4x2uL pH 5-6 1.3M (NH4)2SO4, 
1.55M NaCl, 10 mM 
MgCl 

 
small 
crystals 

Low res, died in 
radiation 

JUN-
16 

aM Idomain, 
P2, Seeding 

15x2uL pH 5-6 1.3-1.8M 
(NH4)2SO4, 1.56-
2.3M NaCl, 10 mM 
MgCl 

 
negative 

 

JAN-
17 

aM Idomain, 
ychain 

24 
(12x1uL, 
12x2uL) 

pH 5-6 1.3-1.8M 
(NH4)2SO4, 1.56-
2.3M NaCl, 10 mM 
MgCl 

 
small 
multiform 
crystals 

 

FEB-
17 

aM Idomain, 
ychain 

96x0.2uL Screening 
plate 

varied varied 3 hits 
(next 
page) 

 

MAR-
17 

aM Idomain, 
ychain 

384 
(4x96x0.2

uL) 

Screening 
plates 

varied varied negative 
 

MAR-
17 

aM Idomain, 
ychain 

30 
(15x1uL, 
15x2uL) 

0.1M Na 
Acetate pH 
4.6 

0.2-0.8 M 
(NH4)2SO4 

15-30% PEG 
4000 

negative 
 

MAR-
17 

aM Idomain, 
ychain 

30 
(15x1uL, 
15x2uL) 

0.1M Na 
Acetate pH 
4.6 

0.2-0.8 M 
(NH4)2SO4 

15-30% PEG 
MME 8000 

negative 
 

 

Identifying Fragments Binding to Mac-1 Allosteric Pocket 

In the α7 helix-targeted screens reported in Chapter 3, the Mac-1 cysteine mutants 

identified a small number of disulfide fragments capable of tethering to the allosteric site. Of the 

6 screened cysteines, the highest number of compounds (42) labelled K331C by more than three 

standard deviations above the mean (Fig 2D). K331C also selected the highest-labeling fragment 

(60.6 %-bound at 100 µM fragment, 500 µM βME. We therefore focused on dose-response 

experiments to identify hits capable of fully labeling K331C. From these experiments, we 

identified SMDC917607 (Fig 6B), a methyl-hydroxy quinoline capable of fully labeling K331C 
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with a EC50 of 87 µM in 10 mM TRIS pH 8.0 and 500 µM βME (Fig 6A). Notably, several 

analogs of SMDC917607 contained in our library showed reduced binding to K331C (Fig 6B). 

Extending the aliphatic linker from 2 to 3 carbons, removing the substitutions to the quinoline 

ring, or consolidating to a single ring system all diminish compound binding. Increasing the 

reducing potential of the buffer to 1 mM βME also ablated binding (data not shown), implying a 

weak interaction driven by non-covalent contributions of the fragment rather than disulfide bond 

formation. 

To determine the binding mechanism of SMDC917607, we collected 15N-HSQC NMR 

CSP experiments on 0.59 mM K331C Mac-1 I-domain (Fig 6C). The residues demonstrating 

CSP at 1.1 mM 917607 were mapped to the Mac-1 X-ray structure (Fig 6D). Because the 

hydroxyquinolone core of SMDC917607 could potentially chelate the Mg2+ present in the Mac-

1 MIDAS, we included a 10 mM excess of MgCl2 during data collection. Residues V312 and 

Figure 6: Disulfide fragment binds at α7 allosteric site. A) Dose-response for SMDC917607 binding Mac-1 
K331C in 10 mM TRIS pH 8.0 and 500 uM βME detected by intact protein LC/MS.  B) Chemical structure of the 
fragment SMDC917607 and analogs present in screening library. C) 15N-HSQC titration of SMDC917607 into 
15N-labeled, K331C Mac-1 I-domain (blue) compared to HSQC of apo K331C Mac-1 (black). D) Mapping of CSP, 
e.g., from panel C, onto the x-ray structure of Mac-1 I-domain, colored from grey (0 ppm) to blue (0.25 ppm). 
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F313, near K331C, were two of the largest peak shifts (0.15 ppm and 0.25 ppm respectively), 

suggesting that these residues made direct contact with SMDC917607 (Fig 6C). Other large 

chemical shifts included nearby residues A249 and Q314 (0.20 ppm and 0.14 ppm, respectively) 

and residues in the unstructured C-terminus of the α7 helix (I335 and G337). Y192 was the only 

residue that shifted significantly in regions distant from the tethering site on the α7 helix (Fig 

6C). Notably, Y192 was positioned directly below the MIDAS, providing evidence for allosteric 

coupling between the α7 helix and the MIDAS.   

To determine whether SMDC917607 could bind to the α7 site in the absence of a 

disulfide bond to K331C, we performed a 1H-15N-HSQC titration of SMDC917607 against wild 

type Mac-1 I-domain (Appendix Fig 15). We were unable to saturate binding at the solubility 

limit of SMDC917607 (1100 µM), suggesting a loss in affinity of >10-fold relative to the 

disulfide-trapped complex (Fig 6); nevertheless, we did observe CSP for 312V, aromatics in the 

proposed α7 pocket, and 192Y and surrounding residues (Appendix Fig 15B). Thus, both 

tethered and noncovalently bound fragment were able to bind to the α7 pocket and induce 

allosteric shifts at the MIDAS.  

 

DISCUSSION 

 

Here we report the comparison of the binding mode of the Mac-1 I-domain with two 

ligands, Complement 3 fragment C3dg and fibrinogen γ-chain, as well as the discovery of small 

molecule allosteric binder of the I-domain α7 helix.  

C3dg and γ-chain are both protein ligands of the I-domain, which each bind with single- 

or double-digit µM affinity when they are deposited on an ELISA or SPR surface (Fig 1). 
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However, C3dg retains binding in solution-phase experiments, whereas the Mac-1/γ-chain 

interaction is ablated (Fig 2). NMR experiments at >100µM concentrations point to a co-

aggregation or partial unfolding mechanism which may also be promoted by surface deposition 

the I-domain, γ-chain, or both. Future work to test this hypothesis will require confirmation of 

co-aggregation, perhaps via Dynamic Light Scattering (DLS), Small-angle X-ray Scattering 

(SAXS), or the generation of I-domain variants resistant binding the γ-chain. DLS and SAXS 

would clarify the nature of the I-domain/γ-chain complex and whether the aggregates observed 

here represent a monodisperse particles with defined stoichiometry, or whether the two proteins 

simply co-precipitate. I-domain mutations which ablate γ-chain binding but not C3dg or LL-37 

binding could be studied to clarify whether the γ-chain is accessing a non-canonical I-domain 

binding mode.  

I also investigated the binding of ligands to the I-domain using NMR. 15N-HSQC spectra 

of the I-domain with EDTA display baseline CSP profile caused by perturbing the MIDAS: 

intense shifts in the nearby loops and α7 helix. Repeating the experiments with putative PPI 

partner peptide LL-37 implicate residues similar to those perturbed by EDTA, suggesting LL-37 

binds and induces an allosteric signal via the canonical I-domain α7 signaling helix. C3dg 

1H/15N HSQC spectra were inconclusive, making it difficult to compare LL-37 CSP to the 

published Mac-1/C3dg crystal structure. Either more careful C3dg NMR studies, or co-

crystallization of the LL-37/I-domain complex are necessary to confirm the mode of LL=37 

binding. Aggregation limited the concentration at which the Mac-1/γ-chain interaction can be 

studied by NMR. The CSP data we did observe is consistent with γ-chain binding the I-domain 

with an alternative, non-MIDAS, mechanism. However, a screening campaign to identify 

conditions for co-crystalizing γ-chain the I-domain was unsuccessful, as was soaking I-domain 
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crystals with γ-chain or its peptide epitope P2 (Fig 5). The non-canonical binding of γ-chain to 

the I-domain therefore remains unsubstantiated. Future efforts to determine the atomic structure 

of the γ-chain/I-domain complex could be continued with single-particle electron microscopy 

techniques, especially if SAXS studies reveal homogeneous particle formation upon co-

aggregation. 

Identification of an allosteric inhibitor at the cryptic α7 pocket Mac-1 allows study of the 

I-domain’s various PPIs from a different angle. MIDAS-dependent interactions are sensitive to 

modulation of α7 helix movement (Chapter 4), while some partners such as fibrinogen γ-chain 

may be resistant to allosteric inhibitors. Here we describe the first small-molecule binder of the 

Mac-1 I-domain α7 pocket. Starting from the ligandability tethering screen screens reported in 

Chapter 3, we perform dose response to identify top hits, and NMR chemical shifts perturbations 

to validate the binding mode (Fig 6). Experiments to determine if 917607 inhibits I-domain 

binding to C3dg, γ-chain and LL-37 are an area for immediate future work. Even if the fragment 

hit itself has no or limited activity, co-crystallization of the 917607/I-domain complex would 

enable medicinal chemistry expansion of the initial hit. 

This work identifies differences in Mac-1 I-domain binding to C3dg and γ-chain and sets 

the stage for experiments designed to describe those differences. Leveraging the α7 helix 

fragment hit described here to study the binding modes of I-domain PPI partners will allow 

future work to circumvent the aggregate-prone biochemistry of fibrin/fibrinogen. Site-specific 

modulation if the I-domain could be extended beyond the α7 helix to scan for other ligandable 

pockets which could be partner-specific.  

 

METHODS 
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Protein Expression and Purification 

WT Mac-1 I-domain (146-341) was expressed and purified as described in previous 

chapters (Chp 2 and 4). C3dg (955-1296) was expressed and purified identically to the Mac-1 I-

domain. Synthetic LL-37 was purchased from Elim Biopharma 

(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES). 

 Recombinant γ-chain (158-420) was with a protocol modified from [13].  Rosetta-2 cells 

transformed with the pet20b plasmid containing the y-chain construct were grown to saturation 

overnight at 37 °C in LB containing ampicillin and chloramphenicol. O/N cultures were diluted 

1:60 into 2X YT containing amp/chlor and grown for 2−2.5 h at 37 °C.Between OD600 = 0.3 

and 0.4 temperature was dropped to 25 °C, and cells were induced at OD600 = 0.6-0.8 with 

isopropyl 1-thio-β-d-galactopyranoside (750uL of 500mM IPTG). Culture was incubated for 12-

16 hours (O/N) before harvesting via centrifugation. 

Harvested cells were re-suspended in washing buffer (50 mM Tris-HCl buffer, pH 7.4, 

containing 0.15 M NaCl, 5 mM EDTA, and 0.5% Triton X-100) and lysed via sonication. Lysed 

cells were centrifuged for 30min at 13000g and supernatant was collected for analysis. The pellet 

was washed 5 times with washing buffer for removal of membranes and soluble proteins, 

collecting the supernatant each time. 

  The washed pellet was solubilized in 50 mL of 4 M guanidine hydrochloride (GdnHCl), 

and the concentration of the protein was measured via A280. The protein in 4 M GdnHCl was 

diluted with 8M urea to a final concentration of 0.2−0.25 mg/mL and dialyzed against a 4-fold 

volume of 8 M urea at room temperature for several hours. 
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  The concentration of urea in the container was step-wise reduced to 0.125 M by addition 

of 20 mM Tris buffer, pH 8.0, at 4 °C over a period of 36-48 hr followed by 12-16 hr dialysis of 

the protein versus the same buffer. Sometimes cloudy white precipitate and a slight pellet was 

observed. The protein was then dialyzed for 24 hr versus TBS (20 mM Tris buffer, pH 7.4, with 

0.15 M NaCl) containing 1 mM Ca2+. 

The refolded protein solution was cleared via centrifugation and concentrated in a 10k 

Amicon concentrator (Amicon), to <2 mL before injection on a 16/600 S75 Gel Filtration 

column equilibrated in TBS (20 mM Tris pH 7.4, 0.15M NaCl). Fractions with UV signal were 

collected, analyzed via LC/MS and SDS-PAGE, and those containing soluble and monomeric y-

chain were pooled. Pooled fractions were concentrated to ~5 mg/ml, flash-frozen in LN2 and 

stored at −80 °C. 

ELISA 

100 µL of 50 µg/mL partner protein was adsorbed onto clear, flat-bottom, 96-well 

MaxiSorp plates overnight at 4 °C. Wells were washed with 3x with 200 µL PBST, and blocked 

with 5% non-fat milk for 60-120 minutes at room temperature. Wells were washed with 3x 

PBST and biotinylated Mac-1 was incubated with the surface for 60 minutes at room 

temperature. Wells were washed with 3x PBST, and Strepavidin conjugated to HRP 

(ThermoFisher) was incubated with the surface for 30 minutes. Wells were wash with 5x PBST 

and peroxidase substrate was added for 5-20 minutes, stopping with 0.1M HCL before 

saturation. Absorbance was read at 540 nM read in a Flexstation plate reader (Molecular 

Devices) 

SPR 
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Surface plasmon resonance experiments were conducted on a Biacore 4000 (GE Healthcare) 

using a CM5 sensor chip (GE Healthcare). Random amine coupling to the chip surface was 

achieved with EDC/NHS activation/blocking. Target proteins were immobilized to 300-1000 RU 

by injecting 50 µg/mL for 60s in immobilization buffer (10mM NaOAc pH 5.0, 150mM NaCl, 

0.05% Tween 20). After immobilization, experiments were conducted in running buffer (10 mM 

HEPES, pH 7.5, 150mM NaCl, 1mM MgCl2, 0.05% Tween 20).  

BLI 

Experiments were performed on an Octet Red (ForteBio). Biotinylated WT and I316 Mac-1 I-

domain was loaded onto Streptavidin Dip and Read Biosensors for kinetics (ForteBio) in assay 

buffer (PBS pH 7.4, 0.2% BSA, 0.05% Tween 20, 1 mM MgCl2. The tips were washed and 

blocked by dipping into 10 µM biotin. Sample association step (5-10 minutes) was also 

performed in 10 µM biotin to minimize signal artifacts. 

NMR 

1H/15N HSQC spectra were collected on an 800 Mhz Bruker magnet equipped with a cryoprobe. 

Data was processed and analyzed as described in Chaper 4. 
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Appendix 
 
 
 

Appendix Table 1. % Bound Calculation Binsa 
Bin Category Mass Range 
Protein 𝑚௣௥௢௧௘௜௡ ± 5 
Protein 𝑚௣௥௢௧௘௜௡ + 𝑚௖௔௣ ± 5 
Adduct 𝑚௣௥௢௧௘௜௡ + 𝑚௔ௗௗ௨௖௧ ± 5 
Protein 𝑚௣௥௢௧௘௜௡ + 2 × 𝑚௖௔௣ ± 5 
Adduct 𝑚௣௥௢௧௘௜௡ + 𝑚௖௔௣ + 𝑚௔ௗௗ௨௖௧ ± 5 
Double-Adduct 𝑚௣௥௢௧௘௜௡ + 2 × 𝑚௔ௗௗ௨௖௧ ± 5 
Secondaryb 𝑚୫ୟ୶ ௜௡௧௘௡௦௜௧௬ ± 5 
Other 𝑚௢௧௛௘௥ 
aFree protein, capped protein (+βME) and adduct-bound 
protein (+compound) ranges are each added and binned to 
calculate a final total and % bound values using Eq. (1). 
Values outside these bins are placed in ‘other’ and used to 
estimate data quality with Eq. (2). 

  bSecondary peaks are reported only if secondary % is greater 
 than % of the expected free, capped or adduct-bound protein. 
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Appendix Figure 1. Disulfide Fragment Scheme. Two example compounds from the SMDC 
disulfide tethering library. The fragment moiety is connected to a common aliphatic linker 
terminating in a disulfide capped with a free amine. 
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Appendix Figure 2. UPLC Elution Strategy. A) Elution scheme for the rapid desalting over a 
short BEH C4 column. A steady state of 0.25 min is followed by a 0.25 min gradient to %100 B 
(Acetonitrile). After a 0.20 min hold at %100 B, an instantaneous switch to start conditions is 
followed by a second 0.20 min ‘wash’ elution, which is important to minimize sample carry-
over. A final re-equilibration at starting conditions prepares for subsequent sample injection. B) a 
plot of the gradient over time. 
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Appendix Figure 3. Openlynx Chromatogram Processing Parameters. A) MS+ input data 
selection. Start time and end time (min) direct the peak detection to the appropriate portion of the 
LC chromatogram. B) Peak detection and integration parameters.  
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Appendix Figure 4. OpenLynx MaxEnt Deconvolution Parameters. A) MS Process menu for 
selecting MaxEnt1. B) MaxEnt deconvolution parameters for a representative protein with a 
MW of 26512 Da, 14-3-3σ (Fig 2).  
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Appendix Figure 5. Pipeline Pilot Workflows. A) The calculation of expected adduct masses 
was generalized using a three-step algorithm which requires only compound structure. This was 
essential for developing and adding to the screening library. B) The calculation of % bound 
values for screening data from the MassLynx output. Eq. (1) is applied in module four and 
reported below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 
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Appendix Figure 6. Equilibrium Washout Experiment. Incubation of 14-3-3σ with a lead 
compound assayed by repeated injection of 2 uL from the same well containing a 100 µL 
reaction. The disulfide exchange reaches equilibrium in 5 minutes and remains stable for 45 
minutes (blue). An aliquot is then diluted 1000-fold with reaction buffer and assayed to confirm 
reversibility (red). 
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Appendix Table 2: 14-3-3 Tethering hits for follow up experiments 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Compound ID Tethering DR Cooperative FP Xray Notes 

917137 X   Full density S45C 

917929 X   Clear density N42C 

959996 X X  Full density N42C 

917884 X X  Full density N42C 

917284 X    S45C antag (negative) 

917226 X    S45C antag (negative) 

917672 X    S45C antag (negative) 

917695 X    S45C antag (negative) 

917105 X   
Monophore 
density N42C 

917599 X   
Limited density – 
mostly Cl N42C 

917662 X   
No convincing 
binding mode S45C 

917209 X   
No convincing 
binding mode S45C 

917782 X   
Some density – 
fits well S45C 
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Appendix Figure 7. Fluorescence Polarization Stabilization of 14-3-3/ERα by hit compounds.  
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Appendix Figure 8: X-Ray crystal structures and overlay of two strongly related fragments in complex with 
14-3-3 and ERα. A) Disulfide bound fragment 917884 on Cys42. B) 957782 forming a disulfide bond with Cys45. 
C) Overlay of the binding modes of 917884 (purple sticks) and 957882 (orange sticks). Nitrogen is depicted in blue, 
oxygen in red, chlorine in green and sulfur in yellow. 2Fo-Fc electron density maps contoured at 1σ. 
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Appendix Table 3: 14-3-3/Fragment co-crystal structure X-ray data statistics 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
14-3-3σ/C42-
917884 

14-3-3σ/C42-
959996 

14-3-3σ/C42-
917929 

14-3-3σ/C42-
917599 

14-3-3σ/C42-917105 

Data collection           
Wavelength (Å) 1.54 (SLS) 1.54 1.54 1.54 (SLS) 1.54 (SLS) 
Resolution (Å) 66.28-1.70 (1.73-

1.70) 
45.39-1.80 
(1.84-1.80) 

45.46-1.80 (1.84-
1.80) 

66.37-1.70 (1.73-
1.70) 

66.27-1.70 (1.73-1.70) 

Space group C2221 C2221 C2221 C2221 C2221 
Unit cell 82.06 112.42 62.40 81.87 112.21 

62.41 
82.02 112.53 62.47 82.23 112.39 

62.44 
82.06 112.36 62.44 

            
Total reflectionsa 148591 (7511) 166665 (6652) 167745 (6546) 151020 (7696) 148994 (7386) 
Unique reflectionsa 32032 (1668) 26771 (1423) 26955 (1428) 32176 (1681) 30678 (1530) 
Redundancya 4.6 (4.5) 6.2 (4.7) 6.2 (4.6) 4.7 (4.6) 4.9 (4.8) 
Completeness (%)a 99.8 (100.0) 99.3 (89.4) 99.3 (89.4) 99.9 (100.0) 95.8 (92.1) 
Average I/σ(I)

a 19.3 (8.0) 30.8 (7.6) 33.6 (8.3) 15.4 (7.5) 17.3 (7.6) 
Wilson B-factor 8.2 6.1 7.2 6.3 5.9 
CC1/2

a,b 0.998 (0.976) 0.999 (0.972) 0.999 (0.973) 0.995 (0.967) 0.997 (0.973) 
Rsym

a,c 0.055 (0.169) 0.048 (0.191) 0.043 (0.176) 0.075 (0.188) 0.066 (0.197) 
Rmeas

a,d 0.062 (0.192) 0.052 (0.214) 0.047 (0.198) 0.084 (0.212) 0.074 (0.221) 
            
Refinement           
Reflections 
(refinement) 

31975 26753 26935 32128 30631 

Reflections (R-free) 1669 1302 1292 1674 1604 
Non-hydrogen atoms 
(protein / solvent)  

2225 / 309 2234 / 321 2141 / 226 2256 / 339 2268 / 353 

Rwork (%) 17.7 17.1 18.1 17.7 17.0 
Rfree (%) 21.4 21.5 21.1 20.0 20.7 
RMS (bonds) / 
(angles) 

0.007 / 1.43 0.006 / 0.827 0.003 / 0.59 0.006 / 0.883 0.006 / 0.795 

Average protein B-
factor 

12.82 10.94 11.18 10.79 12.19 

Ramachandran:  
favored / outliers (%) 

98.3 / 0.0 98.3 / 0.0 98.3 / 0.0 
  

98.3 / 0.0 98.3 / 0.0 

Clashscore 0.79 2.12 1.59 1.32 2.11 
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Appendix Table 4: Mac-1/Lfa-1 Room Temperature crystal structure statistics 
  

Mac-1_RT Mac-
1_RT_Ensemble 

Lfa-1_RT Lfa-1_RT_qFit Lfa-1_RT_Ensemble 

Wavelength 1.116 
 

1.116   

Resolution range 46.04  - 1.71  
(1.77  - 1.71) 

46.04  - 
1.71         (1.77  - 

1.71) 

44.90  - 1.80    (1.86  - 
1.80) 

44.90  - 1.80    (1.86  - 
1.80) 

44.90  - 1.80        (1.86  - 
1.80) 

Space group P 21 21 21 P 21 21 21 P 32 2 1 P 32 2 1 P 32 2 1 

Unit cell 37.57 51.35 103.92 
90 90 90 

37.57 51.35 
103.92  90 90 90 

104.90 104.90 51.64 90 
90 120 

104.90 104.90 51.64 90 
90 120 

104.90 104.90 51.64 90 
90 120 

Total reflections 
  

182242 (13598)   

Unique reflections 22162 (2126) 22162 (2126) 30598 (2961) 30569 (2961) 30569 (2961) 

Multiplicity 
  

6.0 (4.5)   

Completeness (%) 98.74 (97.43) 98.74 (97.43) 91.90 (74.72) 91.90 (74.72) 91.89 (74.72) 

Mean I/sigma(I) 
  

10.55 (0.64)   

Wilson B-factor 23.34 23.34 22.67 22.67 22.67 

R-merge 
  

0.1205 (1.775)   

R-meas 
  

0.1318 (2.007)   

R-pim 
  

0.05274 (0.92)   

CC1/2 
  

0.995 (0.296)   

Reflections used in 
refinement 

22162 (2124) 22162 (2124) 0.999 (0.676)   

Reflections used for 
R-free 

1113 (107) 1113 (107) 30569 (2240) 30569 (2240) 30569 (2240) 

R-work 0.1729 (0.3213) 0.1372 (0.2820) 1827 (153) 1827 (153) 1826 (153) 

R-free 0.2104 (0.3749) 0.1956 (0.3675) 0.1702 (0.3336) 0.1433 (0.2775) 0.1746 (0.3323) 

Number of non-
hydrogen atoms 

1664 90358 0.2033 (0.3228) 0.2032 (0.3505) 0.2141 (0.3565) 

  macromolecules 1560 87360 0.960 (0.659)   

  ligands 2 112 0.929 (0.712)   

  solvent 102 2886 1674 2745 57336 

Protein residues 193 193 1511 2582 54396 

RMS(bonds) 0.004 0.015 1 1 36 

RMS(angles) 0.73 1.69 162 162 2904 

Ramachandran 
favored (%) 

97.91 90.05 188 188 188 
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Ramachandran 
allowed (%) 

2.09 6.81 0.011 0.006 0.018 

Ramachandran 
outliers (%) 

0.00 3.14 1.29 0.97 1.74 

Rotamer outliers 
(%) 

1.16 13.51    

Clashscore 3.51 0.00    

Average B-factor 28.10 22.83    

  macromolecules 27.49 22.81    

  ligands 38.55 26.08    

  solvent 37.20 23.52    
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Appendix Figure 9. X-ray models of the Mac-1 and Lfa-1 I-domains color scaled to β-factor 
(low = blue, high = green). Lfa-1 α7 helix is more flexible than Mac-1. structure has an extra five 
residues resolved at the end of the α7. 
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Appendix Figure 10. Q325F retains I-domain PPI affinity. WT Mac-1 I-domain (top row) has similar affinity for 
canonical Mac-1 protein partner C3dg as Q325F I-domain (bottom row), I-domain detected by SPR 
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Appendic Figure 11. Selective 15N- G/V/A/I/L labeling to aid in resonance assignment. WT Mac-1 was 
expressed as reported in the Methods, but in one liter of M9 media containing a mix of twenty 14N-amino acids and 
one 15N-amino acid, either glycine, valine, alanine, isoleucine or leucine. Purified sample concentrations ranged 
from 0.7 mM to 1.5 mM. HSQC spectra for the selectively labeled samples is overlaid on a U-15N HSQC, and the 
number of observed versus expected peaks is noted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



137 
 

Appendix Table 5: Mac-1 1H/15N Backbone Resonance Chemical Shift Assingments 
 

Sequence 
Number 

Amino Acid H (ppm) N (ppm) CA (ppm) CB (ppm) 

149 Ser 7.87 108.82 55.34 63,73 

150 Asp 8.61 123.77 58.26 31.35 

151 Ile 9.3 127.69 59.9 38.9 

152 Ala 9.82 128.74 - - 

162 Ile 8.77 124.28 60.64 35.18 

172 Phe 9.44 122.35 56.9 40.86 

176 Val 8.39 121.57 55.53 31.73 

185 Thr 7.63 118.57 62.80 68.99 

186 Leu 8.1 124 53.17 45.32 

191 Gln 8.29 121 - 31.04 

192 Tyr 8.28 119.52 54.87 41.25 

193 Ser 7.59 113.58 65.12 58.64 

195 Glu 6.91 119.35 53.41 32.49 

196 Phe 8.38 115.95 57.01 - 

197 Arg 8.94 123.55 53.79 32.44 
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198 Ile 9.04 127.32 61.75 36.03 

200 Phe 6.99 109.15 38.56 55.85 

201 Thr - 114.85 59.59 71.31 

202 Phe 8.33 125.51 55.54 27.70 

213 Ser 7.35 113.11 60.14 - 

215 Val 7.68 115.27 63.03 31.59 

222 Leu 9.15 125.28 - - 

223 Gly 8.68 111.27 - 
 

225 Thr 7.97 114.09 - 64.29 

227 Thr 7.13 112.37 68.78 - 

228 Ala 7.65 121.04 55.65 16.31 

230 Gly 8.29 107.19 - - 

231 Ile 7.96 121.33 - - 

236 Arg 8.61 112.85 58.64 30.23 

237 Glu 8.4 114.41 56.94 29.55 

238 Leu 7.78 118.6 57.6 - 

240 Asn 7.03 117.98 52.53 39.98 
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241 Ile 8.9 128.25 63.74 37.14 

242 Thr 8.65 117.08 64.9 68.06 

244 Gly 8 106.29 45.53 - 

245 Ala 6.97 120.83 51.4 19.84 

246 Arg 10.33 124.8 55.73 - 

266 Leu 8.43 118.24 52.92 42.15 

267 Gly 8.91 107.8 42.77 - 

269 Glu 10.14 119.56 58.24 26.83 

270 Asp 7.21 114.84 55.76 41.81 

271 Val 7.38 111.57 61.76 33.15 

272 Ile 8.66 123.71 62.42 - 

274 Glu 7.28 117.44 58.71 28.66 

275 Ala 7.6 121.07 54.99 16.94 

277 Arg 8.32 123.25 58.97 28.97 

279 Gly 7.63 107.32 - - 

280 Val 7.63 119.28 58.75 29.44 

281 Ile 7.32 115.89 - 37.1 
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283 Tyr 8.41 118.57 58.83 31.26 

284 Val 8.42 121.02 66.87 30.18 

285 Ile 9.03 117.52 - - 

286 Gly 8.69 112.03 44.85 - 

289 Asp 8.57 118 - 40.10 

290 Ala 8.89 122.03 54.07 17.96 

291 Phe 6.76 110.82 57.11 37.43 

292 Arg 7.09 117.14 - 29.48 

301 Asn 7.35 115.25 54.65 36.65 

302 Thr 7.72 116.19 65.11 68.11 

303 Ile 7.08 120.34 63.68 38.66 

304 Ala 7.17 119.64 56.28 20.68 

311 His 7.44 113.82 56.71 32.15 

312 Val 7.23 118.96 61.21 32.77 

313 Phe 9.25 125.41 55.6 41.82 

315 Val 8.27 115.15 58.12 - 

316 Asn 9.11 119.81 - - 
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319 Glu 8.9 123.95 58.9 28.01 

320 Ala 7.57 117.2 51.89 18.22 

321 Leu 7.64 123.39 58.07 38.92 

322 Lys 7.57 112.72 58.41 30.99 

323 Thr 7.68 109.49 63.74 69.46 

324 Ile 7.31 112.35 60.06 37.74 

325 Gln 7.16 120.49 60.05 28.09 

326 Asn 8.58 116.23 55.84 36.86 

327 Gln 8.05 120.2 58.49 28.34 

328 Leu 8 119.05 57.55 40.47 

332 Ile 7.75 119.62 64.74 36.1 

333 Phe 8.6 118.82 57.37 36.55 

334 Ala 7.47 120.11 52.92 17.5 

335 Ile 7.39 119.59 62.94 36.92 

336 Glu 7.64 119.73 56.57 29.58 

337 Gly 7.99 107.73 45 - 

338 Thr 7.94 113.34 61.65 69.38 
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339 Gln 8.44 122.56 55.55 28.41 

340 Thr 8.22 115.15 61.63 69.27 

341 Gly 8.38 111.62 44.88 - 

342 Ser 7.86 121.17 59.53 64.09 
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Appendix Figure 12. 1H/15N HSQC of Mac-1 I-domain with increasing concentrations of EDTA. 
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Appendix Figure 12. 1H/15N HSQC of Mac-1 I-domain with increasing concentrations of LL-37. The 8-step 
titration is noted on the right. 
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Appendix Figure 13. 1H/15N HSQC of Mac-1 (Cd11b) I-domain before and after addition of a half-equivalent of 
C3dg. 
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Appendix Figure 14. Hits from Mac-1/γ-chain co-crystallization screening 
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Appendix Figure 15. WT Mac-1 Interacts with SMDC917607. (A) HSQC spectra WT Mac-1 before (black) and 
after (red) addition of SMDC917607. (B) Annotated 15N HSQC spectra for residues displaying CSP, mapped to the 
WT Mac-1 structure. 
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