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CHAPTER ONE

Introduction



The Allosteric Regulation of Proteins in the Design of Therapeutics

For decades, drug discovery pipelines have leveraged the structure-function paradigm to
site-specifically target proteins for translational outcomes.! The first protein structure was solved
by X-ray crystallography in 1958,% and coupled with the establishment of the Protein Data Bank?
and development of solution nuclear magnetic resonance (NMR) spectroscopy-based structure
determination* in the decades that followed, provided three-dimensional molecular detail that had
previously evaded drug discovery efforts. For the first time, the structure of a target protein could
guide the rational design of therapeutic molecules, thus revolutionizing drug discovery.’ The field
of structure-based drug design has largely focused on protein active sites to inhibit biochemical
reactions and biomolecular interfaces to preclude protein-ligand interactions. However, current
clinically-approved drugs target only a small percentage (~3%) of the human proteome,®
necessitating efforts to look beyond the orthosteric sites that are classically targeted and identify
new functional hotspots.

Experimental and technological advancements have furthered the premise that proteins are
often controlled by specific amino acid residues that transmit chemical information over long
molecular distances to induce a functional response.’!? This biological phenomenon is known as
allostery. Endogenous and exogenous stimuli, such as changes in pH, solution redox conditions,
chemical modifications, and the binding of small molecules, metal ions, partner proteins, or nucleic
acids can elicit or alter allosteric signaling to a functional site.!* The transmission of these signals
is often conferred by intrinsic conformational dynamics and mediated by ‘pathways’ of residues. '+
16 Interruption of these allosteric pathways can alter protein function. Thus, allosterically-driven
mechanisms are promising avenues to tune spatial, temporal, and pharmacological properties of

proteins via protein engineering.!”!® Notably, the elucidation of novel allosteric sites can



significantly broaden the druggable landscape of proteins, and provide opportunities to target

proteins once written off as undruggable.!”

MIF is a Model System for Characterizing Allosteric Protein Regulation

Macrophage Migration Inhibitory Factor (MIF) is a ubiquitous immunoregulatory protein
most widely recognized for its role in the pathophysiology of inflammation.?® Though classified
as a cytokine, MIF diverges from its pro-inflammatory counterparts in that it is constitutively
expressed by most cells in the human body, stored in intracellular pools, and then exported in
response to stimuli.?! Circulating levels of MIF are reported in the low nanomolar range in healthy

humans,*

rendering MIF a powerful first line of defense towards infection and injury. MIF
initiates several inflammatory signaling cascades through the binding of its cell surface receptors,
including its cognate receptor, CD74, and the chemokine receptors CXCR2, CXCR4, and
CXCR?7.21:2324 MIF binds the extracellular domain of CD74, which in turn recruits the intracellular
coreceptor CD44 to subsequently activate the ERKI1/2 signaling pathway that promotes
inflammation through cell proliferation and migration.?> MIF also initiates the AKT pathway that
regulates cell growth and survival, and AMPK signaling involved in cellular homeostasis.?!
Further, MIF serves to maintain the inflammatory response through the counter-regulation of anti-
inflammatory glucocorticoids and suppression p53-mediated apoptosis.?6-2’

Beyond its receptors, MIF has a large interactome of proteins that it has been shown to
bind intracellularly and extracellularly,?!?%° further expanding its biological influence. Many of
these interacting proteins are involved in signaling pathways themselves. For example, thioredoxin
(TRX) and thioredoxin-interacting protein (TXNIP) are implicated in redox signaling.’® The

binding of MIF to TRX inhibited TNF-o. production,®® and binding to TXNIP counteracted

TXNIP-mediated inhibition of NF-xB.3! JABI, a subunit of the COP9 signalosome, regulates



cellular proliferation and apoptosis, and binding to MIF inhibits JAB1 activation of JNK.*? p53, a
well-known tumor suppressor, is involved in DNA repair pathways, regulating cell division and
apoptosis.®* The direct interaction between MIF and p53 inhibits p53-mediated transcription and
apoptosis.** Beyond signaling, MIF has also been shown to bind SOD13>3¢ and Amyloid B,
proteins known for misfolding and aggregation that are strongly linked to neurodegenerative
diseases. In the case of SOD1, MIF inhibits the accumulation and toxicity of misfolded SODI,
suggesting that MIF may also function as a chaperone. Recently, Cho et al. fluorescently-tagged
MIF via CRISPR editing, and mapped intracellular interactions via co-immunoprecipitation and
mass spectrometry, yielding 99 MIF-interacting proteins.?® Though the majority of the proteins
identified have not yet been characterized in complex with MIF, they demonstrate the breadth of
the MIF interactome and potential for its expansive biological impact.

Remarkably, MIF is also an enzyme that catalyzes three biochemical reactions via distinct
active sites on each of the 12.5 kDa monomeric subunits within its trimeric form. As a tautomerase,
its N-terminal Prol serves as a nucleophile that interconverts the isomers of several substrates,
including phenylpyruvate, hydroxyphenylpyruvate, and D-dopachrome, among others.34
Though a physiological substrate has not yet been ascertained, and it has been suggested that its

1,*! inhibition of MIF tautomerase activity by Prol

tautomerase function may be merely vestigia
mutation or small molecules has been shown to inhibit CD74 binding and activation of
downstream signaling.*> MIF also functions as a thiol-protein oxidoreductase through its
thioredoxin-like CXXC motif, and was demonstrated in vitro to catalyze the reduction of insulin
and 2-hydroxyethyldisulfide.* Similar to its tautomerase activity, the physiological relevance of

its oxidoreductase activity remains elusive, but mutation of the CXXC cysteines inhibits its

immunoregulatory effects, again suggesting a role for enzyme activity in its cytokine functions.



Most recently, MIF was identified as a nuclease.*** Apoptosis-inducing Factor (AIF) binds and
recruits MIF to the nucleus as part of a programmed cell death pathway called parthanatos, where
MIF functions as a 3’ exonuclease and endonuclease to cleave genomic DNA via a PD-D/E(X)K
nuclease motif. The nuclease activity of MIF may contribute to the pathology of disease, such as

1,** as a reduction in disease burden was

neurodegeneration*® and cancer cell growth and surviva
observed upon mutational inhibition in several studies.
From a structural perspective, the ability of MIF to accommodate non-overlapping
biochemical activities and protein-protein interactions within its compact 12.5 kDa monomers (or
37.5 kDa obligate trimer) is puzzling. Recently, allostery has emerged as a compelling regulator
of its multifunctional effects.*’ Despite MIF being a well-studied system, the majority of its
biological impact is derived from tissue culture or animal studies. The biophysical mechanisms
that govern MIF are poorly understood, complicating efforts to resolve the biology of its

promiscuous interactions and disparate pro-inflammatory and enzymatic functions. MIF is

therefore positioned as a model system for the study of the allosteric regulation of protein function.

Targeting MIF in Disease
Overexpression of MIF has been linked to an overwhelming number of diseases,
suggesting the MIF may contribute to their pathology. MIF is upregulated in autoimmune and

inflammatory diseases, such as rheumatoid arthritis,*® diabetes,* psoriasis,”® multiple

51,52 54,55

sclerosis, asthma,> sepsis, acute respiratory distress syndrome (ARDS),>® colitis,>’

pancreatitis,’® Crohn’s disease,’” and complications of COVID-19.%° MIF has also been linked to

60-63 64-69

the pathologies of atherosclerosis, cancers, tumor microenvironments, and
neurodegenerative diseases,> including Alzheimer’s,*®7%7! ALS,3%72 and Parkinson’s.*® Further,

increased CATT repeat polymorphisms in the MIF promotor have been correlated with increased



expression of MIF, and these CATT repeats as well as a G/C single nucleotide polymorphism are
linked to susceptibility and severity of disease.”® As described earlier, the ability of MIF to serve
as a nuclease has also been shown to promote cancer survival and neurodegeneration.
Intriguingly, knockout models of MIF and treatment with anti-MIF antibodies have
resulted in beneficial and detrimental outcomes, a balancing act that is often observed in
translational biology. MIF deletions and neutralization in murine models of sepsis have shown

increased survival rates,’*7?

and a marked decrease in disease severity was reported in models of
pancreatitis and osteoarthritis.’®”” Conversely, healthy murine models suffer from heightened
susceptibility to certain pathogens and cardiac dysfunction when MIF is not present.’8-8° Though
the role of MIF in disease remains unclear, it has emerged as a compelling target for the
development of therapeutics given its broad association. Collectively, the structural, functional,
and translational questions surrounding MIF necessitates a biophysical characterization of the
allosteric mechanisms that regulate its functions in healthy and disease-relevant conditions, which
can then be leveraged for the design of therapeutics that confer selective inhibition, allowing for

tunable control over its many functions. These efforts will also be imperative for characterizing

and targeting MIF in disease.

Characterizing Allostery in MIF with Solution NMR

Solution NMR is unparalleled in its ability to detect, map, and quantify structural and
dynamic properties of proteins with atomic resolution.’! It is a powerful tool for the study of the
biophysical determinants of allostery in protein functional regulation.®?®> Beyond structure
determination, NMR can detect and quantify local structural changes to the protein backbone and
side chains, on a per residue basis, in response to environmental stimuli, ligand binding, chemical

modification, or mutation.®! NMR can also identify biochemical properties of residues, such as



post-translational modifications and pK.. Several methods have been developed to leverage NMR-
detected structural perturbations to identify couplings between residues that signify allosteric
networks.* Notably, NMR can quantitatively measure protein motions on all biologically relevant
timescales, ranging from picoseconds to seconds.’”%® Fast dynamics, on the picosecond-to-
nanosecond timescale, reflect fluctuations in bond vectors, chemical shift anisotropy, and dipolar
interactions between nuclei. These fast dynamics have been shown to contribute to entropically-
driven allostery for several systems.®>*° Biologically slow dynamics, on the microsecond-to-
millisecond timescale, capture conformational fluctuations typically associated with allostery,
enzyme catalysis, protein folding, and ligand binding. The sensitivity of NMR allows for the
detection lowly populated (‘excited’) conformational states that are often critical to protein
function and allosteric de(activation), but cannot be captured by other structural methods.”!

Structural characterizations of MIF have previously relied on X-ray crystallography and
provided little insight given the nearly identical structures of MIF mutants or inhibitor-bound
complexes (Figure 1A). By contrast, solution NMR reveals vastly different spectra of MIF when
perturbed by mutation or inhibitor binding (Figure 1B), suggesting that the static X-ray snapshots
are not capturing the true conformations of MIF populated in solution, and positioning NMR as an
important experimental tool for detecting and characterizing the subtle conformations and motions
essential for the propagation of allosteric signals that mediate MIF function. In conjunction with
other biophysical and biochemical techniques, as well as functional experiments in vivo and in
vitro, NMR studies of MIF will provide important biophysical insights that have been missing
from field of MIF biology.

The aims of this dissertation are to provide foundational insights into the allosteric

regulation of MIF by identifying amino acids involved in its allosteric signaling, and how this
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Figure 1. Solution NMR detects the conformational equilibrium of MIF that is not observed by X-
ray crystallography. (A) An overlay of 30 X-ray crystal structures of MIF mutants and MIF-inhibitor
complexes show few changes to its structure, while (B) NMR spectra of 10 MIF mutants suggest that each
structure is different in solution, with arrows highlighting shifts in NMR peak (amino acid) positions,
reflecting a clear conformational equilibrium.

network is altered under disease relevant conditions, to help resolve the mechanisms that drive its
distinct functions. Small molecule inhibitors of MIF have primarily affected MIF active sites, thus
the elucidation of novel points of functional control can be leveraged for the development of new

allosteric inhibitors that selectively target MIF in disease.
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Abstract

Protein motions play a key role in their diverse functions. In proteins with multiple
functions, such as macrophage migration inhibitory factor (MIF), the study of its intramolecular
dynamic network can offer a unique opportunity to understand how a single polypeptide chain is
able to carry out several non-overlapping functions. Toward this effort, a dynamic mechanism that
controls the MIF-induced activation of CD74 was recently discovered. In the present study, the
regulation of MIF tautomerase activity was explored. The MIF catalytic base Prol is found to form
dynamic communications with the same allosteric node that regulates activation of CD74. Signal
transmission between the allosteric and catalytic sites takes place through intramolecular aromatic
interactions and a hydrogen bond network that is formed among residues and well-ordered water
molecules of the MIF solvent channel. Once thought to be a consequence of trimerization, we now
define a biological function for the solvent channel. Collectively, these results provide mechanistic
insights into the regulation of MIF catalytic activity and the role of solvent channel water

molecules in MIF catalysis.

Introduction

MIF has been identified to have multiple, unrelated functions similar to other
“moonlighting proteins”.!> From an evolutionary point of view, these proteins served an initial
function and were exapted to serve additional roles. A well-known example are the crystallin
proteins in the eye that evolved from various dehydrogenases to serve as structural proteins that
increase the transparency and refractive index of light.* These gene products assumed their
alternate functions based on a cell that evolved a mechanism to accommodate this purpose. In the
case of MIF, various functions are related to its cell biology with respect to its presence in the

cytosol, nucleus, and the extracellular space,’ yet we lack a full understanding of the intramolecular
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and intermolecular mechanisms that regulate its multiple and nonoverlapping functions.

MIF is a well-known master regulatory cytokine originally described in the 1960s%7 and
named after its ability to inhibit macrophage migration.® In the cytoplasm, it modulates the
activities of JAB-1,” ERK-1/2,'° and p53.!! In the nucleus, MIF is reported to associate with the
apoptosis-inducing factor (AIF) to function as an endonuclease for genomic DNA degradation
resulting in chromatinolysis.!? Cytoplasmic MIF is exported to the extracellular space after cell
stimulation, resulting in the activation of the type II receptor CD74 and the G-protein coupled
receptors CXCR2 and CXCR4.!'3!* Functional regions on MIF responsible for some of these
activities were identified using modeling and experimental approaches.!?15-20

While MIF plays a pivotal role in orchestrating aspects of the innate and adaptive immune
response, high levels of this cytokine contribute to a wide range of pathologies including
inflammatory, autoimmune, cardiovascular, and malignant diseases.?!>* MIF levels are governed
by 5-8 tandem DNA repeats of CATT at position -794 of the MIF gene promoter region and a G/C
SNP at position -173.24% Although the majority of published studies suggest that MIF
upregulation has a negative impact in disease, in some cases such as cardiac surgery,?® MIF plays
a protective role.

The crystal structure of human MIF? reveals a homotrimer with a solvent channel along
the 3-fold axis. The human D-dopachrome tautomerase (D-DT/MIF-2) and the bacterial enzymes
4-oxalocrotanate tautomerase (4-OT) and 5-carboxymethyl-2-hydroxymuconate isomerase (5-
CHMI)?® share a similar structural topology, and together comprise the MIF superfamily. The
members of this family share a tautomerase or isomerase activity with a catalytic base, Pro1%’ that
has an unusually low pKa of 5.6 in human MIF.*° Despite the distinct physicochemical properties

of the active site for the human MIF and D-DT/MIF2, they both catalyze the tautomerization of
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D-dopachrome (a synthetic molecule), 4-hydoxylphenyl pyruvate (4-HPP), and phenyl pyruvate
(PP).2%31:32 These substrates and catalytic activities were used to identify various inhibitors for
MIF!7-33-35 and D-DT.3!*2 However, somewhat paradoxically, the physiological substrate of the
MIF tautomerase site is unknown, despite universal conservation of the Prol active site in MIF
species.

Molecular dynamics (MD) simulations were recently utilized to obtain insights into the
MIF-induced activation of CD74.3! An allosteric site located at one end of the solvent channel was
identified to regulate CD74 activation. Here, we employ a functional study of MIF mutants,
including MD simulations, water molecule analysis, crystallography, and nuclear magnetic
resonance (NMR) to understand how MIF catalytic activity is regulated. We identify an
intramolecular dynamic mechanism formed among MIF residues and water molecules in the

solvent channel that regulates the catalytic activity of MIF.

Results
Mutation of the allosteric node and adjacent residues alters MIF catalytic activity

MD simulations of WT MIF identified that the allosteric site composed of Tyr99 is
strongly correlated with the catalytic residue Prol.’! The two sites communicate via the
intermediate residues His62 and Met2, which are located on adjacent B-strands. This dynamic
pathway that controls the MIF catalytic activity differs from the corresponding pathway that
regulates activation of CD74, both in terms of direction of the signal and the residues involved.*!
To experimentally probe the potential dynamic correlation between Tyr99 and the catalytic activity
of MIF, we mutated the key nodes of the dynamic pathway, Tyr99 (Y99F, Y99A and Y99G) and
His62 (H62Y, H62F, H62A and H62G), and examined the impact of these mutations on the HPP

keto/enol tautomerase activity of the protein (Figure 1 and Table 1).

25



300

250 ~H

—

200 +

kcat/Km changes vs WTMIF (%)
— o

0
WTMIF Y99F YO99A Y99G H62Y H62F H62A H62G

Figure 1. Impact of Tyr99 and His62 mutations on the catalytic activity of MIF. Kinetic analyses of
WT MIF (black bar) and MIF mutants (Y99F, Y99A, Y99G - dark gray bars; H62Y, H62F, H62A, H62G
— light gray bars) demonstrate the connection between the allosteric (Tyr99) and catalytic (Pro1) sites.

Based on the catalytic efficiencies (kca/Km) of the MIF variants, we noticed three distinct
outcomes. In the first group, we observed elevated catalytic activities due to substitution of Tyr99
or His62 by another aromatic amino acid (Tyr or Phe). Compared to wild-type (WT) MIF, the
catalytic efficiencies of YO9F, H62F and H62Y were found to be increased to 143%, 254% and
154%, respectively (Figure 1). The kinetic parameters showed that the enhanced catalytic rates of
YO99F and H62Y are related to kear values while for H62F, both kea and Ky, are improved (Table
1). In the second group, Tyr99 and His62 substitutions to alanine (Y99A and H62A) reduced, to
some extent, the catalytic efficiency of MIF to 77% (Y99A) and 74% (H62A) of the corresponding
efficiency of WT MIF (Figure 1). Despite the similar activities, YO9A and H62A revealed
distinguishable patterns in relation to their kinetic parameters (Table 1). For Y99A, the K, value
remained similar to that of WT MIF and only ke is reduced while for H62A the opposite effect is
observed. The Gly mutations, which is the third distinct group, demonstrated decreased catalytic
efficiencies resulting in 10% (Y99G) and 39% (H62G) of the corresponding efficiency of WT MIF

(Figure 1). The Ky, value of Y99G remain unaffected and only kea is significantly reduced, while

26



Table 1. Kinetic parameters for WT MIF and MIF mutants determined from tautomerase assays of
4-HPP

Vinax (UM 57 Keat () Kin (mM)  kea/Kim (mM's™) Kea/Kim changes
vs. WT MIF (%)
WTMIF 0324001 647+0.12 1.06+0.05 6.1 £0.36 100+ 6
Y99F 0.60+0.03 11.9+0.64 1.38+0.13 8.7+0.82 143 + 13
Y99A 023+£0.02 4.67+042 0.99+0.10 47+0.21 77+3
Y99G 0.15£0.01  0.59+£0.05 1.02+0.20 0.6 = 0.06 10+1
H62Y 043+0.02 8.67+046 0.92+0.02 9.4 +0.68 154 £ 11
H62F 049+0.01 9.86+0.12 0.64+0.06 15.5+1.35 254 +£22
H62A 037+0.10 740+191 1.64+042 4.5+0.53 74+9
H62G 0.52+£0.02 2.09+0.08 0.88+0.46 24+0.12 39+2

the H62G mutation alters both K and kear values (Table 1). Circular dichroism spectra indicate
that all classes of mutants are folded (Figure 2), with small per-monomer energetic changes that

likely only partially account for these functional observations.

Crystal structures of MIF mutants highlight subtle differences in molecular interactions within the
allosteric pathway

Crystallographic analysis of the MIF mutants (Y99F, Y99A, Y99G, H62Y, H62F, H62A
and H62G) revealed excellent superposition to WT MIF with root-mean-square deviation (RMSD)
values that varied between 0.08 and 0.16 A (Appendix Table 1). Overall, we did not observe any
major conformational changes that could potentially explain the three distinct catalytic behaviors
of the MIF mutants. Y99G, which is the mutant with the lowest catalytic activity (Figure 1), has
a superposition agreement to WT MIF with an RMSD of 0.10 A and does not show any significant
conformational changes along the dynamic pathway under investigation (Tyr99-His62-Met2-
Prol). We therefore probed whether the solvent channel and residues located at the opening of the
channel (Tyr99) or in close proximity to it (His62) were affected. Notably, we found that the size
of the solvent channel opening correlates with the catalytic efficiency of the MIF variants

(Figure3). Indeed, as the side chain volume decreases from Y99F to Y99G (Y99F-Y99A-Y99G)
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Figure 2. Secondary structure and stability of Tyr99 variants. (A) Circular dichroism spectra of WT
(gray), Y99G (orange), and YI9F (purple) MIF. (B) Thermal unfolding experiments for WT MIF and the
Y99 variants(h =218 nm), plotted as a normalized fraction unfolded. (C) Summaries of apparent changes
in Tm, free energy (AAGp), enthalpy (AAH)p), and entropy (AASp) for Y99G and Y99F MIF, calculated
relative to WT MIF.

and from H62F/H62Y to H62G (H62F/H62Y-H62A-H62G), the opening of the solvent channel
increases and the catalytic activity of these MIF variants decreases. Interestingly, the two mutants
H62Y and H62F, which demonstrate higher catalytic efficiency than WT MIF (254% and 154%,
respectively), have similar solvent channel openings but their catalytic activities are different
(Figure 1). These observations suggest that the channel opening plays a major role in regulating
the catalytic activity from the allosteric node. We used crystal structures of these two variants to
examine how the interatomic interactions promote these catalytic enhancements between the
allosteric and catalytic sites. We observed movements of the Tyr99 side chain toward the Tyr62
(H62Y) and Phe62 (H62F) side chains by 0.9 A and 1.2 A, respectively (Figure 4A, top panel).
The movement brings the center of Tyr99 and the two aromatic rings for H62F and H62Y to a
distance of 4.1 A and 4.3 A, respectively, creating -7 stacking interactions more optimal than
those of WT (Figure 4B, bottom panel) as confirmed by Arpeggio, a web server that calculates
interatomic interactions in protein structures.® Using the crystal structure of WT MIF (PDB:
3DJH), we examined how the n-7 stacking interactions can promote the transmission of a dynamic

signal between the allosteric and catalytic sites. We found that His62 forms two backbone
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Figure 3. Effect of Tyr99 and His62 mutations at the opening of MIF solvent channel. Crystallographic
analysis of the MIF variants showed that the opening of the solvent channel is clearly affected by the
mutation of Tyr99 and His62. The increased opening of the solvent channel is oppositely associated with
the catalytic activity of MIF.

hydrogen bond interactions with Met2, typical of two adjacent 3-strands in a B-sheet (Figure 4C).
Through this network of interactions, a dynamic signal from Tyr99 is able to reach the catalytic
site via the B-strand system of MIF. Of note, Tyr99 and the catalytic residue Prol are located 7.8
A apart (PDB: 3DJH, Figure 4D). Therefore, the only way that the catalytic activity of MIF can
be influenced by Tyr99 is through intramolecular dynamic signals that involve the B-strand system

of the protein, something that has been previously described for other proteins.?”-3

Solvent channel water molecules mediate MIF catalysis
The increased catalytic efficiency of the H62Y, H62F, and Y99F mutants is unlikely due
to the weak n-m interactions between residue 62 and 99 alone. To determine whether the solvent

contributes to the observed differences in catalytic activity across MIF variants, we performed a
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Figure 4. Crystallographic analysis of MIF variants. Comparison of the crystal structures of WT MIF
with H62F in (A) and H62Y in (B) reveal that the larger aromatic residues at position 62 induce a distinct
conformational change towards Tyr99, increasing the coupling between the two residues (top panel).
Aromatic interactions between Phe62-Tyr99 and Tyr62-Tyr99 also become more favorable in the variants
(bottom panel). (C) His62 forms two backbone hydrogen bond interactions with Met2 that promote
communication along the dynamic pathway. (D) The nearest distance between Tyr99 and Prol is 7.8 A.
Tyr99 and Prol are shown as sticks.

contact network analysis involving the solvent channel water molecules. We computed the
hydrogen bond network of water molecules near the allosteric site for the crystal structures of WT
MIF and variants (Y99F, Y99A, Y99G, H62Y, H62F, H62A and H62G). For the MIF mutants
with enhanced catalytic activities (Y99F, H62Y, and H62F), we observed an increased hydrogen
bond network proximal to residue 99 relative to WT MIF (Figure SA). In contrast, the mutants
with reduced catalytic efficiency (Y99A, Y99G, H62A and H62G) exhibited few-to-no water
mediated hydrogen bonds in the network proximal to the allosteric site. In WT MIF, water
molecules are positioned to form hydrogen bond interactions with both Tyr99 and His62 and
facilitate a bridge between the two residues (Figure SB). The Y99A, Y99G, H62A and H62G

mutations abolished any ability for bridging residues 99 and 62 by water molecules, thus
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Figure 5. The role of water-mediated networks in MIF catalysis. (A) The degree of water network
connectivity between residues 99 and 62 is strongly correlated with the MIF catalytic activity. Water
molecules are shown as red spheres and the hydrogen bond as black dotted lines. The central water molecule
found in the crystal structures of Y99F, H62F and H62Y is shown in brown. (B) In the crystal structure of
WT MIF, water molecules serve as a bridge to facilitate communication between residues 99 and 62, via
hydrogen bond interactions. (C) Models from 200 ns MD simulations examining hydrogen bond networks
in WT, Y994, Y99G, and H62G MIF. Water molecules within the solvent channel, as well as hydrogen bond
donor-acceptor distances between gating residues Y99 and V42 (top and bottom of channel) were used to
determine the number of central water molecules in each MIF model.

decoupling the two residues and leading to decreased catalytic activities.

To examine the influence of individual water molecules on MIF catalytic activity, we
performed a protein-water network centrality analysis computed for WT MIF and all variants.
From this analysis, we found that the MIF mutants Y99F, H62Y, and H62F have one common

water molecule (shown in brown) that is positioned to facilitate water bridges between residues 99
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and 62 (Figure 5A). For example, in the H62Y mutant, the central water molecule is stably
positioned to form water bridges amongst any of the six neighboring tyrosine residues.. The
additional water molecules found around the central water help construct a network that connects
residues 99 and 62. The denoted central water molecule found in the crystal structures of Y99F,
H62Y, and H62F had the second highest degree centrality of any water molecule in the entire
protein, thus confirming both its high stability and significance in transmitting dynamic signals
between positions 99 and 62. With this analysis, we demonstrate that water network arrangements
in the solvent channel can play a significant role in MIF catalysis.

Hydrogen bond analysis from 200 ns MD simulations revealed that mutations at His62 or
Tyr99 reduced the hydrogen bond interactions connecting the active and Tyr99 sites. Of note,
Tyr99 is connected to the active site through hydrogen bonds with Leu61 and Ser63 during the
trajectories, which surround His62, and are in turn hydrogen bonded to Met2. In the Y99A mutant,
the hydrogen bonding between the backbones of Ala99 and Ser63 was reduced by 16% based on
hydrogen bond analysis of the latter 100 ns of the trajectory. Additionally, the interaction between
Ala99 and Leu61 observed during WT trajectories was reduced by 8%. Predictably, mutating
Tyr99 to glycine exacerbated this reduction. For Y99G, the hydrogen bonding between Gly99 and
Ser63 was reduced by 25% and that between Gly99 and Leu61 by 6%. The H62G mutant was the
most perturbed, as residue 62 sits at the center of the interaction path between Tyr99 and the active
site. The hydrogen bonding between Tyr99 and Ser63 was reduced by 46%, between Gly62 and
Met2 by 18%, and between Leu61 and Tyr99 by 9%, consistent with its drastic reduction in
catalytic activity.

Examining the number of waters within the channel during MD simulations also shows the

clear effect of Tyr99 and His62 mutants (Figure 5C). The WT model had, on average, 41.4 + 3.5
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Figure 6. Impacts of allosteric mutations on intra-residue and inter-monomer communication in
MIF. (A) Heat maps depicting MIF intra-residue correlation during 200 ns MD simulations quantify RMSF
values from a-carbons of aligned trajectories for WT MIF, Y99A, Y99G, and H62G. Each square within
the map represents a MIF monomer (i.e. A, B, or C; bottom-to-top, and left-to-right). The diagonals show
the A-A, B-B, and C-C correlations. Red indicates strong correlation between structural elements, while
blue indicates little-to-no correlation. (B) Critical secondary structure elements are shown on the MIF
monomer and circled on the correlation maps. (C) Community networks in MIF, with black lines depicting
intra- and inter-monomer crosstalk, and red circles illustrating significant differences in variants relative to
WT. For example, correlations at the central solvent channel of Y99A (middle of circle) are weakened
relative to WT, while inter-monomer correlations are fragmented in Y99G and H62G. The MIF trimer is
represented as a circle, with red, blue, and green perimeters defining each of the MIF monomers.

water molecules in the central channel. The Y99A and Y99G mutants had 46.6 + 3.8 (+13%) and
52.0 £ 3.7 (+26%), respectively. The H62G mutant showed no significant change in the amount
of waters in the channel (41.5£3.8), likely due to its placement away from the channel’s opening.
However, the H62G mutant increases the RMSD of Tyr99 from 0.6 A in WT to 1.6 A, likely
contributing the mutant’s loss of hydrogen bonding noted above. There is no similar increase in
the RMSD of His62 with the YO9A/G mutants and all simulations had an overall C, RMSD of 0.6
— 0.7 A. Disruptions to intra-monomer correlations are apparent in all MIF mutants studied, and
residue networks are altered from those of WT (Figure 6). Based on these analyses, the reduced
activity in the studied mutants can be attributed to either a disruption of the hydrogen bonds
between the residues themselves (as in H62G) or positional alterations within the central water

channel (as in Y99A and Y99G).
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Figure 7. NMR probe of perturbations to the MIF allosteric pathway induced by His62 mutations.
(A) 'H-"N TROSY HSQC NMR spectral overlays of His62 variants (blue) with WT MIF (red). (B)
Combined 'H"’N chemical shift perturbations (black lines) caused by mutations at His62. Blue dashed lines
represent 1.5c above the 10% trimmed mean of all shifts and pink bars denote sites of exchange broadening
in each NMR spectrum. (C) Close-up views of 'H'*N HSQC spectral overlays of WT MIF (red) and His62
variants (blue), highlighting perturbations to resonances corresponding to allosteric nodes Tyr99 and Met2.
(D) Summary of amino acids broadened beyond detection (blue spheres) in 'H-""N NMR spectra of MIF
mutants. The degree of line broadening increases from F/Y = A - G mutations, and qualitatively denotes
sites within MIF with heightened flexibility on the ms timescale.

Solution NMR highlights the dynamic character of the allosteric pathway

The 'H'>N TROSY-HSQC NMR spectra of MIF mutants revealed an increase in the
flexibility of the entire protein along the series H62Y-H62F-H62A-H62G and Y99F-Y99A-Y99G
(Figures 7-8). The residue-residue and residue-water interactions we observed for YO9F, H62Y,
and H62F are absent from the remaining mutants and consistent with the NMR findings. While
the chemical shift perturbation profiles of MIF variants are rather modest (Figures 7B and 8B), a
high degree of line broadening due to motion of the protein on the millisecond timescale is
observed in variants with low catalytic activity (Figures 7D and 8D). We monitored dynamic
signatures of critical relay points along the Tyr99-His62-Met2-Prol pathway and found that
mutation of Tyr99 or His62 to Gly broadens the correlated node residues, a classic signature of
heightened dynamics at those sites,*” suggesting coupling of the N-terminus of MIF to Tyr99 in a
manner consistent with MD simulations.®' A reciprocal effect is observed at Tyr99 in the presence
of Prol/Met2 mutations (Figure 9A). Interestingly, Tyr99 correlations from MD simulations, as
well as mutations at Tyr99, propagate to the CD74 and tautomerase sites, however, mutations at
Prol affect Tyr99 but not the CD74 site in NMR experiments (Figure 9B). We also observe a
significant reordering of the solvent channel network along a continuum of mutations that may
facilitate the enhanced (diminished) tautomerase function. In cases where MIF catalytic efficiency
is only marginally attenuated (Y99A, H62A), fewer flexible residues are observed, occurring only

at sites outside of the allosteric relay. Mutations that enhance MIF activity show very small, if any,
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Figure 8. NMR probe of perturbations to the MIF allosteric pathway induced by Tyr99 mutations.
(A) 'H-"N TROSY HSQC NMR spectral overlays of Tyr99 variants (blue) with WT MIF (red). (B)
Combined 'H'"*N chemical shift perturbations (black lines) caused by mutations at Tyr99. Blue dashed lines
represent 1.5c above the 10% trimmed mean of all shifts and pink bars denote sites of exchange broadening
in each NMR spectrum. (C) Close-up views of "H"*"N HSQC spectral overlays of WT MIF (red) and Tyr99
variants (blue), highlighting perturbations to resonances corresponding to allosteric nodes Tyr99 and Met2.
(D) Summary of amino acids broadened beyond detection (blue spheres) in 'H-""N NMR spectra of MIF
mutants. The degree of line broadening increases from F = A = G mutations, and qualitatively denotes
sites within MIF with heightened flexibility on the ms timescale.

changes to the structure or dynamics of the entire protein. The NMR results are also consistent
with His62 playing a role in propagating a dynamic signal between the active and regulatory sites,
as shown by substantial exchange broadening in resonances corresponding to His62 (Figure 8C
and 9A). Additional signatures of enhanced flexibility in Y99G and H62G MIF are localized at
the monomer-monomer interfaces near the catalytic N-terminus, indicating that changes at the
active site are largely dynamic, rather than structural, in nature. It should be noted that despite
relatively small changes in raw CD spectra indicating folded structures of MIF mutants in solution,
Y99G is ~1.3 kcal/mol, on a per monomer basis, less thermostable than WT MIF while Y9OF is ~
0.32 kcal/mol more thermostable (Figure 2). These energetic differences track with the dynamic
character of the MIF mutants, particularly the NMR exchange broadening that is typically ascribed
to heightened intra-residue dynamic signaling and in allosteric proteins. Further, the WT MIF
structure itself displays significant fast timescale flexibility by NMR (Figure 10), suggesting that
even though X-ray crystallography, CD, and NMR indicate stable folded structures, MIF is
intrinsically flexible. Based on these data, it is clear that mutations introducing aromatic
interactions to these sites strengthen hydrogen bonding networks essential for catalysis, while
those that promote structural flexibility disrupt the residue-residue and residue-solvent

interactions.
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Figure 9. Allosteric reciprocity and sensitivity of the tautomerase and solvent channel sites. (A) NMR
studies of P1G, P1M, or M2A mutants shows significant chemical shift perturbations or line broadening at
the Tyr99 allosteric site and His62 node. (B) Summary of correlated residues in MIF by MD and NMR.
Residues identified to be correlated with Tyr99 by MD?' are mapped onto the MIF monomer (top left).
Tyr99 is shown in green, and residues at the C-terminus of the adjacent monomer are shown in cyan. Most
of these correlations are also observed in NMR studies of Y99A MIF (top right), where spheres represent
residues showing line broadening or chemical shifts 1.5¢ above the 10% trimmed mean of all shifts.
Residues sensitive to Prol mutations by NMR, however, show correlations at the Tyr99 allosteric site
(bottom center), but not the C-terminal CD74 activation region. These data suggest Try99 is a critical node

in both pathways, but may not enable direct concerted crosstalk between these sites. This is consistent with
the different levels of attenuation of tautomerase and neutrophil recruitment®' activity by the Y99A mutant.

Ligand-induced dynamic signals are propagated from the catalytic site to Tyr99

Since our data show a dynamic association between the active site Prol and the allosteric
Tyr99 residue, we explored whether substrates or inhibitors at the active site have any effect on
Tyr99. Nineteen high-resolution human MIF structures from the Protein Data Bank (PDB) with
all three active sites of the homotrimer occupied by a ligand were examined (Figure 11). The
ligand library consisted of a substrate (hydroxyphenylpyruvate solved at 2.5 A), four competitive
inhibitors (resolutions between 1.8-2.0 A), and fourteen covalent inhibitors bound to Prol

(resolutions between 1.53-2.07 A). The PDB entries, RMSD values to WT MIF, and resolutions
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Figure 10. NMR spin relaxation rates for WT MIF. The longitudinal (R;) and transverse (R>) relaxation
rates are plotted as the RiR; product, showing clear sites of micro-millisecond (1.5c above the 10% trimmed
mean, red dashed line). These data indicate the WT MIF structure is intrinsically flexible on multiple
timescales.

of the 19 structures used in this study are provided (Appendix Table 2). Depending on the ligand,
the side chain hydroxyl group of Tyr99 can vary relative to other ligand-dependent positions of
Tyr99 by up to 1.4 A (Figure 11A). Larger fluctuations are limited due to the presence of the side
chain of His62. To understand the correlation between Tyr99 fluctuation and ligand binding, we
explored the amino acid interaction network around this area. In addition to the two backbone
hydrogen bond interactions between His62 and Met2 and the n-n interactions between Tyr99 and
His62, we found a cross-subunit hydrogen bond interaction formed between the side chains of
His62 and Tyr99 (Figure 11B). Thus, binding of a ligand to the catalytic site causes movements
of Prol, which in turn affects the Met2 backbone atoms. These movements are transmitted to
His62, and then, Tyr99 (Figure 11C). The ligand-dependent conformational changes of Tyr99 are

also consistent with the dynamic connection between the two sites (Figures 7-9).

Discussion
We previously performed MD simulations to provide insight into the MIF-induced

activation of CD74.3! This method identified an allosteric site, which we experimentally tested,
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Figure 11. Active site ligands and the allosteric site Tyr99. (A) Ligands that bind to the active site pocket
of MIF induce dynamic motions of Tyr99 side chain. We used 19 high-resolution crystal structures in which
the ligands occupy all three active sites. Prol is shown as spheres and Tyr99 as sticks for each monomer.
(B) His62 forms two backbone hydrogen bond interactions with Met2 (B strand) and a side chain hydrogen
bond interaction with Tyr99 (B5 strand) from the adjacent monomer. The hydrogen bond interactions are
shown as black dotted lines. His62 also forms aromatic interactions (shown in red dotted line) with Tyr99
from the same monomer. (C) The ligand-induced dynamic effect are shown on Prol, Met2, His62, and
Tyr99 by superposition the 19 crystal structures.

verified, and determined its intramolecular pathway to regulate CD74 activity. In this new study,
we experimentally demonstrate that the MIF allosteric site, which is located at one opening of the
solvent channel also regulates the protein’s catalytic activity. Crystallographic analysis show that
Tyr99 and Prol are dynamically connected via aromatic interactions and a hydrogen bond network
that involves His62 and Met2. The residues Tyr99, His62 and Met2 located on B5, p4, and Bl
strands, respectively, implicate the B-strand system of MIF in the regulatory mechanism. The

dynamical connection between the allosteric and catalytic sites is supported by mutagenesis,

protein-water network analyses, crystallographic, and NMR studies. Nineteen MIF-ligand crystal
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structures obtained from PDB independently support this conclusion.

High resolution crystallography and MD simulations have revealed the importance of water
molecules in mediating protein folding, function, and signaling.***! Crystallographic and kinetic
analyses of the MIF mutants led us to identify a functional role for the solvent channel. In the
crystal structures of Y99F, H62Y, and H62F, the dense hydrogen bonding network created
proximal to the allosteric site and around a stable central water molecule greatly strengthens the
allosteric signal from Tyr99 to Prol and increases the catalytic efficiency of these MIF mutants.
These mutants display enhanced aromatic interactions between the positions 99 and 62, and well-
ordered water molecules in the solvent channel compared to the WT protein. In contrast, the
absence of the aromatic interactions in the Y99G and H62G mutants result is a poorly connected
hydrogen bonding network in the solvent channel and a dramatic increase in the dynamic
properties of Y99G and H62G.

Collectively, our findings demonstrate that at least two of the MIF activities, CD74
activation and enzymatic activity, are regulated by the same allosteric node via separate
intramolecular dynamic signals that are transmittable to distal functional regions (Figure 7). For
the MIF enzymatic activity, we found a Tyr99-His62-Met2-Prol pathway connecting the allosteric
and catalytic sites. Experimental evidence from NMR suggests the relationship between these two
sites/pathways is quite complex. The tautomerase site is sensitive to Tyr99 mutations, and
reciprocity of the allosteric signal (at Tyr99) is observed in tautomerase mutants (Prol, Met2) in
the form of chemical shifts and line broadening at His62 and Tyr99 (Figures 8-9). MD simulations
show connectivity from Tyr99 to both the CD74 and tautomerase sites,?! and mutations at Tyr99
(this work) also perturb chemical shifts at both functional sites. Mutations at Prol only affect the

Tyr99 site, while no chemical shift perturbations are observed along the CD74 pathway (Figure

41



CD74 %
w108 Pathway

V106 ﬁ
N97 N109 '_ Y -« ) Tautomerase
‘ g® Pathway
Y99 K """"" ¢
G107 S111 /

€
H62& .
¥R
M2 & :
P1 )

Figure 12. Allosteric pathway(s) influencing MIF activity. (A) Communication from the solvent channel
(red arrow) to the N-terminal tautomerase site (orange sticks) was established in this work. Reciprocity of
this effect is shown by NMR studies of Prol mutants (green arrow). Tyr99 (green sticks) is also a central
node in the CD74 activation network (blue arrow, sticks) shown by MD simulations.*' (B) Allosteric
pathways mapped onto a MIF monomer highlight the majority of the CD74 network residing on the C-
terminus of an adjacent subunit (pink cartoon).

9B). One explanation for this experimental result could be that the MIF C-terminal binding site is
not directly coupled to Prol, and that while they share the Tyr99 node, MIF utilizes two distinct,
pathways (Figure 12). Additionally, many other distal residues in MIF alter CD74 activation,
suggesting this activity may encompass a broader network than was previously known. Although
it is clear that Tyr99 is a critical node in both processes, the fact that neutrophil recruitment (a
reporter of CD74 activation) is completely abolished in Y99A MIF3! but tautomerase is attenuated
only 33%, suggests that the influence of Tyr99 differs in these processes.

We also found mutants with increased catalytic activity to have decreased dynamics as
observed by NMR, slightly more favorable energetics, and a new solvent network around the
allosteric site. Other mutants of Tyr99 and His62 with decreased enzymatic activity have
substantially increased dynamics, poorer structural energetics, and lacked the solvent network. The
intrinsic flexibility of the MIF structure is modulated along a continuum with mutations at or near

the allosteric node. Quantitating rates of conformational exchange and dynamic equilibrium
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populations of MIF residues in future studies may enable us to definitively identify sites that share
similar motional parameters indicative of a higher degree of coupling in allosteric pathways.*? This
would, potentially, allow us to address the question of whether or not Tyr99 is a node in two
distinct, or one contiguous pathway(s). Our study demonstrates that the MIF solvent channel is not
merely a result of protein folding but contains a critical allosteric node that also serves an important
role for at least the MIF enzymatic activity.

Macrophage migration inhibitory factor (MIF) is a critical immunoregulatory cytokine and
enzyme that is strongly implicated in inflammatory diseases such as asthma, arthritis, acute
respiratory distress syndrome, and sepsis, as well as several cancers. Attenuation of these disease
phenotypes is well documented in MIF deficient and knockout animals, however the molecular
mechanisms of the pathophysiology of MIF are unclear. Further, efforts to target MIF with
inhibitors or therapeutics are complicated by its nearly ubiquitous cellular localization and
protective role in innate immunity. Additional mechanistic studies are therefore required to
leverage control over the pathological effects of MIF. We recently identified Tyr99 of the MIF
solvent channel, formed along the 3-fold axis of its trimeric structure, to be a critical mediator of
MIF-induced activation of its CD74 receptor. Here, we confirm Tyr99 as an allosteric site in MIF,
and reveal the structural, dynamic, and biochemical determinants of an allosteric pathway that
couples Tyr99 to the MIF catalytic residue, Prol. In addition to residue-residue interactions, we
identified a functional role for solvent channel water molecules in MIF allostery, suggesting that
this previously unexplored channel is not simply a consequence of MIF trimerization. The
atomistic characterization of this novel allosteric network may provide alternate routes of

therapeutic inhibition of MIF.
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Materials and Methods
Mutagenesis, Expression, and Protein Purification

All the MIF mutants, encoded in the pET-11b vector, were produced by the QuikChange
IT site-directed mutagenesis kit (Agilent Technologies) using the cDNA of wild type MIF as a
template.!> > Cloning of Y99A was described elsewhere.>! WT and mutant MIF proteins were
expressed in Escherichia coli BL21-Gold (DE3) cells and purified as described.*** Briefly,
bacteria cells expressing the MIF proteins were grown in a shaking incubator at 37°C to an O.D.00
of 0.6 and induced by adding isopropyl B-D-1-thiogalactopyranoside (IPTG) at a final
concentration of 1 mM. After a 4-hour incubation at the same temperature, the cells were
centrifuged and stored in -80°C. For protein purification, the cells were resuspended in the lysis
buffer (20 mM Tris, pH 7.4 with 20 mM NaCl) containing a mini EDTA-free protease inhibitor
cocktail tablet (Sigma-Aldrich) and lysed by sonication. The cell debris was removed by
centrifugation at 4°C and the supernatant was filtered using 0.22 pm filter units (Millipore) and
loaded onto Q-Sepharose and SP ion exchange chromatography columns connected in series. WT
MIF and MIF mutants were eluted in the flow-through with ~95% purity. After concentrating the
samples using 10 kDa molecular weight cut-off centrifugal filters (Millipore), the proteins were
loaded onto size-exclusion column (16/60 Superdex 75) to remove the remaining ~5% of
contaminants. Purification was carried out using 20 mM Tris, pH 7.4 with 20 mM NacCl as the
running buffer. Protein concentration was determined using the Pierce BCA Protein Assay Kit

(Thermo Fisher Scientific).

Enzyme Kinetics
A 100 mM stock solution of 4-hydroxyphenylpyruvate (4-HPP) in 0.5 M ammonium

acetate, pH 6.2 was freshly prepared and equilibrated for 24 hours at room temperature to produce
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the predominating keto-form under this condition. Kinetic assays were carried out using keto form
of 4-HPP at 0 - 2 mM. For each concentration, 10 puL. of 4-HPP was mixed with 130 puL borate at
a final concentration of 0.420 M in a UV transparent flat bottom 96-well plate. The reaction was
initiated by addition of 10 pL of protein at a final concentration of 50 nM (for WT MIF and Y99F,
Y99A, H62Y, H62F, H62A) or 250 nM (for H62G and Y99G). Absorbance measurements for the
conversion to the enol form of HPP (the enol-borate complex has an extinction coefficient of
e306= 11,400 M! cm™!) were recorded at 10 second intervals for a total of 360 seconds using a
Tecan Infinite M200. All experiments were performed at 25°C. Initial velocities were plotted as a
function of 4-HPP concentration and the Michaelis—Menten parameters (Viar, Kn, kcar) wWere

determined by nonlinear regression using ORIGIN 9.0. Each assay was carried out in triplicate.

Crystallization and Structure Determination

Crystallization of Y99A was described elsewhere.*! The MIF mutant proteins (Y99F,
Y99G, H62Y, H62F, H62A and H62G) were crystallized in 24-well hanging drop trays.
Crystallization was accomplished by mixing the stock protein solution concentrated to ~18 mg/ml
with 20 mM Tris, pH 7.5, 2 M ammonium sulfate and 3% 2-propanol at various volume ratios. In
all cases the drop size was 4 mL. Trays were stored at 20°C and crystals were formed overnight.
Individual crystals were transferred to a new drop containing the mother liquor enriched with 28%
glycerol for cryoprotection, mounted on a loop, and flash frozen in liquid nitrogen. Crystal
screening and complete data set collection occurred at the Macromolecular X-ray Facility at the
Yale School of Medicine using a Rigaku Pilatus 200K Detector with a Rigaku 007 rotating copper
anode X-ray generator (wavelength=1.5418 A). All the data sets were collected at a temperature
of 100K. The HKL2000 program suit*® was used for integration and scaling. The CCP4 supported

program PHASER*” was used to obtain solutions for the MIF mutants. For molecular replacement,
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the crystal structure of WT MIF (PDB: 3DJH) was used as the starting model. Refinement of the
structures were carried out using Refmac*® and COOT.* Ramachandran analyses of the MIF
mutants showed 0% outliers and 98.8%, 99.1%, 99.1%, 98.5%, 98.5%, or 98.8% residues in the
preferred regions, for YO9F, Y99G, H62F, H62Y, H62A and H62G, respectively. The crystal
structures of WT MIF, the MIF mutants, and the nineteen MIF-ligand complexes obtained from
PDB were superimposed using the CCP4-supported program SUPERPOSE,® and visualized and
analyzed in PyMOL.>! The interatomic interactions around the allosteric site were examined using
Arpeggio.’® The detailed statistics of the Tyr99 and His62 mutants are presented in Appendix
Table 1. The RMSD values obtained for the MIF mutants and nineteen MIF-ligand complexes
vary between 0.08-0.16 A and 0.20-0.36 A, correspondingly. Coordinates and structural factors
have been deposited in PDB under the accession codes 60YE (Y99F), 60Y8 (Y99G), SUMK

(H62Y), 60YG (H62F), SUMJ (H62A) and 60YB (H62G).

NMR Spectroscopy

Samples for NMR spectroscopy were expressed under identical conditions to those utilized
for X-ray or kinetic studies. Isotopically enriched '"’N-MIF was grown in deuterated M9 minimal
medium containing CaCl,, MgSQOs, and MEM vitamins and utilizing glucose (12CsH 206, natural
abundance) and ammonium chloride (!’NH4Cl, Cambridge Isotope Labs) as the sole carbon and
nitrogen sources, respectively. Cells were adapted to be grown in D,O as follows. A small culture
of MIF was grown for 8 — 10 hours in LB medium. The resulting cloudy suspensions were then
used to inoculate 25 mL of LB containing 50% D-O, which was grown for 8 — 10 hours and then
used to inoculate a final LB culture (~50 mL) made with 95% D>O. After 7 hours of incubation at

37°C, these cells were collected by centrifugation and resuspended in 1 L of M9 minimal medium.

MIF was grown at 37°C to an ODgoo ~ 0.8 — 1.0 and induced with 1 mM IPTG. After an additional
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4 — 6 hours of incubation, cells were harvested by centrifugation and stored at -80 °C. MIF was
purified identically to the manner described earlier. 'H'’N-TROSY HSQC NMR spectra were
collected at 30°C on a Bruker Avance NEO 600 MHz spectrometer. The 'H and >N carriers were
set to the water resonances and 120 ppm, respectively. All NMR spectra were processed with

NMRPipe? and analyzed in SPARKY >3

Circular Dichroism (CD) Spectroscopy

CD spectra and thermal unfolding experiments were collected on a JASCO J-815
spectropolarimeter equipped with a variable temperature Peltier device. Denaturation curves of 15
—20 uM MIF were recorded at 218 nm in a | mm quartz cuvette over a temperature range of 20 —
90 C (293 K — 363K). Thermodynamic parameters were extracted via nonlinear curve fitting of

CD data as:

[(me+bf)+ (myT+by)]exp [(—AHDT’UH) (%—ﬁ)]

e

where my, b;, and m,, by, are the slopes and y-intercepts of the folded (low temperature) and

Ellipticity (T) = (1)

unfolded (high temperature) regions of the melting curve; R is the gas constant;, T, and AHp,u
are the unfolding midpoint and van’t Hoff enthalpy of denaturation at T, respectively. Free
energy analysis was performed with calculated values of AC,, the unfolding heat capacity,
estimated from the reports of Privalov and Makhatadze™*>° as AC, = 4.8 kcal/molK for the MIF
trimer. The apparent differences in unfolding enthalpy, entropy, and free energy between these
MIF variants was calculated as using a reference temperature (Trer) of 351.9 K, the T, of WT
MIF, and using.

AHD,app = AHD,vH + ACp (TREF - Tm) (2)
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Computing water-mediated interactions

Hydrogen bonds were computed in crystal structures with GetContacts.’® We applied a
simple distance cutoff of < 3.5 A between donor and acceptor atoms. No angle criteria were
imposed since crystal structures generally lack hydrogen atoms. A water-mediated interaction is
defined to occur between a pair of residues if they form hydrogen bonds to a common water
molecule or a pair of water molecules held together by a hydrogen bond. All water-mediated
interactions were computed throughout the WT MIF, H62A, and H62Y crystal structures to

compare protein-water interaction networks.

Protein-water graph network analysis

Previous studies have shown that residues critical for protein function tend to have high
centrality measures within the non-covalent residue interaction network.>’-> Here, we perform a
similar network centrality analysis that involves both the protein and solvent to assess the
significance of individual water molecules in assisting protein function. The protein-water
interaction graph network is represented by G(V, E) where V is the set of nodes including all
residues and water molecules in the system, and E is the set of hydrogen bonds forming edges
between nodes. Degree centrality was computed using the NetworkX Python library.%° The degree
centrality of each node v in G is defined as the fraction of nodes in G that shares an edge with v.
We rank each node by degree centrality to identify the water molecules with greatest functional

significance.
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Molecular Dynamics Simulations

Four models of MIF (WT, Y99A, Y99G, and H62G) were made using the PDB structure
3DJH.! In the case of Y99A, Y99G, and H62G, the mutations were made uniformly on all three
MIF monomers. The models were each placed in a periodic water box and neutralized with NaCl.
Simulations were run for 200 ns at 300 K using NAMD®? and the CHARMM36m force field,%
and the last 100 ns were analyzed. Hydrogen bond and RMSD analyses were conducted using the
respective VMD plugins.®* Hydrogen bonds were defined as an acceptor-donor distance of no
more than 3.0 A and an acceptor-donor-hydrogen angle no more than 30°. The average number of
hydrogen bonds in the solvent channel per MD frame was averaged across the three MIF
monomers, and the percentage change in hydrogen bonding was determined as (Mutant-WT)/WT.
Overall RMSD values were calculated from the alpha carbons of aligned trajectories and the
RMSDs of His62 and Tyr99 were calculated using the entire residue of interest, excluding
hydrogens. In order to calculate the number of waters in the central channel of each mutant, the
mouth at either end of the channel was defined using the alpha carbons of Val42 and Tyr99. The
number of waters within these limits was averaged for the final 100 ns of the trajectory using 100
frames/ns for a total of 10,000 frames. The percent change in water molecules was determined

similarly to the method described for hydrogen bonds (vide supra).

References

(1) Swope, M. D.; Lolis, E. Macrophage migration inhibitory factor: cytokine, hormone, or
enzyme? Rev Physiol Biochem Pharmacol 1999, 139, 1-32.

(2) Kapurniotu, A.; Gokce, O.; Bernhagen, J. The Multitasking Potential of Alarmins and
Atypical Chemokines. Front Med (Lausanne) 2019, 6, 3. DOI: 10.3389/fmed.2019.00003.

49



(3) Min, K. W.; Lee, S. H.; Baek, S. J. Moonlighting proteins in cancer. Cancer Lett 2016, 370
(1), 108-116. DOI: 10.1016/j.canlet.2015.09.022.

(4) Asada, Y.; Kuroishi, C.; Ukita, Y.; Sumii, R.; Endo, S.; Matsunaga, T.; Hara, A.; Kunishima,
N. Dimeric crystal structure of rabbit L-gulonate 3-dehydrogenase/lambda-crystallin:
insights into the catalytic mechanism. J Mol Biol 2010, 401 (5), 906-920. DOI:
10.1016/5.jmb.2010.06.069.

(5) Calandra, T.; Roger, T. Macrophage migration inhibitory factor: a regulator of innate
immunity. Nat Rev Immunol 2003, 3 (10), 791-800. DOI: 10.1038/nri1200.

(6) Bloom, B. R.; Bennett, B. Mechanism of a reaction in vitro associated with delayed-type
hypersensitivity. Science 1966, 153 (731), 80-82.

(7) David, J. R. Delayed hypersensitivity in vitro: its mediation by cell-free substances formed
by lymphoid cell-antigen interaction. Proc Natl Acad Sci USA 1966, 56 (1), 72-77.

(8) Nathan, C. F.; Remold, H. G.; David, J. R. Characterization of a lymphocyte factor which
alters macrophage functions. The Journal of experimental medicine 1973, 137 (2), 275-290.
DOI: 10.1084/jem.137.2.275.

(9) Kleemann, R.; Hausser, A.; Geiger, G.; Mischke, R.; Burger-Kentischer, A.; Flieger, O.;
Johannes, F. J.; Roger, T.; Calandra, T.; Kapurniotu, A.; et al. Intracellular action of the
cytokine MIF to modulate AP-1 activity and the cell cycle through Jabl. Nature 2000, 408
(6809), 211-216.

(10) Shi, X.; Leng, L.; Wang, T.; Wang, W.; Du, X.; Li, J.; McDonald, C.; Chen, Z.; Murphy, J.
W.; Lolis, E.; et al. CD44 is the signaling component of the macrophage migration

inhibitory factor-CD74 receptor complex. Immunity 2006, 25 (4), 595-606.

50



(11) Hudson, J. D.; Shoaibi, M. A.; Maestro, R.; Carnero, A.; Hannon, G. J.; Beach, D. H. A
proinflammatory cytokine inhibits p53 tumor suppressor activity. The Journal of
experimental medicine 1999, 190 (10), 1375-1382.

(12) Wang, Y.; An, R.; Umanah, G. K.; Park, H.; Nambiar, K.; Eacker, S. M.; Kim, B.; Bao, L.;
Harraz, M. M.; Chang, C.; et al. A nuclease that mediates cell death induced by DNA
damage and poly(ADP-ribose) polymerase-1. Science 2016, 354 (6308). DOI:
10.1126/science.aad6872.

(13) Leng, L.; Metz, C. N.; Fang, Y.; Xu, J.; Donnelly, S.; Baugh, J.; Delohery, T.; Chen, Y.;
Mitchell, R. A.; Bucala, R. MIF signal transduction initiated by binding to CD74. J Exp
Med 2003, 197 (11), 1467-1476.

(14) Bernhagen, J.; Krohn, R.; Lue, H.; Gregory, J. L.; Zernecke, A.; Koenen, R. R.; Dewor, M.;
Georgiev, L.; Schober, A.; Leng, L.; et al. MIF is a noncognate ligand of CXC chemokine
receptors in inflammatory and atherogenic cell recruitment. Nat Med 2007, 13 (5), 587-596.

(15) Lacy, M.; Kontos, C.; Brandhofer, M.; Hille, K.; Groning, S.; Sinitski, D.; Bourilhon, P.;
Rosenberg, E.; Krammer, C.; Thavayogarajah, T.; et al. Identification of an Arg-Leu-Arg
tripeptide that contributes to the binding interface between the cytokine MIF and the
chemokine receptor CXCR4. Sci Rep 2018, § (1), 5171. DOI: 10.1038/s41598-018-23554-
5.

(16) Meza-Romero, R.; Benedek, G.; Jordan, K.; Leng, L.; Pantouris, G.; Lolis, E.; Bucala, R.;
Vandenbark, A. A. Modeling of both shared and distinct interactions between MIF and its
homologue D-DT with their common receptor CD74. Cytokine 2016, 88, 62-70. DOI:

10.1016/j.cyt0.2016.08.024.

51



(17) Pantouris, G.; Syed, M. A.; Fan, C.; Rajasekaran, D.; Cho, T. Y.; Rosenberg, E. M., Jr.;
Bucala, R.; Bhandari, V.; Lolis, E. J. An Analysis of MIF Structural Features that Control
Functional Activation of CD74. Chem Biol 2015, 22 (9), 1197-1205. DOI:
10.1016/j.chembiol.2015.08.006.

(18) Rajasekaran, D.; Groning, S.; Schmitz, C.; Zierow, S.; Drucker, N.; Bakou, M.; Kohl, K_;
Mertens, A.; Lue, H.; Weber, C.; et al. Macrophage Migration Inhibitory Factor-CXCR4
Receptor Interactions: Evidence for Partial Allosteric Agonism In Comparison with
CXCL12 Chemokine. J Biol Chem 2016, 291 (30), 15881-15895. DOL:
10.1074/jbc.M116.717751.

(19) Weber, C.; Kraemer, S.; Drechsler, M.; Lue, H.; Koenen, R. R.; Kapurniotu, A.; Zernecke,
A.; Bernhagen, J. Structural determinants of MIF functions in CXCR2-mediated
inflammatory and atherogenic leukocyte recruitment. Proc Natl Acad Sci U S 4 2008, 105
(42), 16278-16283. DOI: 10.1073/pnas.0804017105.

(20) Singh, A. K.; Pantouris, G.; Borosch, S.; Rojanasthien, S.; Cho, T. Y. Structural basis for
decreased induction of class IB PI3-kinases expression by MIF inhibitors. J Cell Mol Med
2017, 21 (1), 142-153. DOI: 10.1111/jcmm.12949.

(21) Tilstam, P. V.; Qi, D.; Leng, L.; Young, L.; Bucala, R. MIF family cytokines in
cardiovascular diseases and prospects for precision-based therapeutics. Expert Opin Ther
Targets 2017, 21 (7), 671-683. DOI: 10.1080/14728222.2017.1336227.

(22) O'Reilly, C.; Doroudian, M.; Mawhinney, L.; Donnelly, S. C. Targeting MIF in Cancer:
Therapeutic Strategies, Current Developments, and Future Opportunities. Med Res Rev

2016, 36 (3), 440-460. DOI: 10.1002/med.21385.

52



(23) Greven, D.; Leng, L.; Bucala, R. Autoimmune diseases: MIF as a therapeutic target. Expert
Opin Ther Targets 2010, 14 (3), 253-264. DOI: 10.1517/14728220903551304.

(24) Nishihira, J.; Sakaue, S. Overview of Macrophage Migration Inhibitory Factor (MIF) as a
Potential Biomarker Relevant to Adiposity. J Tradit Complement Med 2012, 2 (3), 186-191.

(25) Awandare, G. A.; Martinson, J. J.; Were, T.; Ouma, C.; Davenport, G. C.; Ong'echa, J. M.;
Wang, W.; Leng, L.; Ferrell, R. E.; Bucala, R.; et al. MIF (macrophage migration inhibitory
factor) promoter polymorphisms and susceptibility to severe malarial anemia. The Journal
of infectious diseases 2009, 200 (4), 629-637, Research Support, N.I.H., Extramural. DOI:
10.1086/600894.

(26) Stoppe, C.; Rex, S.; Goetzenich, A.; Kraemer, S.; Emontzpohl, C.; Soppert, J.; Averdunk,
L.; Sun, Y.; Rossaint, R.; Lue, H.; et al. Interaction of MIF Family Proteins in Myocardial
Ischemia/Reperfusion Damage and Their Influence on Clinical Outcome of Cardiac
Surgery Patients. Antioxid Redox Signal 2015. DOI: 10.1089/ars.2014.6243.

(27) Sun, H. W.; Bernhagen, J.; Bucala, R.; Lolis, E. Crystal structure at 2.6-A resolution of
human macrophage migration inhibitory factor. Proc Natl Acad Sci USA 1996, 93 (11),
5191-5196.

(28) Subramanya, H. S.; Roper, D. L.; Dauter, Z.; Dodson, E. J.; Davies, G. J.; Wilson, K. S.;
Wigley, D. B. Enzymatic ketonization of 2-hydroxymuconate: specificity and mechanism
investigated by the crystal structures of two isomerases. Biochemistry 1996, 35 (3), 792-
802.

(29) Lubetsky, J. B.; Swope, M.; Dealwis, C.; Blake, P.; Lolis, E. Pro-1 of macrophage migration
inhibitory factor functions as a catalytic base in the phenylpyruvate tautomerase activity.

Biochemistry 1999, 38 (22), 7346-7354. DOI: 10.1021/b1990306m.

53



(30) Swope, M.; Sun, H. W_; Blake, P. R.; Lolis, E. Direct link between cytokine activity and a
catalytic site for macrophage migration inhibitory factor. EMBO J 1998, 17 (13), 3534-
3541. DOI: 10.1093/emboj/17.13.3534.

(31) Pantouris, G.; Ho, J.; Shah, D.; Syed, M. A.; Leng, L.; Bhandari, V.; Bucala, R.; Batista, V.
S.; Loria, J. P.; Lolis, E. J. Nanosecond Dynamics Regulate the MIF-Induced Activity of
CD74. Angew Chem Int Ed Engl 2018. DOI: 10.1002/anie.201803191.

(32) Rajasekaran, D. Targeting distinct tautomerase sites of D-DT and MIF with a single
molecule for inhibition of neutrophil lung recruitment. FASEB J 2014, 28 (11), 4961-4971.
DOI: 10.1096/1].14-256636.

(33) Cho, Y.; Crichlow, G. V.; Vermeire, J. J.; Leng, L.; Du, X.; Hodsdon, M. E.; Bucala, R.;
Cappello, M.; Gross, M.; Gaeta, F.; et al. Allosteric inhibition of macrophage migration
inhibitory factor revealed by ibudilast. Proc Natl Acad Sci USA 2010, 107 (25), 11313-
11318. DOI: 10.1073/pnas.1002716107.

(34) Kok, T.; Wasiel, A. A.; Cool, R. H.; Melgert, B. N.; Poelarends, G. J.; Dekker, F. J. Small-
molecule inhibitors of macrophage migration inhibitory factor (MIF) as an emerging class
of therapeutics for immune disorders. Drug Discov Today 2018, 23 (11), 1910-1918. DOLI:
10.1016/5.drudis.2018.06.017.

(35) Trivedi-Parmar, V.; Robertson, M. J.; Cisneros, J. A.; Krimmer, S. G.; Jorgensen, W. L.
Optimization of Pyrazoles as Phenol Surrogates to Yield Potent Inhibitors of Macrophage
Migration Inhibitory Factor. ChemMedChem 2018. DOI: 10.1002/cmdc.201800158.

(36) Jubb, H. C.; Higueruelo, A. P.; Ochoa-Montano, B.; Pitt, W. R.; Ascher, D. B.; Blundell, T.
L. Arpeggio: A Web Server for Calculating and Visualising Interatomic Interactions in

Protein Structures. J Mol Biol 2017, 429 (3), 365-371. DOI: 10.1016/j.jmb.2016.12.004.

54



(37) Fenwick, R. B.; Esteban-Martin, S.; Richter, B.; Lee, D.; Walter, K. F. A.; Milovanovic, D.;
Becker, S.; Lakomek, N. A.; Griesinger, C.; Salvatella, X. Weak Long-Range Correlated
Motions in a Surface Patch of Ubiquitin Involved in Molecular Recognition. Journal of the
American Chemical Society 2011, 133 (27), 10336-10339. DOI: 10.1021/;a200461n.

(38) Fenwick, R. B.; Orellana, L.; Esteban-Martin, S.; Orozco, M.; Salvatella, X. Correlated
motions are a fundamental property of beta-sheets. Nat Commun 2014, 5, 4070. DOI:
10.1038/ncomms5070.

(39) Lisi, G. P.; Loria, J. P. Solution NMR Spectroscopy for the Study of Enzyme Allostery.
Chemical reviews 2016, 116 (11), 6323-6369. DOI: 10.1021/acs.chemrev.5b00541.

(40) Levy, Y.; Onuchic, J. N. Water and proteins: a love-hate relationship. Proc Natl Acad Sci U
S 42004, 101 (10), 3325-3326. DOI: 10.1073/pnas.0400157101.

(41) Venkatakrishnan, A. J.; Ma, A. K.; Fonseca, R.; Latorraca, N. R.; Kelly, B.; Betz, R. M.;
Asawa, C.; Kobilka, B. K.; Dror, R. O. Diverse GPCRs exhibit conserved water networks
for stabilization and activation. Proc Natl Acad Sci U S A 2019, 116 (8), 3288-3293. DOI:
10.1073/pnas.1809251116.

(42) Lisi, G. P.; Manley, G. A.; Hendrickson, H.; Rivalta, I.; Batista, V. S.; Loria, J. P.
Dissecting Dynamic Allosteric Pathways Using Chemically Related Small-Molecule
Activators. Structure (London, England : 1993) 2016, 24 (7), 1155-1166. DOI:
10.1016/j.5tr.2016.04.010.

(43) Bernhagen, J.; Mitchell, R. A.; Calandra, T.; Voelter, W.; Cerami, A.; Bucala, R.
Purification, bioactivity, and secondary structure analysis of mouse and human macrophage

migration inhibitory factor (MIF). Biochemistry 1994, 33 (47), 14144-14155.

55



(44) Pantouris, G.; Rajasekaran, D.; Garcia, A. B.; Ruiz, V. G.; Leng, L.; Jorgensen, W. L.;
Bucala, R.; Lolis, E. J. Crystallographic and receptor binding characterization of
Plasmodium falciparum macrophage migration inhibitory factor complexed to two potent
inhibitors. J Med Chem 2014, 57 (20), 8652-8656. DOI: 10.1021/jm501168q.

(45) Khurana, L.; EIGindi, M.; Tilstam, P. V.; Pantouris, G. Elucidating the role of an
immunomodulatory protein in cancer: From protein expression to functional
characterization. 2019.

(46) Otwinowski, Z.; Minor, W. Processing of X-Ray Diffraction Data Collected in Oscillation
Mode. In Methods In Enzymology, Vol. 276; 1997, pp 307 - 325.

(47) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn, M. D.; Storoni, L. C.; Read,
R. J. Phaser crystallographic software. J App! Crystallogr 2007, 40 (Pt 4), 658-674. DOI:
10.1107/s0021889807021206.

(48) Winn, M. D.; Murshudov, G. N.; Papiz, M. Z. Macromolecular TLS refinement in
REFMAC at moderate resolutions. Methods Enzymol 2003, 374, 300-321.

(49) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features and development of Coot. Acta
crystallographica. Section D, Biological crystallography 2010, 66 (Pt 4), 486-501,
Research Support, Non-U.S. Gov't. DOI: 10.1107/S0907444910007493.

(50) Winn, M. D.; Ballard, C. C.; Cowtan, K. D.; Dodson, E. J.; Emsley, P.; Evans, P. R.;
Keegan, R. M.; Krissinel, E. B.; Leslie, A. G.; McCoy, A.; et al. Overview of the CCP4
suite and current developments. Acta crystallographica. Section D, Biological
crystallography 2011, 67 (Pt 4), 235-242, Research Support, Non-U.S. Gov't. DOI:

10.1107/S0907444910045749.

56



(51) DeLano, W. L. The PyMOL molecular graphics system. 2002, DeLano Scientific, Palo Alto,
CA.

(52) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax, A. NMRPipe: a
multidimensional spectral processing system based on UNIX pipes. J Biomol NMR 1995, 6
(3),277-293.

(53) Lee, W.; Tonelli, M.; Markley, J. L. NMRFAM-SPARKY:: enhanced software for
biomolecular NMR spectroscopy. Bioinformatics (Oxford, England) 2015, 31 (8), 1325-
1327. DOI: 10.1093/bioinformatics/btu830.

(54) Makhatadze, G. L.; Privalov, P. L. Heat capacity of proteins. I. Partial molar heat capacity of
individual amino acid residues in aqueous solution: hydration effect. J Mol Biol 1990, 213
(2), 375-384. DOI: 10.1016/S0022-2836(05)80197-4.

(55) Privalov, P. L.; Makhatadze, G. I. Contribution of hydration and non-covalent interactions
to the heat capacity effect on protein unfolding. J Mol Biol 1992, 224 (3), 715-723. DOLI:

10.1016/0022-2836(92)90555-x.

(56) GetContacts; Stanford University: 2017. https://getcontacts.github.io (accessed.

(57) del Sol, A.; Fujihashi, H.; Amoros, D.; Nussinov, R. Residue centrality, functionally
important residues, and active site shape: analysis of enzyme and non-enzyme families.
Protein Sci 2006, 15 (9), 2120-2128. DOI: 10.1110/ps.062249106.

(58) Thibert, B.; Bredesen, D. E.; del Rio, G. Improved prediction of critical residues for protein
function based on network and phylogenetic analyses. BMC Bioinformatics 2005, 6, 213.
DOI: 10.1186/1471-2105-6-213.

(59) Vishveshwara, S.; Ghosh, A.; Hansia, P. Intra and inter-molecular communications through

protein structure network. Current protein & peptide science 2009, 10 (2), 146-160.

57



(60) Hagberg, A.; Swart, P.; S Chult, D. Exploring network structure, dynamics, and function
using NetworkX; Los Alamos National Lab.(LANL), Los Alamos, NM (United States),
2008.

(61) Crichlow, G. V.; Lubetsky, J. B.; Leng, L.; Bucala, R.; Lolis, E. J. Structural and kinetic
analyses of macrophage migration inhibitory factor active site interactions. Biochemistry
2009, 48 (1), 132-139.

(62) Phillips, J. C.; Braun, R.; Wang, W.; Gumbeart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.;
Skeel, R. D.; Kale, L.; Schulten, K. Scalable molecular dynamics with NAMD. J Comput
Chem 2005, 26 (16), 1781-1802. DOI: 10.1002/jcc.20289.

(63) Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; de Groot, B. L.; Grubmuller, H.;
MacKerell, A. D., Jr. CHARMM36m: an improved force field for folded and intrinsically
disordered proteins. Nat Methods 2017, 14 (1), 71-73. DOI: 10.1038/nmeth.4067.

(64) Humphrey, W.; Dalke, A.; Schulten, K. VMD: visual molecular dynamics. J Mol Graph

1996, 74 (1), 33-38, 27-38. DOL: 10.1016/0263-7855(96)00018-5.

58



Appendix

Table 1: Data collection and refinement statistics for the Tyr99 and H62 variant crystal structures.
Coordinates and structural factors have been deposited in PDB under the accession codes 60YE (Y99F),
60Y8 (Y99G), SUMK (H62Y), 60YG (H62F), SUMJ (H62A) and 60YB (H62G).

Y99F Y99G H62Y H62F H62A H62G
Data collection
Space group P212121 P212121 P212121 P212121 P212121 P212121
Cell dimensions
a, b, c(A) 68.09, 68.11, 67.95, 68.08, 68.11, 68.31, 68.08, 68.26, 67.99, 68.22, 67.99, 68.21,
86.74 86.92 86.63 86.97 86.41 87.00
o B,y (9) 90.00, 90.00, 90.00, 90.00, 90.00, 90.00, 90.00, 90.00, 90.00, 90.00, 90.00, 90.00,
) 90.00 90.00 90.00 90.00 90.00 90.00
Resolution (A) 50.00-1.53 50.00-1.53 50.00-1.73 50.00-1.55 50.00-1.61 50.00-1.53
(1.56-1.53) * (1.56-1.53) * (1.76-1.73) * (1.58-1.55) * (1.64-1.61) * (1.56-1.53) *
Rsym O Rmerge 0.035(0.300) 0.048(0.241) 0.041 (0.067) 0.047 (0.225) 0.054 (0.112) 0.052(0.331)
1/col 39.7 (4.1) 39.5 (5.5) 30.2 (10.2) 39 (6.4) 30.8(7.7) 41.4 (4.7)
Completeness (%)  98.8 (95.0) 99.9 (99.2) 99.2 (99.5) 99.7 (98.7) 99.6 (96.9) 100 (99.8)
Redundancy 6.7 (4.3) 6.6 (4.2) 4.1(2.2) 6.9 (4.5) 4.9 (2.5) 8.6 (5.4)
Refinement
Resolution (A) 48.16-1.53 48.09-1.53 48.23-1.73 48.21-1.55 48.16-1.61 48.15-1.53
No. reflections 57876 58529 40663 56183 49953 58470
Rwork / Riree 0.15/0.17 0.15/0.18 0.15/0.18 0.12/0.15 0.15/0.18 0.11/0.16
No. atoms
Protein 2649 2600 2585 2634 2585 2629
Ligand/ion 55 47 38 37 35 58
Water 345 316 321 327 384 349
B-factors
Protein 13 13 18 15 12 14
Ligand/ion 25 24 31 74 22 29
Water 29 29 29 33 26 33
R.m.s. deviations
Bond lengths ()  0.016 0.015 0.026 0.017 0.025 0.018
Bond angles (°) 1.760 1.832 2.047 1.751 2.141 1.759
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Table 2: The PDB entries, RMSD values to WT MIF, and resolution of the 19 MIF structures with
all three active sites occupied.

PDB entry | RMSD (A) | Resolution (A) Ligand Type Ligands/MIF Citation
3DJH - 1.25 - - (Crichlow et al., 2009)
1CA7 0.20 2.5 Substrate (p- 3 (Lubetsky et al., 1999)
hydroxyphenyl
pyruvate
1GCZ 0.20 1.9 Competitive inhibitor 3 (Orita et al., 2001)
ILJT 0.22 2.0 Competitive inhibitor 3 (Lubetsky et al., 2002)
1MFI 0.36 1.8 Competitive inhibitor 3 (Taylor et al., 1999)
3L5U 0.27 1.9 Competitive inhibitor 3 (McLean et al., 2010)
4F2K 0.34 1.53 Covalent inhibitor 3 (Tyndall et al., 2012)
3B9S 0.36 1.8 Covalent inhibitor 3 (Winner et al., 2008)
3WNT 0.32 2.07 Covalent inhibitor 3 (Spencer et al., 2015)
3CE4 0.20 1.55 Covalent inhibitor 3 (Crichlow et al., 2009)
3SMB 0.28 1.6 Covalent inhibitor 3 (Crichlow et al., 2012)
3SMC 0.29 1.8 Covalent inhibitor 3 (Crichlow et al., 2012)
40YQ 0.20 1.7 Covalent inhibitor 3 (Spencer et al., 2015)
3JSF 0.26 1.93 Covalent inhibitor 3 (McLean et al., 2009)
3JSG 0.25 1.58 Covalent inhibitor 3 (McLean et al., 2009)
3JTU 0.26 1.86 Covalent inhibitor 3 (McLean et al., 2009)
4P01 0.20 2.07 Covalent inhibitor 3 (Pantouris et al., 2015)
4TRF 0.29 1.63 Covalent inhibitor 3 (Pantouris et al., 2015)
4POH 0.27 1.93 Covalent inhibitor 3 (Pantouris et al., 2015)
4PLU 0.22 1.63 Covalent inhibitor 3 (Pantouris et al., 2015)
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CHAPTER 3

A Cysteine Variant at an Allosteric Site Alters MIF
Dynamics and Biological Function in Homo- and

Heterotrimeric Assemblies
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Abstract

Macrophage migration inhibitory factor (MIF) is an inflammatory protein with various
non-overlapping functions. It is not only conserved in mammals, but it is found in parasites, fish,
and plants. Human MIF is a homotrimer with an enzymatic cavity between two subunits with Prol
as a catalytic base, activates the receptors CD74, CXCR2, and CXCR4, has functional interactions
in the cytosol, and is reported to be a nuclease. There is a solvent channel down its 3-fold axis with
arecently identified gating residue as an allosteric site important for regulating, to different extents,
the enzymatic activity and CD74 binding and signaling. In this study we explore the consequence
of converting the allosteric residue Tyr99 to cysteine (Y99C) and characterize its crystallographic
structure, NMR dynamics, stability, CD74 function, and enzymatic activity. In addition to the
homotrimeric variant, we develop strategies for expressing and purifying a heterotrimeric variant
consisting of mixed wild-type and Y99C for characterization of the allosteric site to provide more

insight.

Introduction

Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine involved in
multiple non-overlapping physiological pathways.! It is expressed in cells from a variety of tissues
with pronounced expression in the cells of the immune system. MIF forms a homotrimeric
structure with a solvent channel coincident with its 3-fold axis and possesses three putative
catalytic cavities formed at the interface between each of two adjacent subunits.?? These were first
identified by the similarity of the MIF structure to two microbial enzymes that catalyzed isomerase
or tautomerase reactions with a conserved and unusual N-terminal proline functioning as a
catalytic base.*¢ These enzymes and MIF have 5-20% sequence homology but share an N-terminal

proline that is evolutionarily invariant for MIF.” The bona fide substrate for MIF has yet to be
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identified, but “pseudosubstrates” D-dopachrome and hydroxyphenylpyruvate have been useful
for designing inhibitors or optimizing high throughput screens.®!! These inhibitors were used as
tools to probe MIF biological activities and signaling, including functional interactions with p53,
ERK-1/2, PI3K/Akt in the cytosol,!*'* and the extracellular receptors CD74, CXCR2, and
CXCR4.115-18 More recently, a nuclease function was ascribed to MIF in a process known as
parthanatos.!%-?

The mechanisms by which MIF promotes these activities are unclear, though signaling
studies, biochemistry, and structures have provided some molecular details of possible
mechanisms. A hypothesis that trimeric MIF functions as an enzyme at higher concentrations in
the cytosol and subsequently dissociates into monomers when it is diluted in the extracellular
milieu to activate receptors was disproven. Sedimentation velocity and equilibrium
ultracentrifugation experiments found MIF has an unusual partial volume for a protein and forms
an extremely tight trimer.?! Up to four structure-based mutations at the subunit interface also failed
to disrupt the homotrimer; MIF with a fifth mutation did not express or was extremely unstable.??
Despite the tight homotrimeric association of MIF, it displays remarkable dynamics by NMR.23-26
Recently, we discovered an allosteric regulatory site at the center of the symmetric MIF
homotrimer that serves as a hub for two of its biochemical activities: the enzymatic enol-keto
tautomerase and CD74 receptor activation (Figure 1).252° The allosteric residues, Tyr99 from all
three subunits, modulate enzymatic and CD74 receptor activation to different extents when
mutated, while concurrently altering the structural and dynamic properties of the protein, as well
as hydrogen bonding with solvent molecules in the central solvent channel. Notably, the size of
the solvent channel opening and dynamics at the allosteric site were found to be critical diagnostics

of functional outcomes, though it is still unclear exactly how the chemical properties of the
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Figure 1. Schematic of important structural features in MIF. (A) A top view of the MIF trimer shows
the monomeric subunits in gray, teal, and orange (PDB: 1MIF). Previously characterized allosteric
pathways controlling tautomerase activity and pro-inflammatory CD74 activation are denoted in yellow
and teal, respectively, including the common allosteric node, Tyr99, highlighted in green. Pro-1, the
catalytic base for tautomerization, and the monomer-monomer interface, essential for catalysis, are also
indicated. (B) A side profile of MIF highlights the allosteric residues and sites shown above, as well as
regions of the protein involved in binding to the receptors CXCR4 (purple) and CXCR2 (orange), and
residues implicated in nuclease activity (pink).

allosteric site at Tyr99 or the solvent channel influence the biophysical signatures of MIF. Further
insights would facilitate the rational design of site-specifically modified allosteric pathways to
regulate the information flow to-and-from Tyr99, creating enhanced spatial and temporal
resolution of MIF function.

To investigate this relationship further, we introduced a cysteine residue at position 99
(Y99C). The sulfhydryl group of Cys99 is the same molecular distance (~8 A) from the enzymatic
active site as the Cy of Tyr99. We hypothesized that this mutation would enable disulfide stabilized
dimers within the MIF trimers, providing a more comprehensive understanding of the structural,
dynamic, and functional impact of Cys99 substitution. This method was used in a previous MIF
study, when a cysteine mutation was introduced at N110 and formed an inter subunit disulfide
with a Cys80 and induced changes in the oligomeric and functional properties.?? We generated a

unique Y99C MIF cysteine variant, as well as a method to generate homo- and hetero- trimeric
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Cys proteins, and characterized their molecular structure, dynamics, and effect on enzymatic and
CD74 activities using X-ray crystallography, NMR spectroscopy, biochemical assays, and in vivo

experiments.

Results
Biophysical Characterization of Y99C and Y99C/WT MIF trimers

Since Tyr99 is located the end of a B-strand of the MIF structure, we speculated it would
take local unfolding to move the Cys residues in proximity to form disulfide linkages. We also set
out to generate the first mixed trimer species of MIF, with the rationale of using the steric bulk of
a Tyr99 side chain to constrain other Cys99 residues into forming disulfide bonds. This approach
is also a proof-of-principle demonstration for the engineering of novel MIF variants with structural
scaffolds and activities distinct from wild-type (WT) MIF and homotrimeric variants. While the
Y99C MIF homotrimer displays a very similar size exclusion chromatographic profile to that of
WT MIF, purification of the Y99C/MIF mixed trimers, facilitated by a SNAP-tag and a Hise-tag
on Y99C monomeric subunits, shows distinct MIF species with differing molecular weights that
can be followed by SDS-PAGE (Figure 2A-B). The MIF monomer band (12.4 kDa) increases in
intensity, relative to the MIF monomer/SNAP-tag band (31.8 kDa), from peak 1 (P1) through peak
3 (P3) on the size exclusion chromatogram, representative of MIF species with increasing numbers
of WT MIF monomers within the MIF trimer (Figure 2C). Thus, P1 is likely the Y99C homotrimer
(96.1 kDa with SNAP-tags), P2 is the YO9C/WT heterotrimer with two Y99C monomers and one
WT monomer (76.7 kDa with SNAP-tags), and P3 is the YO9C/WT heterotrimer with one Y99C
monomer and two WT monomers (57.3 kDa with SNAP-tag). When P1-P3 are pooled and cleaved
of the SNAP-tags and Hise-tags, the YOOC/WT mixed trimers elute at the same volume as WT

MIF at 37.9 kDa.
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Figure 2. Verification of novel Y99C/WT mixed trimers. (A) Chromatographic overlay of WT MIF and
the Y99C/WT mixed trimers pre- and post-tag cleavage as purified by size exclusion chromatography
(SEC) (B) SDS-PAGE analysis of the YO9C/WT mixed trimer species showing the presence of the MIF
monomer (12.3 kDa) and the MIF monomer + SNAP-tag (31.7 kD) in peaks 1-3. (C) Relative SDS-PAGE
band intensities of the MIF monomer and the MIF monomer + SNAP-tag bands from (B) via Imagel
software (NIH). Each lane was analyzed separately and normalized such that the MIF monomer + SNAP-
tag band is equal to 1.00.

The Y99C MIF homotrimer was probed by analytical ultracentrifugation at three loading
concentrations (Figure 3). The sedimentation coefficient of the Y99C homotrimer is in good
agreement with published values for WT MIF.?! The molar mass of 37.8 + 0.8 kDa calculated
directly from the primary data agrees very well that of WT MIF (37.9 + 2.8 g/mol per trimer).
Thus, the Y99C variant is a trimer and also has the same elevated partial specific volume seen for
WT MIF (within error). With these data, we see no differences between WT MIF and the Y99C

MIF homotrimer in terms of oligomeric state, shape, or partial specific volume.
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Figure 3. Sedimentation coefficient distribution for the Y99C MIF homotrimer at different
concentrations. The inset has the vertical scale expanded 100-fold so that the minor components can be
observed. The distribution is normalized so the total area under the curve is 1.0, and thus the area of each
peak gives the fraction of that concentration.

X-ray crystallography of the Y99C MIF homotrimer.

The structure of homotrimeric Y99C MIF was solved to 1.60 A to probe whether there
were sufficient protein dynamics for the Cys99 side chain to form a disulfide and to detect any
unexpected effects (Appendix Table 1). The structural alignment of WT MIF, Y99A, and Y99C
were calculated and viewed in PyMol (Figure 4A). From this alignment, the residue 99 sidechains
indicate the C[3 carbons overlap very well (Figure 4A, right panel). Interestingly, the thiol group
in all three monomers has two conformations in the channel as shown in Figure 4A where Y99
and Y99A are also shown. The 2Fo-Fc and omit map of Y99C is also shown (Figure 4B). The
closest distances among the thiol groups of adjacent subunits are ~6.5 A (Figure 4B). The two
conformations of the thiol groups in this study do not interact with other protein atoms nor do they
induce large conformational changes (Figure 4C). The RMSD of Y99C to WT MIF (3DJH) and
the Y99A (5EIZ) structures are 0.134 A and 0.077 A, respectively, and support a lack of sufficient
movement of Y99C to induce conformational changes. Though the shared CP atom for WT, Y99A,
and Y99C MIF align very well, the radius of the solvent channel opening where the three YO9C
residues appear is 3.4 A and similar to YO9A (3.6 A), in contrast to WT MIF (1.4 A) as calculated

by MOLEonline.?’ In a previous study involving three Tyr99 variants and four His62 mutations,
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Figure 4. Changes in the MIF structure with mutations at Tyr99. (A) The crystal structure of Y99C
MIF has two thiol group conformations per monomer in the solvent channel (PDB: 7KQX). The inset shows
overlapping side chains for residue 99 in WT MIF (3DJH; gray) and the Y99C (7KQX; blue) and Y99A
(5EIZ; orange) MIF variants. (B) Electron density map for MIF Y99C homotrimer. On the left, the 2Fo-Fc
electron density map for the Y99C MIF homotrimer is shown. On the right, the 2Fo-Fc map and the two
conformations for the thiol groups of Y99C are enlarged. The distances among the closest sulfur atoms
from each subunit are over 6 A apart and too far from each other to form disulfides.

there was an inverse correlation between the size of the opening and catalytic efficiency.®

The MIF structure is destabilized by Cys99 residues

To assess the impact of the Cys99 mutation on the secondary structure and stability of MIF,
far-UV circular dichroism (CD) experiments were conducted. CD spectra of the Y99C homotrimer
and Y99C/WT mixed trimers display a-B secondary structure consistent with that of WT MIF,
with only subtle differences observed (Figure 5A), which is in good agreement with the

crystallographic analysis of the YO9C homotrimer. Similarly, thermal unfolding experiments
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Figure 5. Secondary structure and stability of Y99C MIF variants. (A) Far-UV circular dichroism
spectra of WT MIF (black), the Y99C MIF homotrimer (red), and the YO9C/WT MIF mixed trimers (blue)
at 25°C. (B) Thermal stabilities of WT MIF (black; 7., = 78.5°C), the Y99C MIF homotrimer (red; 7,, =
76.9°C), and the Y99C/WT MIF mixed trimers (blue; 7, = 77.5°C), normalized and plotted as a fraction of
unfolded protein.

reveal that the Y99C mutation has a destabilizing effect on the MIF structure, with 7, values for
the Y99C homotrimer and Y99C/MIF mixed trimers of 76.9 °C (ATm = -1.6°C) and 77.5 °C (ATn
= -1.0°C), respectively, relative to WT MIF (7, = 78.5°C) (Figure 5B). Together, these data
suggest that MIF becomes increasingly destabilized as the number of Cys99 residues increases per

trimer.

NMR spectroscopy highlights altered solution structures and dynamics of Y99C variants

We recently employed NMR spectroscopy to characterize significant solution structural
and dynamic changes associated with mutations at the Tyr99 allosteric site that are not obvious
through crystallographic analysis.?® Here, we find that the NMR spectrum of the Y99C homotrimer
is distinct from that of WT MIF, with significant chemical shift perturbations observed in residues
at or near sites previously implicated in the allosteric signaling that controls MIF function (Figure
6). Chemical shift perturbations of residues at the N-terminus and proximal to His62 are consistent
with prior studies of Tyr99 variants that confirmed the allosteric pathway (Tyr99-His62-Met2-

Prol) that modulates MIF enzymatic activity.?® We also observed significant perturbations at the
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Figure 6. Structural effects of the Y99C variants by NMR. (A) '"H-""N TROSY HSQC spectral overlay
of WT MIF (gray), the Y99C homotrimer (red), and the Y99C/WT mixed trimers (blue). (B) 'H-"N
combined chemical shift perturbations (AS) for the Y99C homotrimer (top) and the Y99C/WT mixed
trimers (bottom). Pink bars denote residues that are broadened beyond detection, and blue lines represent
1.5 above the 10% trimmed mean of all shifts. (C) Significant chemical shift perturbations observed for
the Y99C homotrimer (middle, red spheres) and YO9C/WT mixed trimers (right, blue spheres) are mapped
onto the MIF structure for comparison to the previously characterized MIF allosteric pathways (left)
affecting tautomerase activity (yellow) and CD74 activation (teal). Pink spheres denote residues broadened
beyond detection. Residues after position 99 are mapped onto the adjacent monomer, as reported for the
CD74 activation site.

C-terminus, where the CD74 receptor activation site has been mapped (Figure 6).2>2
Comparatively, the NMR spectrum of the YO9C/WT mixed trimers reveals chemical shift
perturbations in the same regions of the MIF structure as the Y99C homotrimer, though to a lesser

extent. The highly symmetric WT MIF appears as a 114-residue without the cleaved initiating
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methionine with a molecular weight of 12,388 Da protein by NMR, although it is actually a 37,164
Da trimer. While the heterozygous incorporation of mutations into MIF alters its local chemical
environment, it does not perturb the global symmetry of MIF to an extent that renders its NMR
spectrum more difficult to interpret (Figure 6A). Although the similarity of the NMR spectra
indicate that mixed trimers also do not facilitate disulfide formation, this is the first evidence that
heterozygous MIF samples can be studied with molecular detail in solution.

In order to assess the impact of the Y99C mutation on dynamically-driven signaling in
MIF, we quantified longitudinal (R)) and transverse (R>) relaxation rates and the heteronuclear 'H-
['°N] NOE to report fluctuations in the protein backbone (Figure 7A). We postulated that the
dynamic profile of the YO9C/WT mixed trimers would be “in between” that of WT MIF and the
Y99C homotrimer, as was observed structurally by chemical shift perturbations of the Y99C
variants (Figure 6B). Interestingly, we observe a greater overall deviation from WT-like dynamics
in the YO9C/WT mixed trimers. In fact, there are limited differences in flexibility between WT
MIF and the Y99C homotrimer. Only a few sites of significantly altered R; and R relaxation rates
for the Y99C homotrimer are observed, including Ile67, proximal to the His62 allosteric site, and
[1e96 and Alal04, proximal to the Tyr99 allosteric site and the CD74 binding site (Figure 7A).
Further, the 'H-['*N] NOE for the Y99C homotrimer reveals a slight global elevation relative to
WT MIF, suggesting that the Y99C homotrimer is actually less flexible overall than WT MIF. In
contrast, there is a large variance in the dynamic profile of the YO9C/WT mixed trimers. Regions
with altered R; and R: relaxation rates include residues at the monomer-monomer interface (3, 5,
32, 36, 49), residues proximal to the His62 allosteric site (63, 67), and residues near Tyr99 and the
CD74 allosteric pathway (95-98, 100 102, 107, 113). The increased flexibility of the YO9C/WT

mixed trimers is most apparent in the 'H-['’N] NOE, where a global depression of NOE values is
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Figure 7. Altered dynamics of the Y99C homo- and heterotrimers. (A) NMR spin relaxation plots of
Ri, R>, RiR», and the 'H-[""N] NOE for WT MIF (black), the YO9C MIF homotrimer (red), and the
Y99C/WT MIF mixed trimers (blue). Gray shaded bars represent £1.5c of the 10% trimmed mean of all
data collected for each relaxation parameter. Correlation plots of the (B) R;R> and (C) 'H-['"N] NOE
relaxation rates for the Y99C variants relative to WT MIF and each other. Gray shaded areas denote +1.5¢
from the linear least-squares fits of the data (black lines). Residues outside of the 1.50 correlation
boundaries are mapped onto the MIF monomer.
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observed, including significant deviations from WT MIF in functionally relevant regions of the
protein similar to those observed by R; and R relaxation rates.

We compared the dynamics of the Y99C homotrimer and YO9C/WT mixed trimers to those
of WT MIF, and to each other, using correlation plots of the R;R: relaxation rates (suggestive of
us — ms molecular motions), analyzed as a product to minimize anisotropic molecular tumbling
artefacts and 'H-["’N] NOEs, reporting on ps — ns dynamics (Figure 7B-C). Deviations from
linearity in these plots denote substantial differences between the samples, allowing us to pinpoint
specific residues affected by disruption of the allosteric site. There is a much lower correlation
between the dynamic profiles of WT MIF and the YO9C/WT mixed trimers, indicating that the
Y99C/WT mixed trimers exhibit altered flexibility to a much greater extent than the Y99C
homotrimers, consistent with our analysis of the raw data. Further, the dynamics of the Y99C
variants are distinct from each other, even more so than either variant relative to WT MIF. Residues
outside of the 1.5¢ correlation boundaries, mapped onto the MIF monomer in Figure 7, highlight
regions of altered flexibility suggestive of motion on multiple timescales. Most notably, we
observe dynamic changes at the C-terminus and the solvent channel B-sheet, regions that
allosterically mediate MIF function (Figure 6C), suggesting that the YO9C/WT mixed trimers may
be functionally distinct from WT MIF and the Y99C homotrimers. The heightened flexibility
observed for the YO9C/WT mixed trimers may be, in part, due to the heterogeneity of the
Y99C/WT mixed trimers, as the subtle loss of symmetry of the heterotrimers may disrupt

stabilizing interactions, despite maintaining a relatively similar overall MIF structure by NMR.

The Y99C mutation modulates MIF enzymatic activity and ability to activate CD74 in vivo
The stimulation of neutrophil recruitment in murine lungs is tied to CD74 receptor

activation in vivo.?° Our previous work with a Y99A variant showed significant abrogation of
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Figure 8. In vivo CD74 activation in the lung by WT MIF and the Y99C MIF homotrimer. (A)
Neutrophil recruitment demonstrates a statistically significant decrease in cells recruited to the lung by the
Y99C MIF homotrimer compared to that of WT MIF. (B) The Y99C MIF homotrimer leads to significantly
decreased total BAL protein levels, a surrogate marker for alveolar—capillary leak/pulmonary edema
in vivo. *¥p < 0.01, *xxp < 0.001.

neutrophil recruiting activity, suggesting a coupling of this allosteric residue to the C-terminal
CD74 binding site.”> We measured the percentage of neutrophils and total protein content as
biomarkers for CD74 activity and alveolar-capillary leak/pulmonary edema, respectively, in
bronchoalveolar lavage (BAL) fluid obtained from mice sacrificed after 6 hours of administration
of a vehicle (saline) only or vehicle with YO9C MIF (Figure 8). The neutrophil influx was
significantly increased in the WT MIF group (compared to controls), but significantly decreased
in groups administered the Y99C homotrimeric variant, similar to Y99A.?> The decrease in lung
inflammation is likely due to the same factor as the YO9A variant: the absence of Tyr99 and the
inability of the variant to undergo correlated motions with a number of proximal and distal residues
originally shown by molecular simulations.?> NMR studies of Y99C (Figures 6A-B and 7) show
perturbation in residues Ile64, Lys66, Trp108, and Asn109, which are involved in CD74 receptor
binding and activation. We also cannot eliminate the two sidechain orientations of Cys99, the local
changes it causes at receptor binding residues, and other residues in its proximity.

We previously noted that increasing the radius of the solvent channel opening by
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Figure 9. Altered catalytic activity of the Y99C MIF variants. Tautomerase activity of (A) WT, (B)
Y99C MIF homotrimer, (C) and Y99C/WT MIF mixed trimers was monitored by the formation of the
hydroxyphenylpyruvate (HPP) enol-borate complex at Amax= 306 nm with 50 nM MIF and 0-2 mM of
HPP. Reactions were repeated in triplicate per protein sample, with black box representing the mean and
error bars denoting the standard deviation.

substituting Tyr99 with other residues is correlated to reduced catalytic activity.?® Though we
observed a solvent channel opening for Y99C similar to that of YO9A, the catalytic activity of the
Y99C homotrimers has reduced (55%) catalytic efficiency relative to WT MIF and compared to
Y99A (77%)*° (Figure 9 and Table 1). Our previous work evaluated a range of amino acid
substitutions at position 99, including glycine, alanine, and phenylalanine.?® While the catalytic
efficiencies of Y99G and Y99F were found to be 10% and 143%, respectively, compared to WT
MIF, Y99A only exhibited a small decrease in catalytic activity to 77%, suggesting that amino
acids with side chain sizes between the extremes of glycine and phenylalanine are less functionally
predictable, and there are likely additional factors that influence activity. The catalytic efficiency
of the YO9C/WT mixed trimers was predicted to be between that of the Y99C homotrimer and WT
MIF, as there are fewer changes (mutations) compared to the Y99C homotrimer. Interestingly, the
catalytic efficiency of the YO9C/WT mixed trimers is reduced to ~28% of WT MIF. This result
may be attributed to the significant increase in flexibility observed by NMR for the YO9C/WT
mixed trimers, particularly at the C-terminus near the monomer-monomer interface and in
proximity to the allosteric sites on the solvent channel B-sheet, where signaling, ligand binding,
and/or active site chemistry may be altered (Figure 7). We observed limited differences in

flexibility of WT MIF and the Y99C homotrimer, which may be a contributing factor in the higher
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Table 1. Kinetic parameters of the WT MIF and Y99C MIF variants tautomerase activity

Vmax (MM 8_1) kcat (8_1) Km (mM) kcat/Km (mM_1S_1)

WTMIF | 030+003 | 6.05+067 | 2.13+0.35 2.84 +0.44

YOOCMIF | 028+0.04 | 56+0.81 | 3.57+0.33 1.57 +0.17
Y99C/WT MIF
mixed trimers| 0.13+0.03 | 2.65+0.61 | 3.33+0.84 0.80 + 0.47

activity of the Y99C homotrimer compared to the heterotrimeric variants. In addition to the altered
dynamic profile of the Y99C/WT mixed trimers, the reduced enzymatic efficiency could be due to
do the importance of symmetry at the allosteric site and its effects in catalytic activity. The use of

heterotrimers was thus important to suggest symmetry is also significant at the allosteric site.

Discussion

The unexpected discovery of an allosteric site at the center of the MIF trimer has spawned
protein engineering and small molecule studies aimed at modulating two non-overlapping
functions of MIF from a single location. This approach highlights a strategy to make the catalytic
activity, CD74 agonism and antagonism, and conformational ensemble of MIF more intuitively
controllable. Mutagenesis studies employed here attempted to probe dynamics at the gating residue
of the solvent channel. Engineering of an intersubunit disulfide via mutagenesis at a different
residue (N110C) was used to study MIF aggregation by the compound ebselen via interaction with
a natural MIF cysteine (Cys80) and the effect of a locked trimer on the catalytic and CD74 activity
of MIF.?23! The intersubunit disulfide induced global conformational changes, a higher-order
oligomer, and decreased catalytic and CD74 activation.?? The X-ray structure of the Y99C MIF
homotrimer did not reveal the presence of a disulfide between any two of three subunits.
Interestingly, it did reveal two conformations for each thiol group (per monomer). The Y99C

homotrimer abolished CD74 activation in vivo but possessed reduced enzymatic activity,
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supporting the role of Tyr99 as a common allosteric node within two distinct allosteric pathways.
We also demonstrate in this study a proof-of-principle that MIF can be engineered to form
Y99C/WT MIF heterotrimers with different structural and biophysical properties than WT MIF or
the corresponding Y99C homotrimeric variant. Surprisingly, the catalytic efficiency of the mixed
heterotrimeric variants was lower than Y99C. While NMR studies reveal only slight differences
in the dynamics of the Y99C homotrimer and WT MIF, the YO9C/WT mixed trimers studied here
exhibit heightened flexibility at critical regions of the protein, as well as the absence of symmetry
compared to the Y99C homotrimer, suggesting that the slight loss in symmetry of the heterotrimers
may play an important role in the altered dynamics and functional effects of the YO9C/WT mixed
trimers. Future studies will attempt to isolate the heterotrimers to study their structures and
dynamics individually.

The advance in engineering heterotrimeric MIF species will allow us to characterize the
biological activities and biophysical properties of this and other heterotrimeric mutants to provide
insight on how this protein carries out its multi-functional activities. It is noteworthy that two other
examples of heterotrimeric proteins exist for use as an anti-inflammatory, and in the other case, as
mutations that cause inflammatory disease. A strategy of structure-based design was used to
convert the inflammatory homotrimeric tumor necrosis factor (TNF) protein into a heterotrimeric
mutant that inactivates the native TNF via its sequestration from its two receptors.’? A disease-
causing example involves more than 100 autosomal dominant mutations in the extracellular
binding domain of the heterotrimeric tumor necrosis factor receptor 1 (TNFR1) responsible for the
TNF Receptor-Associated Periodic Syndrome (TRAPS). The underlying symptoms are recurrent
and prolonged episodes of fever and inflammation.?* The TNFR2-Fc¢ therapeutic, etanercept, has

limited efficacy toward TRAPS, demonstrating that the interactions between TNF and its receptors
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is not the basis of the disease. This supports the reduced binding of TNF to the TNFRI1
heterotrimeric TSOM variant and absence of almost any binding to the C33Y and C52F mutants,
even though these receptor mutants are present on the cell surface.’* Further studies indicate the
variant heterotrimeric receptors are mostly retained within the ER, resulting in ER stress, and
activate inflammatory signaling and secretion of pro-inflammatory cytokines.?* Our studies of Y99
MIF variants serve as another example of a homotrimeric and heterotrimeric protein with unique
biological effects. Heterotrimeric MIF species also provide an additional avenue for characterizing
the allosteric network proposed to control the distinct functions of MIF, including the role of inter-

and intra-subunit signaling.

Materials and Methods
MIF mutagenesis and protein purification

The Y99C MIF ¢cDNA was produced by site-directed mutagenesis using the PfuTurbo
DNA Polymerase (Agilent). Dpnl was utilized to digest the parental pET-11b plasmid with the
WT MIF ¢DNA that contained methylated and hemimethylated DNA.?> BL21-Gold (DE3) cells
(Agilent) were transformed with the sequenced Y99C MIF plasmid and selected for on LB agar
containing 100 ug/ml Amp (LB/Amp). WT MIF or Y99C MIF-containing cells were grown in 1L
LB/Amp at 37°C, and induced by 1 mM of isopropyl B-D-1-thiogalactopyranoside (IPTG) at an
ODeoo of 0.6. Levels of expression were assessed using a NuPAGE 4-12% Bis-Tris gels 4 hours
after addition of IPTG. The cells were centrifuged and stored in -80°C until further use. Frozen
cells were thawed on ice and dissolved in 20 mM Tris, 20 mM NacCl, pH 7.4 containing a mini
EDTA-free protease inhibitor cocktail tablet (Sigma-Aldrich) and lysed by sonication. After
centrifugation at 4°C, the filtered supernatant was loaded onto Q-Sepharose and SP ion-exchange

chromatography columns connected in series. MIF mutant was in the flow-through with ~95%
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purity. After concentrating the sample using 10 kDa MWCO Amicon centrifugal filters
(Millipore), the protein was loaded onto a 16/60 Superdex 75 size-exclusion column to remove the
remaining ~5% of contaminants with 20 mM Tris, pH 7.4, with 20 mM NaCl as the running
buffer. Protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo

Fisher Scientific).

Y99C/WT MIF mixed trimer: plasmid design, expression, and purification

The Y99C MIF sequence was synthesized and cloned into the pET-24b(+) vector (Kan-
resistance) with a C-terminal TEV protease cleavage site, followed by a SNAP-tag (19.4 kDa) and
a Hise-tag (GenScript USA, Inc.). The Y99C MIF/SNAP-tag/Hise-tag plasmid was co-transformed
with the WT MIF plasmid (pET-11b; Amp-resistance) into BL21-Gold (DE3) competent cells
(Agilent) and selected for on LB agar plates containing 1.0 mg/mL Amp and 0.75 mg/mL Kan. 1
L LB with 1.0 mg/mL ampicillin and 0.75 mg/mL kanamycin was inoculated with a colony
containing the WT MIF and the Y99C MIF/SNAP/Hise plasmids, and grown at 37 °C to an ODsoo
of 0.6 to 0.8. Cells were cooled on ice for 30 minutes, then induced with 0.2 mM IPTG and
incubated for 16 hours at 18°C. The cells were harvested by centrifugation and stored at -80 °C.

Cells were resuspended in 25 mL lysis buffer (20 mM sodium phosphate, 300 mM NacCl,
and 5 mM imidazole at pH 7.4) with a mini EDTA-free protease inhibitor cocktail tablet, lysed by
sonication, and centrifuged to remove cell debris. Y99C/WT MIF mixed trimers were purified by
Ni-NTA affinity chromatography, such that WT MIF homotrimers, containing no Hise-tags, elute
from the column in the flow through, while Y99C/WT MIF mixed trimers containing 1-3
monomers of the YO9C MIF/SNAP-tag/Hiss-tag construct are bound to the Ni-NTA resin
(GoldBio) and subsequently washed with 50 mL of 20 mM sodium phosphate, 300 mM NaCl, and

25 mM imidazole buffer at pH 7.4 and eluted with 15 mL of 20 mM sodium phosphate, 300 mM
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NaCl, and 500 mM imidazole buffer at pH 7.4. To confirm the presence of YO9C/WT MIF mixed
trimers, the protein was purified over a HiLoad 26/600 Superdex 200 size exclusion column (GE
Healthcare) in 20 mM sodium phosphate, 150 mM sodium chloride, and 1 mM EDTA at pH 7.4.
The SNAP-tag and Hise-tag were then cleaved with TEV protease and subsequently removed via
Ni-NTA chromatography.

SDS-PAGE band intensities were analysed using densitometry via Image] software
(NIH).3¢ Briefly, the optical density of each band was determined by the software, with band
intensities calculated as the area of the resulting optical density peaks. Each lane was analysed
separately due to differing protein concentration per sample. The MIF monomer and MIF
monomer + SNAP-tag bands were compared relative to each other and normalized such that the

MIF monomer + SNAP-tag band was equal to 1.00.

Analytical Ultracentrifugation (AUC) of the Y99C MIF homotrimer using sedimentation velocity

Y99C MIF homotrimer samples were loaded into cells with 2-channel charcoal-epon
centerpieces with 12 mm optical pathlength. Samples were analyzed in PBS (from Corning). The
reference buffer (PBS) was loaded into the reference channel of each cell to serve as an optical
reference blank. The cells were then loaded into an AN-60Ti analytical rotor, which was then
placed into a Beckman-Coulter ProteomeLab XL-A analytical ultracentrifuge. After thermal
equilibrium was established at 20°C, the samples were scanned at 3,000 RPM at 230 nm to confirm
proper cell loading. The rotor was stopped, and then accelerated to the final run speed of 50,000
rpm. Scans were recorded at this rotor speed every ~4 min for 110 total scans for each sample
(~7.3 hours total sedimentation time).

The raw data were analyzed using the SEDFIT software, which implements the c(s) method

developed by Peter Schuck at the N.I.H.>” In this approach the raw data scans are analyzed by non-
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linear least squares to determine the sedimentation coefficient distribution associated with the
sample. This method models the influence of diffusion on the data in order to enhance the
resolution of the corresponding size distribution. A maximum entropy regularization probability
of 0.683 (1 o) was used, and time-invariant noise was removed. The resultant size distributions

were graphed, and the peaks were integrated using OriginLab Origin® version 7.

CD Spectroscopy

CD spectra and thermal unfolding experiments were acquired on a JASCO J-815
spectropolarimeter equipped with a variable temperature Peltier device and using a 2 mm quartz
cuvette. CD spectra were collected at 25 °C and denaturation curves were recorded at 218 nm over
a temperature range of 20 — 100 °C (293K — 373K). Tm for WT MIF and MIF variants were

determined via nonlinear curve fitting using GraphPad Prism.

Crystallization of Y99C MIF, structure determination, and characterization of solvent channel
Using the Formulatrix NT8 robot, 400 nl of 18 mg/ml protein was mixed with 200 nl
reservoir solution (2 M ammonium sulfate, 3% 2-propanol, 0.1 M Tris-HCI, pH 7.5) in one drop
and set to crystallization at 20°C using a hanging drop vapor diffusion method with a reservoir
volume of 100 pL. Crystallization was observed with a RI-1000 Formulatrix Imager, and crystals
grew to their maximum size in 30 days. Crystals were then flash-frozen in liquid N2 with 15%
glycerol which acts as a cryoprotectant during the data collection. X-ray crystallographic data sets
were collected at 100 K using a Rigaku-007 Micromax Generator with a PILATUS Dectris 200K
Pixel Array Detector and AFC 4-axis goniometer. Diffraction data were integrated and scaled
using HKL3000 38, The crystal structure was solved by molecular replacement method using the

MIF monomer structure (PDB ID:200W) and PHASER.*° The structure solution yielded three
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monomers of MIF in the asymmetric unit. The refinement of the structure was performed using
the module Phenix.refine of the PHENIX package.*° Cycles of refinement and model building were
done using REFMAC*!' and Coot.*> The stereochemistry of these crystal structures was assessed
with MOLPROBITY.** The X-ray data collection, scaling, and refinement statistics are
summarized in Appendix Table 1. Figures of the solvent channels and the minimal radius for WT,

Y99C, and Y99A were calculated with MOLE 2.0* and MoleOnline,?’ respectively.

NMR spectroscopy

Isotopically labeled MIF samples for NMR studies were grown in 1 L M9 minimal media
supplemented with glucose (?C¢H120¢, natural abundance) and ammonium chloride ("*"NH4Cl,
Cambridge Isotope Labs) as the sole carbon and nitrogen sources, respectively. The "N-MIF
samples were expressed and purified as described above, then dialyzed into 20 mM sodium
phosphate, 1 mM EDTA, and 7.5% DO at pH 7.0 and concentrated to 0.5 — 1.0 mM with a 10 kDa
MWCO Amicon centrifugal filter (Millipore).

NMR experiments were carried out on a Bruker Avance NEO 600 MHz spectrometer at
30°C. 'H-'>N TROSY HSQC and relaxation data were collected with the 'H and "N carriers set
to the water resonance and 120 ppm, respectively. NMR spin relaxation experiments were
performed using TROSY-based pulse sequences adapted from Palmer and coworkers.*
Longitudinal relaxation rates (R;) were measured with 77 delays of 20, 60, 100, 200, 600, 800, and
1200 ms. Transverse relaxation rates (R>) were collected with 1.0 ms spacing between 180° CPMG
pulses at total relaxation delays of 1, 2, 4, 8, 10, and 12 ms. The recycle delay in these experiments
was 2.5 s. Longitudinal and transverse relaxation rates were extracted by non-linear least squares
fitting of the peak heights (major peaks in cases of slow exchange) to a single exponential decay

using in-house software. Uncertainties in these rates were determined from replicate spectra. The
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heteronuclear cross-relaxation rate ('"H-(!>N) NOE) was obtained by interleaving pulse sequences
with and without proton saturation and calculated from the ratio of peak heights from these
experiments. NMR data were processed using NMRPipe*® and analysed in SPARKY*’ along with

in-house scripts.

In vivo neutrophil recruitment assays

Wild-type mice of genetic background strain (C57BL6/J) were purchased from the Jackson
Laboratory (Bar Harbor, ME) and housed in a pathogen-free animal facility at Cooper University
Healthcare. All experiments were done in 10-12 weeks old male mice. Mice were administered a
one-time intratracheal instillation of 100 pul of normal saline alone (vehicle) or 10 pg/ml of WT-
MIF or Y99C MIF in a normal saline solution. Mice were sacrificed after 6h of vehicle only or
vehicle + experimental agent administration and bronchoalveolar lavage (BAL) fluid was
collected. BAL collection was performed by cannulating the trachea with a blunt 22-gauge needle
and lavaging the lungs with 800 pl of pre-cooled sterile PBS solution. Total protein concentration
in the BAL fluid was measured using the Pierce™ BCA assay kit (Thermo Scientific, Rockford,
IL), as previously described.*® The animal study protocol was approved by the Institutional Animal

Care and Use Committee of Cooper University Healthcare, Camden, NJ.

Enzymatic Assays

A 100 mM stock of 4-hydroxyphenyl pyruvate (4-HPP) in 0.5 M ammonium acetate, pH
6.2, was prepared by overnight equilibration at room temperature to generate the predominant keto
form. The absorbance of a reaction mixture containing final concentrations of 0.425M boric acid
(pH 6.2), 100 nm MIF, and 0-2 mM HPP (saturating) was measured at 306 nm in a 96-well plate

using a Tecan Infinite M200, where an increase in absorbance is due to the formation of the enol-
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borate complex between HPP and boric acid as MIF catalyzes the tautomerization of HPP to the
enol form. Absorbance was measured every 10 seconds for 1.5 minutes, and each reaction was

conducted in triplicate per protein sample.
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Appendix

Table 1. Crystallographic Statistics for the Y99C MIF homotrimer (PDB: 7KQX).

Y99C MIF (7KQX)

Wavelength (A) 1.5428

Resolution range (A)* 48.1-1.6(1.657 -1.6)
Space group P212121

Unit cell dimensions (A) 67.984, 68.062, 86.737
Total reflections 2201046

Unique reflections* 53570 (5219)
Multiplicity* 5.7 (3.4)
Completeness (%)* 99.55 (98.32)

Mean I/sigma (I)* 31.40 (3.29)

Wilson B-factor (A2) 14.29

R-meas* 0.050 (0.391)

R-pim* 0.018 (0.204)

CC1/2* 0.997 (0.898)
Reflections used in 53547 (5219)

refinement*

Reflections used for R-free* 2579 (248)

R-work* 0.1529 (0.1873)
R-free* 0.1798 (0.2408)
Number of non-hydrogen 3113
atoms

macromolecules 2622

ligands 125

solvent 366
Protein residues 342
RMS(bonds) (A) 0.016
RMS(angles) (°) 1.35

Ramachandran favored (%) 98.81

Ramachandran allowed (%) 1.19

Ramachandran outliers (%) 0.00

Rotamer outliers (%) 1.01

Clashscore 5.57

Average B-factor (A2) 17.78
Macromolecules (A2) 15.02
Ligands (A2) 32.63
Solvent (A2) 32.52
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Abstract

Macrophage migration inhibitory factor (MIF) is a multifunctional immunoregulatory
protein that is a key player in the innate immune response. Given its overexpression at sites of
inflammation and in diseases marked by increasingly oxidative environments, a comprehensive
understanding of how cellular redox conditions impact the structure and function of MIF is
necessary. We used NMR spectroscopy and mass spectrometry to investigate biophysical
signatures of MIF under varied solution redox conditions. Our results indicate that the MIF
structure is modified and becomes increasingly dynamic in an oxidative environment, which may
be a means to alter the MIF conformation and functional response in a redox-dependent manner.
We identified latent allosteric sites within MIF through mutational analysis of redox-sensitive
residues, revealing that a loss of redox-responsive residues attenuates CD74 receptor activation.
Leveraging sites of redox-sensitivity as targets for structure-based drug design therefore reveals

an avenue to modulate MIF function in its “disease state.”

Introduction

Macrophage migration inhibitory factor (MIF) is a ubiquitous human protein that plays a
crucial role in the pathophysiology of inflammation.! MIF is expressed by nearly every cell in the
body,! and many of its effects are elicited by its binding to the chemokine receptors CXCR2 and CXCR4?3
or its cognate receptor CD74.%6 Circulating levels are reported in the low nM range in healthy

humans,”® but MIF is overexpressed under inflammatory conditions and has been linked to

0 2

glucocorticoid overriding activity,'® asthma,”!! rheumatoid arthritis,'? colitis,'? pancreatitis,'*

15-17 ) 18,19
2

atherosclerosis, systemic lupus erythematosus (SLE acute respiratory distress syndrome
(ARDS),?° and cancer,?!** as well as complications from COVID-19.2¢ Efforts to elucidate the

pathogenic mechanism of MIF have attempted to connect its disease state to cellular redox

94



properties,'!?” most recently by investigating its cysteine residues as conformational switches.?8
Mutation of either C56 or C59 in a canonical *°*CXXC> (XX = AL in MIF) motif modulates the
enzymatic and macrophage activation functions of MIF .23

An oxidative cellular environment is one of the hallmarks of inflammatory disease,
characterized by excess reactive oxygen species (ROS) at sites of inflammation.’! Despite the
acknowledged contribution of redox imbalance to asthma,’>3* ARDS,** pulmonary fibrosis,*
atherosclerosis,*®37 SLE,*®3? and cancer,*° as well as the link between these pathologies and MIF,
our understanding of the redox behavior of MIF is limited, particularly at the structural level. A
redox-dependent conformation of MIF, termed “oxMIF,” was previously proposed to account for
selective binding to anti-MIF antibodies under oxidizing conditions. Using antibody binding as a
marker for oxMIF, this altered conformation has been implicated in human-derived samples and
animal models of inflammatory disease.?’ Little work, however, has directly addressed how the
global MIF structure is modulated by cellular redox conditions and the functional implications of
these structural changes.

We recently characterized an allosteric pathway that links two distinct functions of MIF,
effectively establishing a regulatory network that mediates functional output.*! In addition, studies
of the conformational dynamics of MIF, a 37.9 kD symmetric homotrimer, have implicated its
conformational plasticity in allosteric signal transmission and function.®*> We wondered whether
MIF could utilize pro-inflammatory redox imbalances to act as an allosteric sensor to toggle its
structure based on the chemical environment of the cell. Altered conformations of MIF at local
sites of inflammation could then modulate its function or create different modes of interaction with
accessory proteins, thereby controlling downstream biological responses. In a first step toward

exploring such a mechanism, we investigated the impact of solution redox conditions on the MIF
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structure and identified regions of the protein that are sensitive to oxidative environments. We
used solution nuclear magnetic resonance (NMR) spectroscopy to assess the redox-dependent
dynamics of MIF with spin relaxation experiments and used mass spectrometry to identify redox-
modified cysteine residues. We then leveraged these findings, using further NMR structural studies
and in vitro and in vivo assays, to confirm redox-sensitive amino acids as latent points of functional

control in MIF.

Results
Oxidizing solution alters MIF structural stability

To assess the effect of solution redox potentials on the MIF structure, we performed far-
UV circular dichroism experiments on redox-neutral MIF samples as well as MIF samples that
had been oxidized or reduced. CD spectra of redox-altered MIF show characteristic a-f structure,
with only minor differences (Figure 1A). These data are consistent with numerous MIF structures
in the Protein Data Bank (PDB) that have no obvious alterations in the presence of substrates,
inhibitors, or mutations. Despite similarly folded structures, temperature-dependent CD

experiments (Figure 1B) show that an oxidizing environment destabilizes MIF to unfolding
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Figure 1. Redox-dependent secondary structure and stability of MIF. (A) Far-UV circular dichroism
spectra of redox-neutral (black), oxidized (red) and reduced (blue) MIF. (B) Redox-dependent thermal
denaturation profiles of MIF (A =218 nm) normalized as a fraction of unfolded protein. Solid lines represent
fits of the data to Equation 1, and shaded areas represent the error in the data points over multiple unfolding
experiments. (C) Summaries of apparent redox-dependent changes in T, (black), free energy (red), enthalpy
(blue), and entropy (gray) of MIF, calculated relative to redox-neutral MIF.
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relative to reduced and redox-neutral MIF (AT = - 4.56°C, AAG = - 2.65 kcal/mol, Figure 1C).
This energetic difference (expressed per trimer) is modest, but suggests a loosening of the MIF

structure that may affect its conformational ensemble.
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Figure 2. Redox-dependent changes in MIF detected by NMR. (A) 'H'’N TROSY HSQC spectral
overlay of MIF under redox-neutral (teal), reduced (blue), and oxidized (red) conditions. Contour levels for
the reduced and oxidized spectra are lowered for enhanced visibility of the neutral spectra. Buffer conditions
include 20 mM sodium phosphate and 1 mM EDTA at pH 7.0, with 6 mM DTT, 6 mM H,O,, or no
oxidant/reductant depending on the redox condition tested. (B) 'H'°N combined chemical shift
perturbations (Ad) for reduced and oxidized MIF, relative to a redox-neutral sample. (C) Sites of redox-
sensitive chemical shift perturbations caused by reducing (left) and oxidizing (right) conditions are mapped
onto the MIF structure (PDB: 1MIF*). In both cases, red spheres represent spectral perturbations relative
to redox-neutral MIF. Traditionally redox-sensitive Cys and Met residues are shown in larger green spheres
and sites where chemical shift perturbations occur at Cys/Met residues are shown in larger blue spheres.
Important structural features, including the solvent channel and monomer-monomer interface, are also
indicated for reference. (D) Selected resonances from the 'H'*’N HSQC spectral overlay of reduced (blue)
and oxidized (red) MIF collected during equilibration (< 6 hours) show sites of slow exchange observed
under oxidizing conditions. The major and minor peaks are indicated by arrows. Peak volumes (E) and
populations (F) of the major (gray) and minor (red) peaks at sites of slow exchange in oxidized MIF are
plotted. The peak intensity and volume for each pair of slow exchanging peaks were calculated in
SPARKY,* where peak volume was calculated by integrating each peak as a Gaussian. The minor state
populations were estimated by taking the volume of the minor peak and dividing by the total volume of the
slow exchanging pairs. (G) Populations of MIF conformers are mapped onto a monomeric subunit of the
MIF trimer, where the percentage indicated in the legend denotes the minor species (i.e. satellite peak).

Redox-dependent NMR spectra of MIF highlight multiple conformations and altered dynamics
We used solution NMR to pinpoint regions of the MIF structure that are sensitive to the
redox environment. '"H'>N TROSY-HSQC spectral overlays of reduced, oxidized, and redox-
neutral MIF (Figure 2) show that while reduced and redox-neutral samples are spectrally similar,
more significant spectral changes are observed for MIF under oxidizing conditions. Redox-
sensitive chemical shift perturbations (relative to redox-neutral MIF) are observed throughout the
protein, including for residues at the solvent channel and monomer-monomer interface, where the
N-terminal enzymatic active site*® is formed (Figure 2B-C). Perturbations to MIF are not
exclusive to redox-active Cys residues, at times occurring 10 - 20 A from the **CALC* motif or
C80. However, Cys and Met residues serve as nucleation points for our observations, with a
majority of redox-dependent changes to the MIF structure occurring proximal to these traditionally
sensitive sites (Figure 2C). Additionally, for oxidized MIF samples, duplicate resonances for 11
residues are observed, suggesting that an oxidizing environment modulates an equilibrium

between two MIF conformations on the NMR timescale (Figure 2D-G). Seven sites of slow
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exchange map to the C-terminus at the monomer-monomer interface (Figure 2G), indicating that
the structure of this region of the protein is strongly affected by oxidizing solution, consistent with
the lower thermal stability observed by CD. This region of the MIF structure is also implicated in
CD74 activation,® suggesting that oxidizing conditions may alter its pro-inflammatory response.
These data are consistent with the alternate oxMIF conformation most recently probed by its
selective binding to anti-MIF antibodies.?®

Analysis of longitudinal (R1) and transverse (R2) NMR relaxation rates*® highlights local
differences caused by redox conditions. Consistent with the altered thermodynamic parameters of
the oxidized MIF samples, individual relaxation rates, as well as the Ri1R> product, qualitatively
imply that MIF exhibits heightened flexibility under oxidizing conditions (Figure 3A). Analysis
of RiR> values*® highlights 21 sites suggestive of ps — ms flexibility in oxMIF (RiR> >1.5c above
the 10% trimmed mean of the data), 7 of which do not appear flexible in both redox-neutral and
reduced MIF. Despite patches of distinct flexibility, the dynamic profiles of reduced and redox-
neutral MIF are similar to each other. '"H-['>N] NOE values and order parameters also hint at local
changes to flexibility in oxMIF, though fast timescale dynamics do not differ substantially between
samples. Residues with relaxation parameters suggestive of pus — ms flexibility are mapped onto
the MIF trimer and monomer structures in Figure 3B-C. Correlation plots of RiR, and S?
parameters for reduced and oxidized MIF reveal a weaker correlation for RiR», suggesting that
MIF experiences greater dynamic changes on the pus — ms timescale over a range of redox
conditions (Figure 3D). Contributions to the variations in R;R> parameters are most strongly
affected by oxidizing solution conditions (Figure 3E, left panel), while reducing conditions
contribute more significantly to the ps — ns dynamics of MIF via S? (Figure 3E, right panel).

Redox-sensitive residues with apparent ps — ms flexibility include T30, G50, L58, S63, 164*, K66,
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Figure 3. The dynamic profile of MIF is modulated by solution redox conditions. (A) Plots of Ri, R»,
RiR,, and the "H-["’N] NOE and order parameters (S?) for reduced (blue), redox neutral (black), and
oxidized (red dash) MIF. Gray shaded bars denoted £1.5c of the 10% trimmed mean of all data collected
for each parameter. Sites suggestive of us — ms chemical exchange in MIF determined from R;R, values
1.5c above the 10% trimmed mean of the data are mapped onto the MIF trimer (B) and monomer (C)
structures as a function of solution redox potential. Surfaces correspond to reduced (blue), redox-neutral
(purple), and oxidized (red) MIF. (D) Correlation plots of the RiR, (left) and S? (right) parameters for
oxidized and reduced MIF. Gray shaded areas represent 1.5¢ from the linear least-squares fits of the data
(black lines). (E) Per-residue differences in RiR (left) and S* (right) plotted as oxidized — reduced. Bars in
the shaded red area denote a greater value in oxMIF, while those in the blue area denote a greater value in
reduced MIF. (F) Residues outside of the 1.5c correlation boundaries in (D) are mapped onto the MIF
monomer, highlighting regions of the protein with redox-dependent differences in pus — ms (top) and ps —
ns (bottom) dynamics.

R73, L83, A84, R86, R93, 196, N97*, N109*, N110, T112, and A114, and those with apparent ps
— ns fluctuations are F3, T7, L26, T30, D44, 164*, K66, K77, L83, L87, S90, Y95*, D100, A103,
and S111* (Figure 3E). Asterisks indicate residues previously identified as controlling MIF
enzymatic activity and CD74 activation via direct interaction or through allosteric signaling,®4>47
indicating redox-dependent perturbations in MIF may have functional consequences.

To confirm the influence of solution redox potential on pus — ms dynamics in MIF, we
quantified the exchange contribution to transverse relaxation, Rex, via CPMG relaxation dispersion
experiments (Figure 4). The average global Rex value (<Rex>) for MIF is fairly similar across the
redox regimes tested (Figure 4A), but site-specific differences are revealed on careful analysis of
ARex under reducing and oxidizing conditions (Figure 4B). There is a high degree of similarity in
the dynamics of redox-neutral and reduced MIF, evidenced by very small AR.x values across the
protein, with the exception of a region encompassing Y99-D100-M101-N102. Aside from housing
M101 that is known to be redox-modified under almost all experimental conditions (Table 1), an
allosteric site that regulates enzymatic catalysis and CD74 activation was recently reported at Y99.
The dynamic perturbations observed here are consistent with the high sensitivity of this site in

NMR experiments of MIF mutants and ligand-bound complexes. Likewise, strong ARex

perturbations are observed in this region of oxMIF, however a much greater overall degree of
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fluctuation relative to redox-neutral MIF is also observed across the protein sequence. Several sites

of flexibility in redox-neutral MIF are lost in oxXMIF (negative AR.x) while a large number of newly

newly flexible sites in oxMIF appear around redox sensitive Cys and Met residues (positive ARex).
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Figure 4. Sites of ps — ms flexibility are revealed under oxidizing conditions. (A) Per-residue exchange
contribution to relaxation (R.x) for reduced (blue), redox-neutral (black), and oxidized MIF (red). (B) Site-
specific differences in the exchange contribution to relaxation (AR..) for oxidized (red) and reduced (blue)
MIF relative to redox-neutral MIF. Residues with heightened flexibility (positive 4R..) in oxidized (red
spheres) and reduced MIF (blue spheres) are plotted on the trimer structure, while residues with diminished
flexibility relative to redox-neutral MIF (negative AR..) are indicated by purple spheres. (C) CPMG
relaxation dispersion profiles for selected MIF residues collected in reducing (left), redox-neutral (center),
or oxidizing (right) solution, demonstrating sites that exhibit us — ms dynamics only under oxidizing
conditions. (D) CPMG relaxation dispersion profiles for residues in MIF, highlighting selected examples
of conserved ms timescale motions in MIF across redox regimes. (E) Distribution of ke values determined
from CPMG relaxation dispersion experiments on reduced, redox-neutral, and oxidized MIF, with bin
sizing determined from a protocol described by Scott in Biometrika.**

newly flexible sites in oxMIF appear around redox sensitive Cys and Met residues (positive ARex).
Numerous residues with ps — ms dynamics are observed in all redox-modulated MIF samples
(Figure 4D), however, oxidizing solution stimulates the most widespread relaxation dispersion,
affecting 39 residues (~34%) in the MIF structure (Figure 4C). These data are consistent with
RiR> values that estimated a stronger contribution from oxidizing solution to ps — ms motions
(Figure 3). Regions of MIF with known functional importance become flexible, including the
monomer interface (L26, 137, G50) and solvent channel allosteric site (196, Y99).

Despite similar dynamics in large portions of MIF, Figure 4 highlights selected sites that
only appear flexible under oxidizing conditions. With the exception of the solvent channel, these
flexible sites have not been well characterized for functional impact, suggesting that studies of
MIF redox dependence can reveal new target residues for structure-function correlations. Rates of
conformational exchange (kex) determined from analysis of CPMG data range from ~300 s™! to
1,500 s! in redox-neutral MIF (Figure 4E). Reducing conditions broaden the distribution of ex
values slightly, where a greater number of residues sample kex > 1,000 s, In contrast, oxMIF
skews the distribution toward kex < 750 s'. However, these differences are subtle and the high
degree of dynamic overlap in these redox-modulated structures makes it difficult to relate these

changes to a mechanistic driving force at present.
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Cysteine 80 is a selectively modified redox switch

Prior work suggests that C80 functions as a redox switch to the oxMIF conformation when
modified by thiol reactive compounds.?® As a next step in elucidating the structural role of C80 in
the redox behavior of MIF, we performed quantitative mass spectrometry to explore the possibility
of the selective modification of C80 by redox reagents (Figure 5 and Appendix Figure 1). Thiol
(SH) groups present in the MIF structure under oxidizing or redox-neutral conditions were
irreversibly alkylated with iodoacetamide (IAA). Then, natively oxidized cysteines were reduced
with DTT and alkylated by N-ethylmaleimide (NEM; Figure 5A). As an experimental control,
reduced MIF was modified with only IAA or NEM (Figure 5B). Mass spectra confirmed the

presence of 1) C80 modified exclusively by IAA or NEM in reduced MIF samples modified by a
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Figure 5. C80 is selectively modified under oxidizing conditions. (A) Stepwise alkylation of MIF
cysteine residues to determine the relative abundance of oxidized residues via mass spectrometry. The
alkylation workflow involved three reaction steps: Alkylation by iodoacetamide (IAA), reduction by
dithiothreitol (DTT), and alkylation with N-ethylmaleimide (NEM), followed by LC-MS analysis. (B) MIF
equilibrated under reducing conditions was treated with only one alkylating agent and served as a
quantitative control. C80 modification was confirmed through mass spectrometry and relative quantitation
was achieved through integration of the chromatographic peaks with respect to the base peak chromatogram
intensity. (C) Relative quantitation of C80 alkylation revealed conformational dependence and sensitivity
to the surrounding redox environment. Squares represent mean values from five sample injections, vertical
bars correspond to standard deviation, and circle markers are observed values per replicate. Data were
collected at low (10x) or high (20x) concentrations or oxidant or reductant.
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single alkylating agent and 2) a mixture of IAA- and NEM-bound C80 from oxidizing and redox-
neutral conditions (Figure 5C and Appendix Figure 1A-C). The abundance of each modification,
and therefore relative cystine (S=S) abundance, was determined from the contribution of the
respective chromatographic peaks to the total base peak intensity of the chromatogram.

Cystine abundance is reflected by NEM-bound C80, as this reaction is only possible after
an existing cystine is reduced (Figure SA). Indeed, using NEM-bound C80 as a proxy for the
abundance of cystine residues reveals an increase from 75.1% to 91.3% cystine abundance
between redox-neutral and oxidizing conditions (Figure SC). Under redox-neutral conditions, C80
exhibits the greatest variance in cystine abundance, further highlighting the reactivity and
sensitivity of this residue to environmental conditions. The relative abundance of cystine is also
sensitive to the amount of oxidative stress. Increasing the concentration of oxidant in solution from
10:1 to 20:1 shifts the C80 cystine relative abundance from 83.1% to 91.3%. In addition to C80,
MIF also contains two cysteine residues in its *CALC>® motif; however, the peptide fragment
containing C56 and C59 is a large 34-mer, precluding quantitation by the MS methods utilized
here. Although we focus on C80, we cannot rule out a significant role for other cysteines in MIF
redox-dependent structural changes.

Oxidation of much more labile methionine residues was also observed in the mass spectra.
Modified Met2 was detected independent of redox conditions. Additionally, oxidation at Met49
was observed under 20:1 oxidizing conditions and 20:1 reducing conditions treated with IAA.
Finally, Met101 was found to be oxidized under 10:1 and 20:1 oxidizing conditions, redox neutral
conditions, and both reducing conditions treated with NEM. The noted methionine modifications
are detailed in Table 1 and the corresponding MS2 spectra for each identification are shown in

and Appendix Figure 1D. Interestingly, Met can also cause double NMR resonance lines of
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Table 1. Peptides with oxidized methionine residues detected by mass spectrometry.

Oxidation Conditions

Peptide Position Site detected
1. PMFIVNTNVPR 1-12 M2 ALL
2. PPQYIAVHVVPDQLMAFGGSSEPCALCSLHSIGK 34-67 M49 OH, RHI
OL, OH, N,
3. VYINYYDMNAANVGWNNSTFA 95-115 M101 RLN, RHN

protons and nitrogens close in structural space. However, we only observe slow exchange behavior
in MIF under oxidizing conditions, suggesting that Met oxidation alone does not drive the observed

NMR spectral changes.

Mutation of redox-sensitive residues alters MIF structure and function

To test the possibility that biologically relevant conditions, such as changes in cellular
redox, could reveal sites of allosteric regulation in MIF that are not otherwise obvious, we selected
representative test residues that fit two criteria: a residue that can be redox modified (C80) and a
residue that is redox sensitive (though not covalently modified) as revealed through structural and
dynamic studies of MIF by NMR (K66). C80 was shown by mass spectrometry to be selectively
modified under oxidizing conditions (Figure 5) and has been implicated as a ‘switch’ to adopt the
oXxMIF conformation.?® K66 was found to have a large variation in the R;R> parameter in oxMIF,
as well as a low 'H-['*’N] NOE in reduced MIF (Figure 3), indicating that it undergoes significant
changes in flexibility between the oxidized and reduced states. Interestingly, Thiele and coworkers
postulated that an opening and/or disruption of the protein occurs during the conformational switch
to oxMIF.?® Similarly, the location of K66 within the MIF structure plays a stabilizing role in the
relative orientation of the two helices and beta strands. Increased dynamics of K66 under oxidizing
conditions may destabilize the structure, consistent with the lower stability observed for oxidized

MIF by CD (Figure 1), and thus allow for a redox-dependent conversion to oxMIF. In addition,
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Figure 6. Mutations at K66 and C80 cause biophysical changes to the MIF structure. (A) 'H"°N
TROSY HSQC spectra of K66A (orange) and C80A (teal) overlaid with the WT MIF spectrum (gray). The
inset structures indicate the location of residues 66 (orange sphere) and 80 (teal sphere) within the MIF
monomer. (B) 'H”N combined chemical shift perturbations (A8) for K66A (top) and C80A (bottom),
relative to WT MIF. (C) Structural stability of K66A and C80A MIF variants. Thermal denaturation profiles
(A =218 nm) of K66A MIF (orange), C80A MIF (teal), and WT MIF (black) are normalized as a fraction
of unfolded protein. Despite minor stability changes resulting from single point mutations in the MIF
variants, as compared to WT MIF, K66A and C80A MIF are fully folded under NMR experimental
conditions (30°C), which is consistent with observed stability changes of other MIF variants as previously
reported.”!

K66 and C80 are spatially distinct from known MIF functional sites, establishing them as
interesting targets for the study of MIF allostery at long ranges. It was also recently discovered
that a cysteine residue can covalently crosslink with a lysine for form an NOS bridge, which was

demonstrated to regulate the enzymatic function of a transaldolase ortholog by a redox-driven
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mechanism.*” Though K66 and C80 do not form crosslinks to each other or to other lysine/cysteine
residues in MIF due to spatial restraints, it expands the possibility that these surface exposed
residues may form covalent interactions with lysine residues on CD74 that are in proximity to the
predicted site of interaction,’ or with surface amenable lysine/cysteine residues on CXCR2 and
CXCRA4, in a redox-dependent manner.

To interrogate their role in MIF structure and function, we created single point mutations
at K66 (K66A) and C80 (C80A) and collected 'H'>N TROSY-HSQC NMR spectra of the K66A
and C80A variants in redox-neutral, reducing, and oxidizing solutions. Baseline structural changes
caused by the K66A and C80A mutations are significant under redox-neutral conditions,
particularly for the C80A variant (Figure 6 A-B) when compared to wild-type (WT) MIF, though
CD spectroscopy indicates the variants are fully folded at NMR sample temperatures (Figure 6C).
Interestingly, chemical shift perturbations observed for K66 A MIF under oxidizing and reducing
conditions are modest when compared to a redox-neutral K66A sample (Figure 7). Most notably,
oxidized K66A exhibits a chemical shift profile much smaller in magnitude than that observed in
the corresponding WT MIF experiments. In addition, reduced K66A exhibits larger chemical shift
perturbations than oxidized in both number and magnitude, the inverse of what was found for WT
MIF. These data alone suggest that K66 may play a role in modulating the redox-dependent
structural changes of WT MIF, which are substantially diminished upon mutation. Likewise, the
C80A variant strongly attenuates redox-sensitive NMR chemical shift changes in both reduced
and oxMIF (Figure 7). These data, along with mass spectrometry, indicate that C80 modulates the
conformational landscape of MIF under oxidative conditions.

To understand whether this altered redox behavior foreshadowed changes in MIF function,

we conducted enzymatic studies of WT MIF and the K66A and C80A variants under redox
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Figure 7. Mutation of the redox-sensitive K66 and C80 residues alters the redox sensitivity of the MIF
structure. '"H-'"N TROSY HSQC spectra of K66A and C80A MIF collected under reduced (blue) and
oxidized (red) solution conditions are shown in (A) and (B), respectively. Spectra are overlaid with that of
redox-neutral MIF variants (teal). Contour levels for the reduced and oxidized spectra are lowered for
enhanced visibility of the neutral spectra. The high degree of line broadening in C80A spectra occurs upon
mutation but does not change as the solution redox potential is altered. 'H-'"N chemical shift perturbation
profiles of reduced and oxidized MIF, relative to redox-neutral K66 A and C80A samples used as references,
are shown in (C) and (D), respectively. Blue lines denote 1.5 above the 10% trimmed mean of all shifts.
Combined "H-""N chemical shift plots for reduced and oxidized WT MIF are repeated here from Figure 2
for comparison. Chemical shifts above 1.5¢ are mapped onto the MIF monomer, with the sites of mutation
indicated in yellow.

conditions (Figure 8A). K66 A MIF exhibited reduced tautomerase activity at ~48% of WT MIF,
while the tautomerase activity of C80A was abolished, implicating K66 and C80 as allosteric sites
that regulate MIF enzymatic activity. Further, a significant body of literature supports a role for
the catalytic Prol in MIF signaling,’!~>® suggesting that the K66A and C80A mutations, which
exhibit altered enzymatic activity, may also impact its pro-inflammatory function. We did not
observe redox-dependent changes to the tautomerase activity for WT MIF, consistent with
previously reported findings for hydrogen peroxide-modulated MIF.’” We cannot exclude,
however, the effect that other reactive oxidants may have on modulating the enzymatic activity of
MIF, as hypochlorous acid was shown to modify the catalytic Prol to a proline imine and
significantly reduce its activity.’” K66A and C80A also did not exhibit redox-dependence to the
enzymatic activity, which is consistent with the minimal NMR structural changes observed for the
variants under redox conditions (Figure 7).

We then evaluated the K66A and C80A variants in neutrophil recruitment assays in murine
lungs, where we measured total immune cells, percentage of neutrophils in BAL fluid, and protein
content (as a marker of alveolar capillary leak/pulmonary edema). This in vivo assay quantifies
neutrophil recruitment on the surface of alveolar macrophages, an established metric for the MIF-
induced activation of the pro-inflammatory CD74 receptor.’® The assay is indirect, using

chemokines released by activated macrophages to stimulate CXCR2 receptors on neutrophils (that
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Figure 8. Mutation of the redox-sensitive K66 and C80 residues alters MIF enzymatic and pro-
inflammatory function. (A) HPP keto/enol tautomerase activity of WT MIF, K66A, and C80A under
redox-neutral (black), reduced (blue), and oxidized (red) conditions. Bars represent the mean of triplicate
data sets for each condition + SEM. Data are normalized such that the mean of the neutral WT MIF activity
is equal to 100%. Mutations at K66 and C80 significantly decreased total immune cell recruitment (B),
pulmonary edema (C), and CD74-dependent neutrophil recruitment (D) in murine lungs in vivo. (E)
Representative images of Hema 3 staining in BAL fluid cell pellets show decreased neutrophil recruitment
in murine lungs by K66A and C80A variants as compared to WT MIF. Data are expressed as mean = SEM
(n=4 in each group, *p<0.05, **p < 0.01, ***p<0.001 and ****p<0.0001).

do not directly express CD74) to induce their migration to murine lungs.>® We found that WT MIF
significantly increased the total BAL fluid cell counts over saline controls, while the K66A and
C80A variants showed a reduced number of total BAL fluid immune cells (Figure 8B). The
pulmonary edema protein levels and neutrophil influx were significantly increased in the WT MIF
group relative to vehicle controls (Figure 8C-E). In contrast, we observed significant decreases in
the groups to which the MIF variants were delivered, as compared to WT MIF. Together, our data
indicate that the K66A and C80A variants have a functional effect in reducing the inflammatory
response of MIF in the murine lung. Although this assay does not directly test MIF-induced CD74
activation under redox conditions, the results suggest that the conformational sensitivity to
oxidizing conditions observed in WT MIF and attenuated in the K66A and C80A variants can

impact biological function, implying an allosteric role for MIF residues K66 and C80. Here, we
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demonstrate that assessing environmental perturbations through a structural and dynamic lens can
provide a novel route for achieving functional control beyond the known MIF active sites. Several
other redox affected residues, such as those exhibiting pus — ms flexibility only under oxidizing
conditions (Figure 4C), can be tested for similar functional impact as latent allosteric sites in

future studies.

Discussion

We used solution redox potentials to modulate the MIF structure and dynamics in order to
reveal conformational changes and redox-sensitive residues that may be latent functional sites
within its structure. This work builds upon prior studies implying redox sensitivity of MIF,!1:27.28.60-
62 as well as our recent paper highlighting a series of allosteric residues linking the enzymatic
(tautomerase) and CD74 binding sites of MIF.*! Here, we demonstrate that examination of MIF
redox sensitivity is another useful avenue for probing function beyond its established active sites.

3 where the redox

Since MIF participates in both intracellular and extracellular interactions,®
environments differ, understanding the implications of its redox dependence may also inform its
pro-inflammatory mechanisms and functional promiscuity, which has been widely investigated
biochemically, but less so at the structural level. A previous characterization of the association of
MIF with p53 tumor suppressor suggested the interaction to be redox-dependent, having shown a
significant decrease in coprecipitation in the presence of a reductant.%* Further, interaction of MIF
with ribosomal protein S-19 (RPS-19) was shown to occur more strongly under reducing
conditions.®® In addition, MIF is known to be post-translationally modified by glycation in the
brain tissue of Alzheimer’s patients. Most notably, an altered electrophoretic migratory behavior

of glycated MIF was observed and demonstrated in vitro by incubating MIF with glucose under

oxidizing conditions.®
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Redox signatures of inflammatory diseases, most of which implicate MIF, can also be
markedly different from those of healthy humans. The redox potential of epithelial lining fluid is
-110 to -40 mV in the lungs of asthmatics, which is significantly more oxidizing than that of
healthy humans (-150 to -200 mV).?? Further, the synovial fluid of rheumatoid arthritis patients
has been shown to be highly oxidizing relative to that of a non-arthritic control group.t”-%% A
significant body of literature suggests that when overexpressed at sites of inflammation,?! MIF can
endure large swings in environmental redox potential. NMR spin relaxation studies show redox-
dependent modulation of local flexibility in MIF, with motion observed on multiple timescales.
oxMIF, in particular, exhibits the most significant structural and dynamic changes, with
widespread NMR spectral perturbations and CPMG relaxation dispersion that show oxidizing
potentials stimulate flexibility in ~34% of the MIF structure, including its redox-active residues.
However, the majority of these flexible regions have not been confirmed to harbor any functional
impact in prior work.

It remains unclear how this relatively compact (12.5 kDa monomer) and symmetrical
homotrimer accommodates a wide range of non-overlapping activities. A 2018 study showed that
nanosecond dynamics were important for organization of the MIF-CD74 binding interface,’ and
studies with the BaxB01 anti-MIF antibody suggested selective binding to the MIF *CALC>’
motif only after rearrangement of the Cys sulfhydryls induced by oxidizing conditions.?® Oxidizing
conditions appear to promote a more flexible solvent channel, which we recently showed to be
central to an allosteric mechanism regulating tautomerase and CD74 activation involving motion
on multiple timescales.*! Given the number of MIF functions that have yet to be explored at the
molecular level and the fact that ~100 X-ray crystal structures of MIF mutants, substrate-, and

inhibitor-bound complexes have negligible variation in static structure but vastly different NMR
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spectra, it is plausible, if not likely, that additional regions of functional importance exist in MIF.

Here, we asked if changes in solution redox potential could reveal some of these latent sites
by modulating the structural and/or dynamic signatures of MIF. We experimentally altered the
redox potential of WT MIF NMR samples, enabling us to identify redox-dependent structural
changes in residues that may be important for function. We mutated two such residues, K66 and
C80, that showed redox-sensitivity in WT MIF and observed structural effects on MIF redox
behavior as well as altered functional responses. Residues that display pus — ms flexibility
exclusively under oxidizing conditions, as highlighted in Figure 4, would also be interesting
targets for future studies of MIF redox sensitivity and function. Having further confirmed the
propensity of C80 for redox-driven modification by mass spectrometry, we speculate that MIF
could act as a sensor that toggles its conformation depending on its cellular environment to engage
with varied binding partners, as was previously suggested in a conformational control scheme for
the S°*CALC> motif. Though beyond the scope of this work, detailed cellular studies of WT and
C80A MIF under various redox conditions may reveal this mechanism in the future. The more
extensive but partially overlapping set of residues affected by the redox environment suggests the
regulatory network controlling non-overlapping MIF functions may be larger than previously
reported, where additional “allosteric nodes” may be revealed only when MIF is exposed to
stimuli, such as environmental factors associated with inflammation, serving as a natural means of
activating latent residues to expand MIF functions under altered cellular conditions. Speculating
further, targeting small molecules to redox sensitive residues may prevent MIF from engaging in
certain downstream cascades. Future studies of protein-protein interactions with supposed binding
partners of MIF, such as thioredoxin®’® or ribosomal protein S19,% as well as with small

molecules, can evaluate this mechanism. Another interesting avenue warranting further
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exploration is the redox-dependent interaction of MIF with its known inhibitors or with novel
compounds, as it presents an opportunity to preferentially target oxMIF, a form of the protein that

may appear predominately within the inflammatory state.

Materials and Methods
Protein expression, purification, and redox sample preparation

Wild-type (WT) and/or human MIF variants cloned into a pET11b vector were grown in
lysogeny broth (LB) for biochemical studies and in isotopically enriched M9 minimal medium
supplemented with CaCl, MgSQO4, and MEM vitamins for NMR, after adapting BL21(DE3) cells
to D20. Small cultures of MIF were grown overnight in LB at 37°C and used to inoculate cultures
containing 50% D>O the following morning, which were grown 8 — 10 hours at 37°C and then
used to inoculate cultures containing 95% D»0, which were incubated at 37°C for 12 hours. The
cells were collected by centrifugation and resuspended in M9 medium (1 L, 100% D-O)
supplemented with '"’NH4Cl1 (Cambridge Isotope Laboratories) and '*C¢H 1206 as the sole nitrogen
and carbon sources, respectively. Cultures were grown to an ODgoo of 0.8 — 1.0 and induced with
1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Following 16-18 hours of post-induction
growth at 20°C, the cells were harvested by centrifugation.

The cells were resuspended in ~30 mL of an ice-cold buffer of 20 mM Tris-HCI, 20 mM
NaCl, and 1 mM EDTA at pH 7.4 supplemented with protease inhibitors, lysed by ultrasonication,
clarified by centrifugation, filtered, and purified with a 120 mL Macro-Prep High Q column
(BioRad) pre-equilibrated with the lysis buffer. MIF does not bind the Q resin and is found in the
flow-through. MIF was purified to its final form on a HiLoad 26/600 Superdex 200 size exclusion
column (GE Healthcare). For NMR samples, MIF was dialyzed into a buffer containing 20 mM

sodium phosphate, 1 mM EDTA, and 7.5% DO at pH 7.0. Final concentrations of MIF were 0.5
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— 1 mM determined using €230 = 12,950 Mt cm 17!

Oxidation of MIF was achieved by addition of H>O»> to a final concentration of 6 mM in an
aliquot of 1 mM MIF. Reduced MIF was prepared with a 6 mM final concentration of DTT. Stocks
of the oxidizing and reducing agents were freshly prepared in a degassed buffer of 20 mM sodium
phosphate, | mM EDTA, and 7.5% DO at pH 7.0. Following addition of oxidant or reductant to
MIF samples, the pH of all samples was monitored and adjusted to pH 7.0 as needed. NMR tubes
were briefly degassed with nitrogen and sealed with Parafilm (Bemis). The samples were
equilibrated in the presence of redox reagents for at least six hours. Redox-neutral samples were
prepared with equimolar amounts of DTT/H2O: or in buffer containing no oxidizing or reducing
reagents. We observed no appreciable differences between the redox-neutral preparations by
NMR, and subsequently used oxidant and reductant-free buffer at pH 7.0 for analysis of redox-

neutral MIF.

Circular Dichroism (CD) Spectroscopy

CD spectra and thermal unfolding experiments were recorded on a JASCO J-815
spectropolarimeter equipped with a variable temperature Peltier device. Denaturation curves of 10
UM MIF were recorded at 218 nm in a 2 mm quartz cuvette. The temperature range for each scan
was 20 — 100 °C (293 K — 373 K). Thermodynamic parameters were extracted via nonlinear curve

fitting of CD data to Equation 1 in GraphPad Prism:

[(mfT+bf)+(myT+by)]exp [(—AHDT’UH) (%—ﬁ)]

e

where my, by, and my, by are the slopes and y-intercepts of the folded (low temperature) and

Ellipticity (T) = (1)

unfolded (high temperature) regions of the melting curve, R is the gas constant, T, and AHp v are

the unfolding midpoint and van’t Hoff enthalpy of denaturation at 71, respectively. Free energy
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analysis was performed as described elsewhere,’? using values of ACp, the unfolding heat capacity,
estimated from the reports of Privalov and Makhatadze.”>’* The differences in apparent unfolding

enthalpies, entropies, and free energies at were calculated as:

AHD,app = AHD,vH + AC;.o (TREF - Tm) (2)
AHp, T
ASpapp = T2+ ACyIn (TEE£) 3)
T T
AG(T) = AHpyyy (1= ") + AC, | (Trer = Tn) = Trerln (7225)| 4)

These data are reported per trimer using AC, = 4.8 kcal/molK (114 residues per monomer, 342
residues total) and a reference temperature of 351.7 K, the T of redox-neutral MIF (thus, AAGapp

for redox-neutral MIF = 0). These data are also reported as “apparent” values due to the ~90%

reversibility of the MIF unfolding transition.

NMR Spectroscopy

NMR experiments were performed on a Bruker Avance NEO 600 MHz or Bruker Avance
III HD 850 MHz spectrometer at 30 °C. NMR data were processed using NMRPipe’® and analyzed
in Sparky** along with in-house scripts. The pH of NMR samples was monitored after addition of
redox reagents to ensure that NMR spectral changes were due to reduction/oxidation. NMR
assignments for WT MIF and the K66A and C80A variants were confirmed from standard triple

resonance experiments. Combined chemical shift perturbations (Ad) were determined by

26 = JE () + (55/25) 5)

The HSQC of oxidized MIF was processed with an exponential window function in both the direct
and indirect dimensions in NMRPipe. NMR chemical shift perturbations were analyzed as the 10%

trimmed mean of all data sets (n=3), where significant perturbations were determined as shifts that
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are 1.5 standard deviations above the 10% trimmed mean. Peak intensity and volume for each pair
of slow exchanging peaks were calculated in SPARKY, where peak volume was calculated by
integrating each peak as a Gaussian. The minor state populations were estimated by taking the
volume of the minor peak and dividing by the total volume of the slow exchanging pairs.

NMR spin relaxation experiments were performed using TROSY-based pulse sequences
adapted from Palmer and coworkers.”® Relaxation data were acquired with the 'H and '°N carriers
set to the water resonance and 120 ppm, respectively. Longitudinal relaxation rates (R;) were
measured with 7' delays of 0, 20, 60, 100, 200, 600, 800, and 1200 ms. Transverse relaxation rates
(R2) were collected with 1.0 ms spacing between 180° CPMG pulses at total relaxation delays of
0,1, 2,4, 8, and 10, and 12 ms. The recycle delay in these experiments was 2.5 s. Longitudinal
and transverse relaxation rates were extracted by non-linear least squares fitting of the peak heights
(major peaks in cases of slow exchange) to a single exponential decay using in-house software.
Uncertainties in these rates were determined from replicate spectra. The heteronuclear cross-
relaxation rate ("H-[!>N] NOE) was obtained by interleaving pulse sequences with and without
proton saturation and calculated from the ratio of peak heights from these experiments. Carr-
Purcell-Meiboom-Gill (CPMG) NMR experiments were performed at 600 MHz and 30°C with a
constant relaxation period of 40 ms, a 2.0 s recycle delay, and vcpmc points of 0, 25, 50, 75, 100,
150, 250, 500, 750, 800, 900, and 1000 ms. Relaxation dispersion profiles were generated by
plotting R vs. 1/t¢, and exchange parameters were obtained from fits of these data carried out with
in-house scripts. Uncertainties were obtained from replicate spectra.

NMR spin-relaxation rates were fit to one of five semi-empirical forms of the spectral
density function using model-free analysis.””’® Fitting of motional parameters was performed in

RELAX.7”80 The criteria for inclusion of residues in the diffusion tensor estimate relied on the

118



method of Tjandra and coworkers.®” N-H bond lengths were assumed to be 1.02 A and the '*N
chemical shift anisotropy was set to -160 ppm. During the model selection process, the diffusion
tensor parameters were optimized simultaneously, and model selection was repeated until the
optimized tensor parameters and order parameter (S°) did not differ from those of the previous

iteration.

Mass Spectrometry

Purified samples of MIF equilibrated under oxidizing and redox-neutral conditions were
incubated with a final concentration of 15 mM iodoacetamide (IAA, room temperature, 1 hour in
the dark) to alkylate any reduced cysteine residues. Subsequently, cysteines that were in an
oxidized state were reduced with a final concentration of 10 mM DTT (room temperature, 30
minutes). Prior to alkylation with N-ethylmaleimide (NEM), the sample solution was adjusted to
pH 6.5 with 1% formic acid to minimize over-labeling of lysine and N-termini.®! These samples
were then incubated with a final concentration of 15 mM NEM (room temperature, 1 hour in the
dark). The reaction was quenched by the addition of DTT to a final concentration of 10 mM.
Purified MIF samples equilibrated under reducing conditions were treated with only IAA or only
NEM at 15 mM (room temperature, 1 hour in the dark) and then quenched with 10 mM DTT.
Labeled MIF samples were dried using vacuum centrifugation, resuspended in 200 mM EPPS, pH
8.5, and digested overnight at 37°C with Trypsin/Lys-C protease mixture at a 50:1 protein to
protease ratio. Digested samples were again dried and resuspended in a 5/1 (v/v) solution of
acetonitrile and formic acid prepared in ultrapure water. The samples were subjected to C18 solid-
phase extraction with columns prepared in-house. The final samples were dried and reconstituted
in a solution of 5/2 (v/v) of acetonitrile and formic acid in ultrapure water to a final concentration

of 12.5 ng/puL for liquid chromatography-mass spectrometry (LC-MS) analysis.
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Mass spectrometric data was collected on an Orbitrap Fusion Eclipse (ThermoFisher
Scientific, San Jose, CA) coupled to a FAIMSPro (ThermoFisher Scientific, San Jose, CA) and a
Proxeon Easy-nLC 1200 (ThermoFisher Scientific, San Jose, CA). Peptides were separated on a
100 um inner diameter microcapillary column packed with ~ 35 cm of Reprosil-Pur 120 C18 resin
(3 pm, AQ, ESI Source Solutions, Woburn, MA). For each analysis, 12.5 ng of MIF sample was
loaded onto the column and separated using a 30 min linear gradient from 100% A (5% ACN,
0.125% formic acid) to 50% B (59% ACN, 0.125% formic acid). DDA analyses began with an
MSI1 spectrum (Orbitrap resolution 120,000) followed by MS2 scans of the 6 most abundant
precursor ions. Precursors were isolated in the quadrupole with a 1.2 m/z wide window and
fragmented using higher-energy collision dissociation (HCD) set at 35%. Fragments were detected
in the ion trap using the rapid scan rate and a maximum injection time of 50 ms. MS1 and MS2
scans were collected using alternating FAIMS compensation voltages of 40 and -60 V and a
dispersion voltage of -5000 V. PRM analyses used an inclusion list of 23 targets generated from
Skyline software that included precursor mass-to-charge ratio (m/z) and precursor charge state for
alkylated and unmodified MIF peptides. All targeting was unscheduled and occurred throughout
the duration of the experiment. The scan sequence began with an MSI spectrum (Orbitrap
resolution 120,000) followed by targeted MS2 scans of peaks corresponding to precursors in the
target list. Settings for MS2 scans were identical to DDA experiments with the exception of the
maximum injection time, which was set to 25 ms. Alternating FAIMS compensation voltages of -
40 and -60 V and a dispersion voltage of -5000 V were also used in the PRM experiments.

Oxidation of methionine residues located at the 2, 49, and 101 positions was detected by
mass spectrometry. The details of these identifications can be found in Table 1. Corresponding

MS?2 spectra for each peptide identification are shown in Appendix Figure 1.
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All raw files were imported into the Skyline software package (Version 20.2.0.343)3?
without modification. Peak areas corresponding to peptide 78-LLCGLLAER-86 with +57 Da
(IAA) or +125 Da (NEM) modification at the C80 position were determined using the built-in
peak-boundary adjustment tool. Relative amounts of C80 oxidation were determined against the
intensity of all peaks in the chromatogram for each condition. Five replicates from two sample

preparations were analyzed for experimental variance.

Enzymatic Assay

4-hydroxyphenyl pyruvate (4-HPP) was prepared in 0.5 M ammonium acetate, pH 6.2, and
equilibrated overnight at room temperature to generate the predominant keto isomer. A reaction
mixture containing final concentrations of 0.425M boric acid (pH 6.2), 100 nM MIF, and 1 mM
HPP (saturating) was measured at 306 nm in a 1.5mL quartz cuvette using a Cary 60 UV-Vis
spectrophotometer, where an increase in absorbance is due to the formation of the enol-borate
complex between HPP and boric acid as MIF catalyses the tautomerization of HPP to the enol
form. Absorbance was measured every 10 seconds for 5 minutes, and each reaction was conducted
in triplicate per MIF sample. Reduced and oxidized MIF samples were prepared with a final
concentration of 1 uM DTT or H2O», respectively, and equilibrated for at least 6 hours before being

added to the reaction mixture.

In Vivo Neutrophil Recruitment Assay

9-10 week old male mice (C57BL/6J) were administered a one-time intratracheal
instillation of 100 pul of normal saline alone (vehicle) or normal saline solution containing 1 pg of
WT MIF, K66A MIF, or CS0A MIF. These mice were sacrificed after 6 h of vehicle only or vehicle

with experimental agent administration. Bronchoalveolar lavage (BAL) was performed by
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cannulating the trachea with a blunt 22-gauge needle and lavaging both lungs with 800 pl of sterile
PBS solution. Bronchoalveolar lavage fluid (BALF) was harvested, and total cell counts in BALF
were determined using the TC20 automated cell counter (Bio-Rad Laboratories, Inc., Hercules,
CA). The differential cell counts were performed on cells cytocentrifuged onto glass slides (Fisher
Scientific) stained with the Hema 3 Staining System (Fisher Healthcare, Middletown, VA) and cell
differential was tabulated using light microscopy. Total protein concentration in the BAL fluid
was measured using the Pierce™ BCA assay kit (Thermo Scientific, Rockford, IL) per the
manufacturers microplate protocol and referenced to BSA standards.

All animal studies were approved by the Institutional Animal Care and Use Committee of
Cooper University Healthcare, Camden, NJ. The wt mice of genetic background strain (C57BL/6J)
were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were housed at the
pathogen-free animal facility at Cooper University Healthcare. All experiments were done in 9-10
week old male mice. Age, strain and sex differences are known to occur in response to LPS-
induced injury.?3-% We used similar aged adult mice (9-10 weeks old), of the same background
strain (C57Bl16/J), and the same sex (male) in order to minimize variability in the biological
responses to MIF and mutants that might occur due to differences in the age, strain, and sex of

mice.

References

(1) Bucala, R.; Bernhagen, J. MIF Family Cytokines in Innate Immunity and Homeostasis, 1st
ed.; Springer, 2017. DOI: 10.1007/978-3-319-52354-5.

(2) Leng, L.; Metz, C. N.; Fang, Y.; Xu, J.; Donnelly, S.; Baugh, J.; Delohery, T.; Chen, Y.;
Mitchell, R. A.; Bucala, R. MIF signal transduction initiated by binding to CD74. J Exp

Med 2003, 197 (11), 1467-1476.

122



(3) Bernhagen, J.; Krohn, R.; Lue, H.; Gregory, J. L.; Zernecke, A.; Koenen, R. R.; Dewor, M.;
Georgiev, I.; Schober, A.; Leng, L.; et al. MIF is a noncognate ligand of CXC chemokine
receptors in inflammatory and atherogenic cell recruitment. Nat Med 2007, 13 (5), 587-596.

(4) Meyer-Siegler, K. L.; Iczkowski, K. A.; Leng, L.; Bucala, R.; Vera, P. L. Inhibiton of
Macrophage Migration Inhibitory Factor or its Receptor (CD74) Attenuates Growth and
Invasion of DU-145 Prostate Cancer Cells. J. Immunol. 2006, 177, 8730-8739.

(5) Cournia, Z.; Leng, L.; Gandavadi, S.; Du, X.; Bucala, R.; Jorgensen, W. L. Discovery of
Human Macrophage Migration Inhibitory Factor (MIF)-CD74 Amtagonists via Virtual
Screening. J. Med. Chem. 2009, 52, 416-424.

(6) Pantouris, G.; Ho, J.; Shah, D.; Syed, M. A.; Leng, L.; Bhandari, V.; Bucala, R.; Batista, V.
S.; Loria, J. P.; Lolis, E. J. Nanosecond Dynamics Regulate the MIF-induced Activity of
CD74. Angew. Chem. Int. Ed. 2018, 57, 7116-7119.

(7) Mizue, Y.; Ghani, S.; Leng, L.; McDonald, C.; Kong, P.; Baugh, J.; Lane, S. J.; Craft, J.;
Nishihira, J.; Donnelly, S. C.; et al. Role for Macrophage Migration Inhibitory Factor in
Asthma. Proc. Natl. Acad. Sci. USA 2005, 102, 14410-14415.

(8) Joshi, P. C.; Poole, G. V.; Sachdev, V.; Zhou, X.; Jones, Q. Trauma Patients with Positive
Cultures have Higher Levels of Circulating Macrophage Migration Inhibitory Factor. Res.
Commun. Mol. Pathol. Pharmacol. 2000, 107, 13-20.

(9) Kleeman, R.; Hausser, A.; Geiger, G.; Mischke, R.; Burger-Kentischer, A.; Flieger, O.;
Johannes, F. J.; Roger, T.; Calandra, T.; Kapurniotu, A.; et al. Intracellular Action of the
Cytokine MIF to Modulate AP-1 Activity and the Cell Cycle Through JAB-1. Nature 2000,

408, 211-216.

123



(10) Calandra, T.; Bernhagen, J.; Metz, C. N.; Spiegel, L. A.; Bacher, M.; Donnelly, T.; Cerami,
A.; Bucala, R. MIF as a Glucocorticoid-Induced Modulator of Cytokine Production. Nature
1995, 377, 68-71.

(11) Thiele, M.; Bernhagen, J. Link between Macrophage Migration Inhibitory Factor and
Cellular Redox Regulation. Antioxid. Redox Signal. 2005, 7, 1234-1248.

(12) Morand, E. F.; Leech, M.; Bernhagen, J. MIF: A New Cytokine Link between Rheumatoid
Arthritis and Atherosclerosis. Nat. Rev. Drug Discov. 2006, 5, 399-410.

(13) de Jong, Y. P.; Abadia-Molina, A. C.; Satoskar, A. R.; Clarke, K.; Rietdijk, S. T.; Faubion,
W. A.; Mizoguchi, E.; Metz, C. N.; Alsahli, M.; ten Hove, T.; et al. Development of
Chronic Colitis is Dependent on the Cytokine MIF. Nat. Immunol. 2001, 2, 1061-1066.

(14) Makhija, R.; Kingsnorth, A.; Demaine, A. Gene Polymorphisms of the Macrophage
Migration Inhibitory Factor and Acute Pancreatitis. J. Pancreas 2007, 8, 289-295.

(15) Schober, A.; Bernhagen, J.; Weber, C. Chemokine-like functions of MIF in atherosclerosis.
J Mol Med (Berl) 2008, 86 (7), 761-770. DOI: 10.1007/s00109-008-0334-2.

(16) Noels, H.; Bernhagen, J.; Weber, C. Macrophage migration inhibitory factor: a
noncanonical chemokine important in atherosclerosis. Trends Cardiovasc Med 2009, 19 (3),
76-86. DOI: 10.1016/j.tcm.2009.05.002.

(17) Sinitski, D.; Kontos, C.; Krammer, C.; Asare, Y.; Kapurniotu, A.; Bernhagen, J.
Macrophage Migration Inhibitory Factor (MIF)-Based Therapeutic Concepts in
Atherosclerosis and Inflammation. Thromb Haemost 2019, 119 (4), 553-566. DOI:

10.1055/s-0039-1677803.

124



(18) Foote, A.; Briganti, E. M.; Kipen, Y.; Santos, L.; Leech, M.; Morand, E. F. Macrophage
migration inhibitory factor in systemic lupus erythematosus. J Rheumatol 2004, 31 (2), 268-
273.

(19) Sreih, A.; Ezzeddine, R.; Leng, L.; LaChance, A.; Yu, G.; Mizue, Y.; Subrahmanyan, L.;
Pons-Estel, B. A.; Abelson, A. K.; Gunnarsson, I.; et al. Dual effect of the macrophage
migration inhibitory factor gene on the development and severity of human systemic lupus
erythematosus. Arthritis Rheum 2011, 63 (12), 3942-3951. DOI: 10.1002/art.30624.

(20) Donnelly, S. C.; Haslett, C.; Reid, P. T.; Grant, I. S.; Wallace, W. A.; Metz, C. N.; Bruce, L.
J.; Bucala, R. Regulatory Role for Macrophage Migration Inhibitory Factor in Acute
Respiratory Distress Syndrome. Nat. Med. 1997, 3, 320-323.

(21) Bucala, R.; Donnelly, S. C. Macrophage Migration Inhibitory Factor: A Probable Link
between Inflammation and Cancer. Immunity 2007, 26, 281-285.

(22) Balogh, K. N.; Templeton, D. J.; Cross, J. V. Macrophage Migration Inhibitory Factor
Protects Cancer Cells from Immunogenic Cell Death and Impairs Anti-tumor Responses.
PLOS One 2018, 13,e0197702.

(23) Richard, V.; Kindt, N.; Saussez, S. Macrophage Migration Inhibitory Factor Involvement in
Breast Cancer. Int. J. Oncol. 2015, 47, 1627-1633.

(24) Agarwal, R.; Whang, D. H.; Alvero, A. B.; Visintin, I.; Lai, Y. L.; Segal, E. A.; Schwartz,
P.; Ward, D.; Rutherford, T.; Mor, G. Macrophage Migration Inhibitory Factor Expression
in Ovarian Cancer. Am. J. Obstet. Gynecol. 2007, 196 (4), 348.e341-348.e345. DOLI:

10.1016/j.aj0g.2006.12.030.

125



(25) Nobre, C. C. G.; de Arajuo, J. M. G.; Fernandes, T. A. A. M.; Cobucci, R. N. O.; Lanza, D.
C. F.; Andrade, V. S.; Fernandes, J. V. Macrophage Migration Inhibitory Factor (MIF):
Biological Activities and Relation with Cancer. Pathol. Oncol. Res. 2017, 23, 235-244.

(26) Bleilevens, C.; Soppert, J.; Hoffmann, A.; Breuer, T.; Bernhagen, J.; Martin, L.; Stiehler, L.;
Marx, G.; Dreher, M.; Stoppe, C.; et al. Macrophage Migration Inhibitory Factor (MIF)
Plasma Concentration in Critically I1l COVID-19 Patients: A Prospective Observational
Study. Diagnostics (Basel) 2021, 11 (2). DOI: 10.3390/diagnostics11020332.

(27) Thiele, M.; Kerschbaumer, R. J.; Tam, F. W.; Volkel, D.; Douillard, P.; Schinagl, A.;
Kuhnel, H.; Smith, J.; McDaid, J. P.; Bhangal, G.; et al. Selective Targeting of a Disease-
Related Conformational Isoform of Macrophage Migration Inhibitory Factor Ameliorates
Inflammatory Conditions. J Immunol 2015, 195 (5), 2343-2352. DOLI:
10.4049/jimmunol.1500572.

(28) Schinagl, A.; Kerschbaumer, R. J.; Sabarth, N.; Douillard, P.; Scholz, P.; Voelkel, D.;
Hollerweger, J. C.; Goettig, P.; Brandstetter, H.; Scheiflinger, F.; et al. Role of the Cysteine
81 Residue of Macrophage Migration Inhibitory Factor as a Molecular Redox Switch.
Biochemistry 2018, 57 (9), 1523-1532. DOI: 10.1021/acs.biochem.7b01156.

(29) Kleemann, R.; Kapurniotu, A.; Frank, R. W.; Gessner, A.; Mischke, R.; Flieger, O.; Juttner,
S.; Brunner, H.; Bernhagen, J. Disulfide analysis reveals a role for macrophage migration
inhibitory factor (MIF) as thiol-protein oxidoreductase. J Mol Biol 1998, 280 (1), 85-102.
DOI: 10.1006/jmbi.1998.1864.

(30) Kleemann, R.; Mischke, R.; Kapurniotu, A.; Brunner, H.; Bernhagen, J. Specific reduction

of insulin disulfides by macrophage migration inhibitory factor (MIF) with glutathione and

126



dihydrolipoamide: potential role in cellular redox processes. FEBS Lett 1998, 430 (3), 191-
196. DOI: 10.1016/s0014-5793(98)00654-1.

(31) Mittal, M.; Siddiqui, M. R.; Tran, K.; Reddy, S. P.; Malik, A. B. Reactive oxygen species in
inflammation and tissue injury. Antioxid Redox Signal 2014, 20 (7), 1126-1167. DOI:
10.1089/ars.2012.5149.

(32) Fahy, J. V.; Corry, D. B.; Boushey, H. A. Airway Inflammation and Remodeling in Asthma.
Curr. Opin. Pulm. Med. 2000, 6, 15-20.

(33) Fitzpatrick, A. M.; Teague, W. G.; Holguin, F.; Yeh, M.; Brown, L. A. Airway Glutathione
Homeostasis is Altered in Children with Severe Asthma: Evidence for Oxidant Stress. J.
Allergy Clin. Immunol. 2009, 123, 146-152.

(34) Watson, W.; Ritzenthaler, J. D.; Roman, J. Lung Extracellular Matrix and Redox
Regulation. Redox Biol. 2016, 8, 303-315.

(35) Kinnula, V. L.; Fattman, C. L.; Tan, R. J.; Oury, T. D. Oxidative Stress in Pulmonary
Fibrosis: A Possible Role for Redox Modulatory Therapy. Am. J. Respir. Crit. Care Med.
2005, 172,417-422.

(36) Yang, X.; Li, Y.; Li, Y.; Ren, X.; Zhang, X.; Hu, D.; Gao, Y.; Xing, Y.; Shang, H.
Oxidative Stress-Mediated Atherosclerosis: Mechanisms and Therapies. Front Physiol
2017, 8, 600. DOI: 10.3389/fphys.2017.00600.

(37) Kondo, T.; Hirose, M.; Kageyama, K. Roles of oxidative stress and redox regulation in
atherosclerosis. J Atheroscler Thromb 2009, 16 (5), 532-538. DOI: 10.5551/jat.1255.

(38) Pravda, J. Systemic Lupus Erythematosus: Pathogenesis at the Functional Limit of Redox

Homeostasis. Oxid Med Cell Longev 2019, 2019, 1651724. DOI: 10.1155/2019/1651724.

127



(39) Shah, D.; Mahajan, N.; Sah, S.; Nath, S. K.; Paudyal, B. Oxidative stress and its biomarkers
in systemic lupus erythematosus. J Biomed Sci 2014, 21, 23. DOI: 10.1186/1423-0127-21-
23.

(40) Bakalova, R.; Zhelev, Z.; Aoki, I.; Saga, T. Tissue Redox Activity as a Hallmark of
Carcinogenesis: From Early to Terminal Stages of Cancer. Clin. Cancer Res. 2013, 19,
2503-2517.

(41) Pantouris, G.; Khurana, L.; Ma, A.; Skeens, E.; Reiss, K.; Batista, V. S.; Lisi, G. P.; Lolis,
E. J. Regulation of MIF Enzymatic Activity by an Allosteric Site at the Central Solvent
Channel. Cell Chem Biol 2020, 27 (6), 740-750 ¢745. DOI:
10.1016/j.chembiol.2020.05.001.

(42) Parkins, A.; Skeens, E.; McCallum, C. M.; Lisi, G. P.; Pantouris, G. The N-terminus of MIF
regulates the dynamic profile of residues involved in CD74 activation. Biophys J 2021, 120
(18), 3893-3900. DOI: 10.1016/j.bp;j.2021.08.025.

(43) Sun, H. W.; Bernhagen, J.; Bucala, R.; Lolis, E. Crystal structure at 2.6-A resolution of
human macrophage migration inhibitory factor. Proc Natl Acad Sci U S A 1996, 93 (11),
5191-5196. DOI: 10.1073/pnas.93.11.5191.

(44) Lee, W.; Tonelli, M.; Markley, J. L. NMRFAM-SPARKY:: enhanced software for
biomolecular NMR spectroscopy. Bioinformatics (Oxford, England) 2015, 31 (8), 1325-
1327. DOI: 10.1093/bioinformatics/btu830.

(45) Lubetsky, J. B.; Dios, A.; Han, J.; Aljabari, B.; Ruzsicska, B.; Mitchell, R.; Lolis, E.; Al-
Abed, Y. The tautomerase active site of macrophage migration inhibitory factor is a
potential target for discovery of novel anti-inflammatory agents. J Biol Chem 2002, 277

(28), 24976-24982. DOI: 10.1074/jbc.M203220200.

128



(46) Kneller, J. M.; Lu, M.; Bracken, C. An Effective Method for the Discrimination of Motional
Anisotropy and Chemical Exchange. J. Am. Chem. Soc. 2002, 124, 1852-1853.

(47) Pantouris, G.; Syed, M. A.; Fan, C.; Rajasekaran, D.; Cho, T. Y.; Rosenberg, E. M., Jr.;
Bucala, R.; Bhandari, V.; Lolis, E. J. An Analysis of MIF Structural Features that Control
Functional Activation of CD74. Chem Biol 2015, 22 (9), 1197-1205. DOI:
10.1016/j.chembiol.2015.08.006.

(48) Scott, D. W. Optimal and Data-Based Histograms. Biometrika 1979, 66 (3), 605-610. DOLI:
DOI 10.1093/biomet/66.3.605.

(49) Wensien, M.; von Pappenheim, F. R.; Funk, L. M.; Kloskowski, P.; Curth, U.;
Diederichsen, U.; Uranga, J.; Ye, J.; Fang, P.; Pan, K. T.; et al. A lysine-cysteine redox
switch with an NOS bridge regulates enzyme function. Nature 2021, 593 (7859), 460-464.
DOI: 10.1038/s41586-021-03513-3.

(50) Meza-Romero, R.; Benedek, G.; Leng, L.; Bucala, R.; Vandenbark, A. A. Predicted
structure of MIF/CD74 and RTL1000/CD74 complexes. Metab Brain Dis 2016, 31 (2),
249-255. DOI: 10.1007/s11011-016-9798-x.

(51)Li, Y. H.; Wen, K.; Zhu, L. L.; Lv, S. K,; Cao, Q.; Li, Q.; Deng, L.; Chen, T.; Wang, X_;
Deng, K. Y.; et al. Tautomerase Activity-Lacking of the Macrophage Migration Inhibitory
Factor Alleviates the Inflammation and Insulin Tolerance in High Fat Diet-Induced Obese
Mice. Front Endocrinol (Lausanne) 2020, 11, 134. DOI: 10.3389/fendo0.2020.00134.

(52) Fingerle-Rowson, G.; Kaleswarapu, D. R.; Schlander, C.; Kabgani, N.; Brocks, T.; Reinart,
N.; Busch, R.; Schutz, A.; Lue, H.; Du, X.; et al. A tautomerase-null macrophage

migration-inhibitory factor (MIF) gene knock-in mouse model reveals that protein

129



interactions and not enzymatic activity mediate MIF-dependent growth regulation. Mol Cell
Biol 2009, 29 (7), 1922-1932. DOI: 10.1128/MCB.01907-08.

(53) Adamali, H.; Armstrong, M. E.; McLaughlin, A. M.; Cooke, G.; McKone, E.; Costello, C.
M.; Gallagher, C. G.; Leng, L.; Baugh, J. A.; Fingerle-Rowson, G.; et al. Macrophage
migration inhibitory factor enzymatic activity, lung inflammation, and cystic fibrosis. Am J
Respir Crit Care Med 2012, 186 (2), 162-169. DOI: 10.1164/rccm.201110-18640C.

(54) Mawhinney, L.; Armstrong, M. E.; C, O. R.; Bucala, R.; Leng, L.; Fingerle-Rowson, G.;
Fayne, D.; Keane, M. P.; Tynan, A.; Maher, L.; et al. Macrophage migration inhibitory
factor (MIF) enzymatic activity and lung cancer. Mol Med 20185, 20, 729-735. DOL:
10.2119/molmed.2014.00136.

(55) Guo, D.; Guo, J.; Yao, J.; Jiang, K.; Hu, J.; Wang, B.; Liu, H.; Lin, L.; Sun, W.; Jiang, X.
D-dopachrome tautomerase is over-expressed in pancreatic ductal adenocarcinoma and acts
cooperatively with macrophage migration inhibitory factor to promote cancer growth. Int J
Cancer 2016, 139 (9), 2056-2067. DOI: 10.1002/ijc.30278.

(56) Swope, M.; Sun, H. W_; Blake, P. R.; Lolis, E. Direct link between cytokine activity and a
catalytic site for macrophage migration inhibitory factor. EMBO J 1998, 17 (13), 3534-
3541. DOI: 10.1093/emboj/17.13.3534.

(57) Dickerhof, N.; Schindler, L.; Bernhagen, J.; Kettle, A. J.; Hampton, M. B. Macrophage
migration inhibitory factor (MIF) is rendered enzymatically inactive by myeloperoxidase-
derived oxidants but retains its immunomodulatory function. Free Radic Biol Med 2015,

89, 498-511. DOI: 10.1016/j.freeradbiomed.2015.09.009.

130



(58) Takahashi, K.; Koga, K.; Linge, H. M.; Zhang, Y.; Lin, X.; Metz, C. N.; Al-Abed, Y ;
Ojamaa, K.; Miller, E. J. Macrophage CD74 contributes to MIF-induced pulmonary
inflammation. Respir Res 2009, 10, 33. DOI: 10.1186/1465-9921-10-33.

(59) Mehrad, B.; Strieter, R. M.; Moore, T. A.; Tsai, W. C.; Lira, S. A.; Standiford, T. J. CXC
chemokine receptor-2 ligands are necessary components of neutrophil-mediated host
defense in invasive pulmonary aspergillosis. J Immunol 1999, 163 (11), 6086-6094.

(60) Nguyen, M. T.; Beck, J.; Lue, H.; Funfzig, H.; Kleemann, R.; Koolwijk, P.; Kapurniotu, A.;
Bernhagen, J. A 16-residue peptide fragment of macrophage migration inhibitory factor,
MIF-(50-65), exhibits redox activity and has MIF-like biological functions. J Biol Chem
2003, 278 (36), 33654-33671. DOI: 10.1074/jbc.M301735200.

(61) Takahashi, M.; Nishihira, J.; Shimpo, M.; Mizue, Y.; Ueno, S.; Mano, H.; Kobayashi, E.;
Ikeda, U.; Shimada, K. Macrophage migration inhibitory factor as a redox-sensitive
cytokine in cardiac myocytes. Cardiovasc Res 2001, 52 (3), 438-445. DOI: 10.1016/s0008-
6363(01)00408-4.

(62) Kleemann, R.; Kapurniotu, A.; Mischke, R.; Held, J.; Bernhagen, J. Characterization of
catalytic centre mutants of macrophage migration inhibitory factor (MIF) and comparison
to Cys81Ser MIF. Eur J Biochem 1999, 261 (3), 753-766. DOI: 10.1046/j.1432-
1327.1999.00327 x.

(63) Calandra, T.; Roger, T. Macrophage migration inhibitory factor: a regulator of innate
immunity. Nat Rev Immunol 2003, 3 (10), 791-800. DOI: 10.1038/nri1200.

(64) Jung, H.; Seong, H. A.; Ha, H. Critical role of cysteine residue 81 of macrophage migration
inhibitory factor (MIF) in MIF-induced inhibition of p53 activity. J Biol Chem 2008, 283

(29), 20383-20396. DOI: 10.1074/jbc.M800050200.

131



(65) Filip, A. M.; Klug, J.; Cayli, S.; Frohlich, S.; Henke, T.; Lacher, P.; Eickhoff, R.; Bulau, P.;
Linder, M.; Carlsson-Skwirut, C.; et al. Ribosomal protein S19 interacts with macrophage
migration inhibitory factor and attenuates its pro-inflammatory function. J Biol/ Chem 2009,
284 (12), 7977-7985. DOI: 10.1074/jbc.M808620200.

(66) Kassaar, O.; Pereira Morais, M.; Xu, S.; Adam, E. L.; Chamberlain, R. C.; Jenkins, B.;
James, T. D.; Francis, P. T.; Ward, S.; Williams, R. J.; et al. Macrophage Migration
Inhibitory Factor is subjected to glucose modification and oxidation in Alzheimer's Disease.
Sci Rep 2017, 7,42874. DOI: 10.1038/srep42874.

(67) Maurice, M. M.; Nakamura, H.; van der Voort, E. A.; van Vliet, A. I.; Staal, F. J.; Tak, P.
P.; Breedveld, F. C.; Verweij, C. L. Evidence for the role of an altered redox state in
hyporesponsiveness of synovial T cells in theumatoid arthritis. J Immunol 1997, 158 (3),
1458-1465.

(68) Wu, S. M.; Pizzo, S. V. alpha(2)-Macroglobulin from rheumatoid arthritis synovial fluid:
functional analysis defines a role for oxidation in inflammation. Arch Biochem Biophys
2001, 3917 (1), 119-126. DOI: 10.1006/abbi.2001.2408.

(69) Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax, A. Rotational diffusion anisotropy of human
ubiquitin from N-15 NMR relaxation. J Am Chem Soc 1995, 117 (50), 12562-12566. DOI:
DOI 10.1021/ja00155a020.

(70) Son, A.; Kato, N.; Horibe, T.; Matsuo, Y.; Mochizuki, M.; Mitsui, A.; Kawakami, K.;
Nakamura, H.; Yodoi, J. Direct Association of Thioredoxin-1 (TRX) with Macrophage
Migration Inhibitory Factor (MIF): Regulatory Role of TRX on MIF Internalization and

Signaling Antioxid. Redox Signal. 2009, 11, 2595-2605.

132



(71) Lubetsky, J. B.; Swope, M.; Dealwis, C.; Blake, P.; Lolis, E. Pro-1 of macrophage migration
inhibitory factor functions as a catalytic base in the phenylpyruvate tautomerase activity.
Biochemistry 1999, 38 (22), 7346-7354. DOI: 10.1021/bi990306m.

(72) Zhong, F.; Lisi, G. P.; Collins, D. P.; Dawson, J. H.; Pletneva, E. V. Redox-dependent
stability, protonation, and reactivity of cysteine-bound heme proteins. Proc Natl Acad Sci U
SA42014, 111 (3), E306-315. DOI: 10.1073/pnas.1317173111.

(73) Makhatadze, G. L.; Privalov, P. L. Heat capacity of proteins. I. Partial molar heat capacity of
individual amino acid residues in aqueous solution: hydration effect. J Mol Biol 1990, 213
(2), 375-384. DOI: 10.1016/S0022-2836(05)80197-4.

(74) Privalov, P. L.; Makhatadze, G. I. Contribution of hydration and non-covalent interactions
to the heat capacity effect on protein unfolding. J Mol Biol 1992, 224 (3), 715-723. DOLI:
10.1016/0022-2836(92)90555-x.

(75) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax, A. NMRPipe: a
multidimensional spectral processing system based on UNIX pipes. J Biomol NMR 1995, 6
(3),277-293.

(76) Loria, J. P.; Rance, M.; Palmer, A. G. A relaxation-compensated Carr-Purcell-Meiboom-
Gill sequence for characterizing chemical exchange by NMR spectroscopy. J Am Chem Soc
1999, /21 (10), 2331-2332. DOI: DOI 10.1021/ja983961a.

(77) Clore, G. M.; Szabo, A.; Bax, A.; Kay, L. E.; Driscoll, P. C.; Gronenborn, A. M. Deviations
from the Simple 2-Parameter Model-Free Approach to the Interpretation of N-15 Nuclear
Magnetic-Relaxation of Proteins. J Am Chem Soc 1990, 112 (12), 4989-4991. DOI: DOI

10.1021/ja00168a070.

133



(78) Lipari, G.; Szabo, A. Model-Free Approach to the Interpretation of Nuclear Magnetic-
Resonance Relaxation in Macromolecules .2. Analysis of Experimental Results. J Am Chem
Soc 1982, 104 (17), 4559-4570. DOI: DOI 10.1021/52003812a010.

(79) d'Auvergne, E. J.; Gooley, P. R. Optimisation of NMR dynamic models I. Minimisation
algorithms and their performance within the model-free and Brownian rotational diffusion
spaces. J Biomol NMR 2008, 40 (2), 107-119. DOI: 10.1007/s10858-007-9214-2.

(80) d'Auvergne, E. J.; Gooley, P. R. Optimisation of NMR dynamic models II. A new
methodology for the dual optimisation of the model-free parameters and the Brownian
rotational diffusion tensor. J Biomol NMR 2008, 40 (2), 121-133. DOI: 10.1007/s10858-
007-9213-3.

(81) Suttapitugsakul, S.; Xiao, H.; Smeekens, J.; Wu, R. Evaluation and optimization of
reduction and alkylation methods to maximize peptide identification with MS-based
proteomics. Mol Biosyst 2017, 13 (12), 2574-2582. DOI: 10.1039/c7mb00393e.

(82) MacLean, B.; Tomazela, D. M.; Shulman, N.; Chambers, M.; Finney, G. L.; Frewen, B.;
Kern, R.; Tabb, D. L.; Liebler, D. C.; MacCoss, M. J. Skyline: an open source document
editor for creating and analyzing targeted proteomics experiments. Bioinformatics (Oxford,
England) 2010, 26 (7), 966-968. DOI: 10.1093/bioinformatics/btq054.

(83) Cai, K. C.; van Mil, S.; Murray, E.; Mallet, J. F.; Matar, C.; Ismail, N. Age and sex
differences in immune response following LPS treatment in mice. Brain Behav Immun
2016, 58, 327-337. DOI: 10.1016/j.bb1.2016.08.002.

(84) Gahima, I.; Twizeyimana, E.; LuckGonzales, E.; Remonde, C. G.; Jeon, S. J.; Shin, C. Y.

Strain, Age, and Gender Differences in Response to Lipopolysaccharide (LPS) Animal

134



Model of Sepsis in Mice. Yakhak Hoeji 2021, 65 (1), 17-22. DOLI:
10.17480/psk.2021.65.1.17.

(85) Kuo, S. M. Gender Difference in Bacteria Endotoxin-Induced Inflammatory and Anorexic
Responses. PLoS One 2016, 11 (9), €0162971. DOI: 10.1371/journal.pone.0162971.

(86) Card, J. W.; Carey, M. A.; Bradbury, J. A.; DeGraff, L. M.; Morgan, D. L.; Moorman, M.
P.; Flake, G. P.; Zeldin, D. C. Gender differences in murine airway responsiveness and
lipopolysaccharide-induced inflammation. J Immunol 2006, 177 (1), 621-630. DOI:

10.4049/jimmunol.177.1.621.

135



Appendix

A

2

.a M

c

] L

‘E 522.75 522.85
e

N

s

£

2 I
52250 522.88 52325 52363 524.00
B.. A"h\

.‘&

c

(7] T

‘E 556.75 556.85
=

N

©

E

2 l
2

55650 556.88 55725 557.63 558.00

mj/z

C

Oxidizing |}
2
w
S Redox
€ [ Neutral
s —
[J]
N
©
§ LLC[+125]GLLAER
2 Reduced

+NEM

LLC[+57]GLLAER

Reduced

+|AA

10 12 14 16 18

Retention Time / min

Relative Abundance Relative Abundance

Relative Abundance

iy8

Peptide 1

>

—
b

,|H| Ik, I\IJ\ I \\JI\‘J“@I |g|| L ] |,

700 800 900 1000 1100 1200 1300

100

200 300 400 500 600

mass/charge

I—Y

Peptide 2

100

-b6yl2--2

00 1000 1100 1200 1300

mass/charge

100 Peptlde 3

20%3(
b9
¥16

--b11
S TH
bh12

fa---h13

P R B S
Li:.mh'.ll.[lfu;.;lu.;;I.I u‘nﬂ;. .:.'LLIL.I. g
900 1000 1100 1200 1300 1400
mass/charge

0 L T |
500 1600 1700

Figure 1. Raw mass spectrometry data and the effects of oxidant concentration. Agreement between
raw spectra and Skyline-predicted spectra of C80-containing peptide precursor modified by IAA (A) and
NEM (B). The separation of differentially modified C80 during LC is shown in (C) with the two
experimental conditions shown in the top two traces and the reduced-control traces shown in the bottom
two plots. (D) MS2 spectra identifying oxidation of various methionine residues. Spectra correspond to

peptides 1-3 from Table 1.
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CHAPTER §

Redox-dependent Plasticity of oxMIF Facilitates its

Interaction with CD74 and Therapeutic Antibodies
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Abstract

MIF is a ubiquitous protein involved in proinflammatory processes, which undergoes an
oxidation-driven conformational change to oxidized (ox)MIF. We demonstrate that hypochlorous
acid, produced by neutrophil-released myeloperoxidase (MPO) under inflammatory conditions,
effectively oxidizes MIF into the oxMIF isoform, which is specifically recognized by the anti-
oxMIF therapeutic antibody, ON104. NMR investigation of MIF oxidized by the MPO system
revealed increased flexibility throughout the MIF structure, including at several catalytic and
allosteric sites. Mass spectrometry of MPO-oxMIF revealed methionines as the primary site of
oxidation, whereas Prol and Tyr98/99 remained almost unmodified. ELISA, SPR and cell-based
assays demonstrated that structural changes caused by MPO-driven oxidation promoted binding
of oxMIF to its receptor, CD74, which does not occur with redox-neutral MIF. These data reveal
the environment and modifications that facilitate interactions between MIF and its pro-

inflammatory receptor, and a route for therapeutic intervention targeting the oxMIF isoform.

Introduction

Macrophage migration inhibitory factor (MIF) was the first discovered lymphokine!-* and
has since been described as a proinflammatory cytokine with glucocorticoid overriding activity
that is ubiquitously present in healthy and diseased states.*¢ MIF is a highly conserved protein in
mammals, plants, protozoans, nematodes, and invertebrates,” and together with its functional and
structural paralog D-dopachrome tautomerase (D-DT, also called MIF-2), constitutes the MIF
superfamily.”-!% The first crystal structure of MIF revealed a unique fold, not found in any other
cytokine, where three 12.5 kDa subunits form a homotrimer arranged around a solvent-accessible,
positively charged channel, suggesting MIF can interact with negatively charged moieties.!! The

promiscuous cellular interactome of MIF has prompted questions about the molecular factors that
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facilitate its behaviour. Since MIF is overexpressed at sites of inflammation and injury, oxidation
has been explored as a means to toggle the MIF structure for various interactions. Recent work
showed the MIF structure to be increasingly flexible in the presence of oxidants.!?

Monoclonal antibodies that recognize linear epitopes of MIF located in its solvent channel
are not able to access this region under redox-neutral conditions, but were previously shown to
selectively interact with MIF species oxidized by sulfhydryl-specific reagents in vitro.'>!
Chemical oxidation of MIF in vivo is likely, given the rise in local concentration of reactive
oxygen, nitrogen, sulfur, and chlorine species at sites of inflammation.!>!® The therapeutic value
of such "oxMIF"-specific antibodies, which now include second-generation human IgGs such as
ON104, a proprietary human anti-oxMIF antibody, has been demonstrated in rodent models of
arthritis, nephritis, colitis, sepsis, and contact hypersensitivity - all conditions where oxMIF levels
were found to be elevated.!*!%?* We therefore conclude that a common determinant of ON104-
detectable oxMIF species is the exposure of the linear ON104 epitope within the MIF solvent
channel'®2° due to structural rearrangements upon its oxidative modification.

Computational predictions and in vitro and in vivo experiments suggest that CD74 is a
receptor for MIF.2!2> CD74 is a type II transmembrane receptor,?*2® which acts as a MHC class
IT chaperone and also participates in non-MHC II protein trafficking.?*?® Depending on the
isoform, human CD74 contains a 29-46 amino acid cytoplasmic N-terminus, a 26 amino acid
transmembrane region, and a 160 amino acid extracellular domain, which is N- and O-
glycosylated.?>?¢ CD74 is expressed on the cell surface of antigen-presenting cells, such as B-cells

or macrophages®®-3°

and under inflammatory conditions, endothelial and epithelial cells were also
shown to express CD74.2527 Historically, detecting the MIF-CD74 interaction has been difficult,

perhaps due to the fact that only 2-5% of total CD74 is expressed on the cell surface, regardless of
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MHC II expression,®!3? and also that CD74 is internalized from the cell surface of B-cells within
10 minutes.*® Binding of MIF to the CD74 extracellular domain is considered an activation
stimulus for intramembrane cleavage and release of the cytosolic intracellular domain of CD74.34
Thus, questions about the molecular interaction between MIF and CD74 remain, including the
environmental conditions under which a complex forms.

In the present study, we further examine the oxidation of MIF and its consequences for
ON104 and CD74 binding. A prominent feature of the acute and chronic inflammatory response
is neutrophil infiltration,* activation, and release of various mediators including proinflammatory
cytokines, proteases and the heme-containing enzyme myeloperoxidase (MPO). Through the
formation of reactive oxidating/chlorinating agents, MPO is one of the key neutrophil-derived
mediators contributing to organ inflammation and fibrosis in many immune-mediated diseases. In
the presence of hydrogen peroxide and chloride, bromide, thiocyanate, tyrosine, or nitrite, MPO
catalyses the formation of hypochlorous, hypobromous, and hypothiocyanous acids, tyrosyl
radical, and reactive nitrogen intermediates capable of oxidizing a variety of proteins and fatty
acids.*® Such oxidative modifications may alter protein activity and, as a consequence, affect
cellular functions. Given its abundance in physiological fluids, chloride is believed to be the
relevant halide and therefore a preferred substrate for MPO. We demonstrate that activated human
neutrophils secrete MIF after stimulation in vitro, with both MIF and oxMIF found in the
supernatants. Since activated neutrophils also secrete MPO, which catalyzes the production of

153740 we set out to

hypochlorous acid (HOCI) from hydrogen peroxide (H20O) and chlorine,
investigate if HOCl is a crucial oxidant of MIF, producing oxMIF at sites of inflammation.*! We
therefore utilized a previously described MPO system (MPO/H202/CI) to test the biochemical and

structural implications of MIF exposure to MPO-derived HOC1.**> With a combined approach of
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ELISA, surface plasmon resonance (SPR), mass spectrometry (MS), and nuclear magnetic
resonance (NMR), we quantified the affinity of our ON104 antibody toward human recombinant
MIF oxidized in vitro, identified chemical modifications on the MIF trimer that enable its
recognition by ON104, and resolved effects of MPO-derived HOCI oxidation on the MIF structure.
In addition to our efforts to characterize oxMIF and the mechanism of its transition into a
conformation recognized by ON104, we investigated whether the reported interaction between

MIF and CD742!22:31:4344 can be extended to oxMIF with SPR and cell-based assays.

Results

Several distinct MIF protein samples were used in this work to interrogate structural and
functional implications across redox states. “MIF” denotes the redox-neutral protein that was not
treated with any chemical reagents. “H>O>-MIF” denotes a MIF sample containing 5x molar excess
of H20:. “NaOCIl-oxMIF” denotes a MIF sample treated with 5x molar excess of sodium
hypochlorite. “MPO-0xMIF” refers to the species of interest to this work, a MIF sample treated
with the MPO/H2O,/Cl" reagents (“MPO system”). In the present study, H>O»-MIF represented a
control for oxidation resulting from the MPO system, where MIF was incubated with H>O- for the
same time as the oxidation with the MPO system (20 min), and not for 6+ hours, which was the

incubation period previously described to be sufficient for MIF oxidation by H»O,.!2

Human neutrophils generate oxMIF upon in vitro stimulation

To interrogate the role of MPO in the conversion of MIF into oxMIF, freshly isolated
human neutrophils were either stimulated with a mixture of 1 ng/mL phorbol myristate acetate
(PMA) and 0.5 pg/mL ionomycin, or left unstimulated, and after 18 hours post stimulation, their

supernatants were analyzed for MIF and oxMIF by ELISA. Although PMA stimulus decreases
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Figure 1. MIF and oxMIF are produced in isolated human neutrophils. (A, B) Time-dependent
expression of MIF and generation of native oxMIF in unstimulated (NS; gray) and stimulated neutrophils
(PMA; blue) was measured by anti-MIF (A) and anti-oxMIF (B) ELISA 3-, 6-, 18-, and 24-hours post-
stimulation. Biological samples n = 11 healthy donors, technical replicates n = 1, and *p < 0.05; **p < 0.01.
(C, D) Production of MIF and oxMIF by isolated human neutrophils from 11 healthy donors 18 hours post-
stimulation with PMA/ionomycin and compared to unstimulated neutrophils. Data are expressed as mean
+ SEM. Biological samples n = 11, technical replicates n = 1, and *p < 0.05. (E) Neutrophils from 7 healthy
donors, used in (A-D), were also analyzed for MPO activity based on colorimetric absorbance at 412 nm
(Ellman’s assay). Unstimulated neutrophils and those stimulated with PMA/ionomycin are compared.
Biological samples n = 7, technical replicates n = 1 per biological sample. Data are reported as mean = SD.

neutrophil life span,* our chosen concentration of PMA has been shown to be the minimal required
stimulus for initiation of intracellular cascade leading to netosis.*® We found the viability of all
stimulated neutrophils (i.e. 1 ng/mL of PMA, 1 ng/mL PMA with 0.5 pg/mL ionomycine, or 1
pg/mL of LPS) to be at least 70% at 6 hours post-stimulation based on viability checks and
comparisons to unstimulated neutrophils.

Time-dependent expression of MIF and generation of native oxMIF in neutrophils

stimulated with 1 ng/mL of PMA was monitored in cell culture supernatants collected 3, 6, 18, and
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24-hours post-stimulation, and compared to the supernatants collected from unstimulated
neutrophils in parallel cell cultures (Figure 1A). MIF levels in stimulated neutrophils significantly
increased after 3 hours post-stimulation and the highest concentration of MIF was detected at 18
hours post-stimulation. The trend in MIF concentration was reflected with a concurrent elevation
of oxMIF concentration (Figure 1B), peaking at 18 hours post stimulation. No such trends were
observed for MIF and oxMIF levels in unstimulated neutrophils. Based on these findings, we
presented the expression of MIF and generation of oxMIF in stimulated neutrophils at the most
representative time point, 18 hours post-stimulation with 1 ng/mL of PMA (Figure 1C-D).
Endogenous MIF was found in supernatants of unstimulated neutrophils at a basal level of
0.85 + 0.03 ng/mL, which overlaps with the lowest level of detection. Levels of MIF significantly
increased upon stimulation, reaching 3.2 + 0.7 ng/mL (Figure 1C). Importantly, PMA/ionomycin
mixture triggered oxXMIF generation of 1.6 + 0.2 ng/mL, while unstimulated neutrophils generated
much lower amounts of oxMIF (0.8 + 0.1 ng/mL, Figure 1D). In the same supernatants, MPO
activity was checked by a colorimetric assay, which showed slightly, yet non-significantly
increased enzymatic activity upon stimulation (Figure 1E), suggesting that increased levels of
MPO-derived HOCl is responsible for the elevated levels of oxMIF upon in vitro stimulation. The
principle of the MPO activity assay, known as “Ellman’s assay,” is based on formation of taurine-
chloramine and its consequent reaction with Ellman’s reagent, DTNB.*7*8 Along with HOCI, large
quantities of the sulfur-containing B-amino acid taurine, the most abundant intracellular amino
acid that is not incorporated into human proteins, are released from stimulated neutrophils.*” The
formation of taurine-chloramine produces an observable color that is quenched by its subsequent
reaction with DTNB and monitored as a loss of absorbance measured at 412 nm, reciprocal to

MPO activity. In our samples, the generally low levels of MPO activity could be explained by the
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presence of 5% FBS in the supernatants, which is known to suppress MPO function. Serum
albumins contained in the FBS have been shown to be powerful scavengers of multiple RNS and
ROS species, such as HOCL In their presence, the detected MPO activity in the supernatants of

stimulated neutrophils could not increase significantly.

ON104 specifically interacts with oxMIF, upon MIF oxidation with hypochlorous acid

MIF and various oxMIF species were tested for ON104 interaction by ELISA and SPR
(Figure 2). The ELISA clearly showed that ON104 bound to MPO-0oxMIF and NaOCl-oxMIF,
but not H>O,-MIF or untreated MIF, which served as a negative control (Figure 2A). MIF oxidants
were added at 5x molar excess of the MIF trimer concentration, a ratio selected based on ELISAs
with NaOCl-oxMIF and MPO-oxMIF that showed no substantial increase in binding beyond this
concentration (Figure 2D-E). Further, dynamic light scattering (DLS) studies of oxMIF revealed
significant aggregation at concentrations exceeding 5x molar excess of oxidant (Figure 2F-G).
The H»O» concentration used for oxidation was identical to that used for MPO-driven oxidation,
revealing that modifications facilitating ON104 binding to oxMIF originated from hypochlorous
acid introduced as a reagent (NaOCIl) or produced by MPO. Though structural and dynamic
changes were previously reported for H>O»-treated MIF, at least 6 hours of incubation were needed
to observe such biophysical changes by NMR.!? The experimental conditions tested here show that
the oxidation of MIF by HOCI is a much faster process, as 20 min of incubation were sufficient
for MPO and NaOCl to promote the oxMIF conformation required for ON104 binding. The ECso
values obtained for MPO-oxMIF and NaOCl-oxMIF binding to ON104 were highly comparable,
at 8.1 £ 0.8 nM and 8.8 £ 1.0 nM, respectively (Figure 2A). Nonspecific interactions of ON104
were absent from controls consisting solely of active MPO (i.e., MPO in the presence of H>O; and

CI') or buffer containing the corresponding concentration of NaOCI and H>O». An additional
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Figure 2. Hypochlorous acid-modified oxMIF specifically interacts with the antibody ON104. (A)
MIF, MPO-oxMIF, H,O,-MIF, and NaOCl-oxMIF were tested for ON104 binding by ELISA, which was
only observed for MPO-oxMIF (ECso of 8.1 & 0.8 nM) and NaOCl-oxMIF (ECso of 8.8 + 1.0 nM). Data are
normalized by highest MPO-oxMIF binding signal and reported as mean + SEM of n = 3 independent
experiments performed in technical duplicates. (B, C) Control ELISAs to confirm the specificity of ON104
toward MIF oxidized by HOCI, using a polyclonal MIF-antibody (B) and blocking solution substituted for
an antibody (C). Polyclonal anti-MIF antibody showed robust binding to all MIF-containing samples with
ECso values of 0.18 + 0.05 nM (redox-neutral MIF), 0.15 + 0.04 nM (MPO-0xMIF), 0.15 + 0.04 nM (H>0,-
MIF), and 0.19 + 0.06 nM (NaOCl-0xMIF). No binding was observed for blocking solution-only ELISA.
Data are shown as mean £ SEM of n = 3 independent experiments performed in technical duplicates. (D,
E) Dose-dependent oxidation effects of HOCI on the MIF trimer. ECso values obtained from ELISA, where
ON104 was used as a capturing antibody, and its binding of MIF oxidized with (D) HOCI produced by
MPO with 1x-40x molar excess of H,O», and (E) NaOCl-oxMIF, generated by treatment with 0.5x-40x
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NaOCl reagent. ECso values are reported as mean + SEM measured as technical duplicates in n = 3
independent biological experiments. (F, G) DLS measurement of MIF and and oxMIF samples to assess
aggregation of oxMIF via hydrodynamic radius (Ri (nm)). MPO-oxMIF generated with 2.5x-100x molar
excess of H,O; is shown in (F), NaOCIl-oxMIF generated with 5x-40x NaOCl reagent is shown in (G), and
MIF is represented in the Ox data points (no oxidant) in both plots. For each condition tested, biological
samples n = 3, technical replicates n > 2. Ry, values are reported as mean £ SEM. (H-J) SPR experiments
confirm ON104 binding to MPO-oxMIF, with ON104 used as ligand. (H) Pilot SPR experiments showing
MPO-0oxMIF binding at 202 nM to immobilized ON104. The absence of binding is apparent for H,O,-MIF
at the same concentration, MPO alone, and buffer controls. (I) A Kp 0of 26.6 £ 1.3 nM from a 1:1 Langmuir
model was determined from concentration-dependent analyte binding of MPO-oxMIF to immobilized
ON104. Kp reported as mean + SD from 3 independent experiments. (J) Qualitative SPR experiment was
performed at 222 and 110 nM H,O,-MIF to confirm specificity of ON104 toward MPO-oxMIF.

ELISA was performed using a polyclonal anti-MIF antibody, which as expected, bound to all
redox-neutral and oxidized MIF samples with low nanomolar ECso values (Figure 2B). These data
show the specificity of ON104 for HOCI-modified MIF and suggest important therapeutic
applications for antibodies like ON104 that can selectively neutralize oxMIF generated by
inflammatory conditions. As we have previously observed that MIF can adopt an oxMIF
conformation via hydrophobic/electrostatic interactions with ELISA plate surfaces,'* we
performed a second control ELISA, where antibody was omitted and substituted for blocking
solution. No promiscuous interactions were observed (Figure 2C).

MPO-oxMIF was further interrogated by SPR experiments, with ON104 as a ligand, and
MPO-0xMIF, along with controls, as an analyte (Figure 2H-J), to confirm the specific interaction
of ON104 with MPO-oxMIF as observed from ELISA (Figure 2H). The specificity was confirmed
by the absence of signals from H>O,-MIF and the MPO and buffer control samples (Figure 2H,
J). Next, the Kp of ON104 with MPO-oxMIF was determined by applying a 1:1 Langmuir model
to the sensorgrams of three independent experiments with different analyte concentrations (Figure
2I). The kinetic analysis determined a Kp value of 26.6 + 1.3 nM, which is in excellent agreement
with the ECso from ELISA (Figure 2A). Given that the conversion rate of MIF into oxMIF upon
treatment with HOCI has not yet been quantified, we estimate the Kp value of this interaction to

be even lower.
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Met2 and Met101 are the major sites of oxidation in MPO treated oxMIF

MIF, MPO-0oxMIF, and H>O,-MIF were analyzed by mass spectrometry for intact masses
(Figure 3). A small portion of N-terminal Met-containing MIF was detected in all samples,
consistent with prior observations from MS measurements. In addition to the signal at 12345 Da
corresponding to the theoretical mass of the MIF monomer, three additional signals with a mass
increment of +16 Da each were observed in the MPO-oxMIF sample, indicating the addition of
one, two, or three oxygen atoms of 15.99 Da to the MIF monomeric subunit (Figure 3).

To further elucidate the sites of oxidation and other possible modifications, MPO-oxMIF
(Figures 4-5 and Table 1) and H,O,-MIF (Figure SA and Table 2) were digested for peptide

mapping, and compared to untreated MIF (Figure SA and Table 3). Complete coverage of the
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Figure 3. Intact mass analysis of MIF, MPO-oxMIF, and H,O,-MIF. Representative spectra are shown
for untreated MIF (top), MPO-MIF (middle), and H,O,-MIF (bottom). A peak at 12345.98 Da corresponds
to the theoretical mass of a MIF monomeric subunit, lacking the N-terminal methionine. Treatment of MIF
with the MPO-system produced additional peaks with mass increments of +16 Da, due to the addition of
one, two or three oxygen atoms. Biological samples n = 4, technical replicates n = 1 per biological sample
(MIF); Biological samples n =5, technical replicates n = 1 per biological sample (MPO-0xMIF); Biological
samples n = 3, technical replicates n = 1 per biological sample (H,O,-MIF). Cys and Met residues, and the
catalytic Prol, are highlighted on the MIF monomer structure.
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protein sequence, including all Cys-containing peptides, was obtained in all samples. Consistent

with prior reports,!?

oxidation was more prevalent at the labile methionine residues. Aside from

the cleaved initiating Met1, MIF contains three additional Met residues; Met2, Met47, and Met101.

Indeed, the most pronounced peptide-level effect of MPO-driven oxidation of MIF was methionine
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Figure 4. Peptide mass analysis of methionine oxidation in MPO-oxMIF. Peptide mapping MS/MS of
MPO-oxMIF, where average spectrum m/z values correspond to peptides with oxidized (A) Met2, (B)
Met47, and (C) Met101. Biological samples n = 5, technical replicates n = 1. One representative spectrum
is shown. The peptide mapped in each spectrum is highlighted on the MIF monomer, with the methionine

side chain of interest shown in red.
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oxidation, where the thioether sulfur atoms can be oxidized once to methionine sulfoxide (mass

shift +15.99 Da) or twice to methionine sulfone (+31.98 Da). Interestingly, analyses of Met-

containing peptides revealed significant oxidative modifications to Met101(66.1 + 2.4% sulfoxide

and 0.4 = 0.3% sulfone) and Met2 (68.2 + 10.6% sulfoxide and 0.2 £+ 0.1% sulfone), and

modifications to a lesser extent on Met47 (10.2 + 3.0% sulfoxide and 0.3 + 0.5% sulfone) (Figure

4 and Table 1). The same analysis was performed on H>O2-MIF, where only a negligible amount

of Met oxidation was observed (Table 2). Surprisingly, Cys80, previously reported as a redox
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Figure 5. Peptide mass analysis of cysteine, proline, and tyrosine modifications under various redox
conditions. (A) Extracted ion chromatograms (EIC) of MIF (left), HoO,-MIF (middle) and MPO-oxMIF
(right), showing the relative abundance of reduced cysteines and cysteines forming an intra-peptide
disulfide bond. For MIF: biological samples n = 3, technical replicates n = 1 per biological sample; H>O,-
MIF: biological samples n = 4, technical replicates n = 1 per biological sample; MPO-oxMIF: biological
samples n = 5, technical replicates n = 1 per biological sample; 1 representative spectrum per condition is
shown. (B-C) Peptide mapping MS of MPO-0xMIF, where average spectrum m/z values correspond to the
individual peptides where Prol was modified to proline-imine (B), and Tyr98 or Tyr99 were chlorinated as
chlorotyrosine (C). Biological samples n = 5, technical replicates = 1 per biological sample; one
representative spectrum per modification is shown.

switch!® and shown to be modified in MIF samples treated with H>O» under longer incubation
periods,'? was found to be unmodified and reduced for all samples. The other Cys residues were
partially modified, as Cys56 and Cys59 were found to partially form an intra-peptide disulfide
bridge, however the relative abundance of Cys56-Cys59 disulfide bond was higher in the MPO-
oxMIF sample (Figure S5A).

Table 1. Peptide mapping MS analysis of modifications in MPO-oxMIF. Modifications identified in
MPO-0oxMIF included oxidation, chlorination, and proline-imine formation. The average abundance of
these modifications is compared to those identified in MIF (Table 3) to highlight changes (A modification)

under different redox conditions. Modifications of Cys residues are shown in Figure SA. Biological
samples n =5, technical replicates = 1 per biological sample. Sample 3 is an average of 3 biological samples.

MPQO-oxMIF MS/MS Analysis
Chlorination
Peptide Sequence Zojdlfljjj Sample 1 | Sample 2 | Sample 3 | Average + SD 4 mvovdz{/lzc[;z:non
92-99 DRVYINYY Y98/Y99 3.2% 6.7% 3.9% 4.6 +1.9% +4.6%
Oxidation
. Modified A modification
Peptide Sequence residues Sample 1 | Sample 2 | Sample 3 | Average + SD vs. MIF
( l?/liide) 60.9% 80.3% 63.2% | 68.2+10.6% +56.4%
1-15 PMFIVNTNVPRASVP V5
- 0.3% 0.3% 02+0.1% +0.2%
(sulfone)
M47 0 V) o 0, 0,
(sulfoxide) 9.8% 13.4% 7.4% 10.2 £ 3.0% +7.6%
44-66 | DQLMAFGGSSEPCALCSLHSIGK M47
- 0.2% 0.9% 0.3+0.5% -0.8%
(sulfone)
M101 0, 0, 0, 0, 0,
100- (sulfoxide) 68.0% 66.9% 63.3% | 66.1 £2.4% +62.6%
114 DMNAANVGWNNSTFA MI101
0.5% - 0.7% 0.4+0.3% -1.5%
(sulfone)
Proline-Imine Formation
Peptide Sequence ZZ?;ZE? Sample 1 | Sample 2 | Sample 3 | Average = SD 4 mvovdz{/lzc[;z:non
1-15 PMFIVNTNVPRASVP P1 0.04% - 0.04% |0.03 +0.02% -
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Table 2. Peptide mapping MS analysis of modifications in H,O,-MIF. Oxidation was the only
modification identified in H,O,-MIF. The average abundance of these modifications is compared to those
identified in MIF (Table 3) to highlight changes (A modification) under different redox conditions.
Modification of Cys residues are shown in Figure SA. Biological samples n = 4, technical replicates = 1
per biological sample. Sample 2 is an average of 3 biological samples.

H20:-MIF MS/MS Analysis

Chlorination
. Modified A modification
Peptide Sequence residues Sample 1 | Sample 2 Average + SD vs. MIF
92-99 DRVYINYY Y98/Y99 - - - -
Oxidation
. Modified A modification
Peptide Sequence residues Sample 1 | Sample 2 Average + SD vs. MIF
(Sullf\ﬁi d| 6% | 139% 9.7+ 5.8% -2.1%
1-15 PMFIVNTNVPRASVP M2
(sulfone) ] ] ) ]
(S 11\f/£>i7ide) 1.1% 3.2% 2.1+ 1.5% -0.5%
44-66 | DQLMAFGGSSEPCALCSLHSIGK uM 47
- 0.8% 0.4+ 0.6% -0.7%
(sulfone)
(Suﬁégilde) 47% | 47% 4.7% +1.2%
100-114 DMNAANVGWNNSTFA MI101
0.1% 2.1% 1.1+1.4% -0.8%
(sulfone)
Proline-Imine Formation
. Modified A modification
Peptide Sequence residues Sample 1 | Sample 2 Average + SD vs. MIF
1-15 PMFIVNTNVPRASVP P1 - - - -

Table 3. Peptide mapping MS analysis of modifications in MIF. Modifications identified in untreated
MIF included oxidation and chlorination. The average abundance of these modifications is compared to
MPO-0xMIF and H,O,-MIF in Tables 1-2. Modification of Cys residues is shown in Figure SA. Biological

samples n = 3, technical replicates n = 1 per biological sample.

MIF MS/MS Analysis
Chlorination
Peptide Sequence %Ojcll,{j 2?' Sample 1 | Sample 2 | Sample 3 Average + SD
92-99 DRVYINYY Y98/Y99 - - - -
Oxidation
. Modified
Peptide Sequence residues Sample 1 | Sample 2 | Sample 3 Average + SD
(Sulgii | B | 108% | 108% 1.8+ 1.7%
1-15 PMFIVNTNVPRASVP M2
(sulfone) ] ] ] )
6 il d | 34% 2.4% 2.1% 2.6+ 0.7%
44-66 | DQLMAFGGSSEPCALCSLHSIGK uM 47
1.3% 1.1% 1.0% 1.1+0.1%
(sulfone)
M101
. 5.1% 2.7% 2.7% 35+1.4%
110&' DMNAANVGWNNSTFA (Sul\licl”gllde)
1.9% 1.8% 2.2% 1.9+0.2%
(sulfone)
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Proline-Imine Formation
Peptide Sequence %Ojcll,{j 2?' Sample 1 | Sample 2 | Sample 3 Average + SD
1-15 PMFIVNTNVPRASVP P1 0.04% 0.02% 0.03% 0.03 £0.01%

Table 4. MS/MS analysis of MPO-oxMIF generated with a broad concentration range of MPO-
derived HOCIL. For this purpose, 1x, 2.5x, 5x, 10x, 25x molar excess of H,O, was included into the MPO
system (relative to MIF trimer). Sensitivity of MIF to rising concentrations of MPO-generated HOCI is
revealed by rising levels of oxidation and chlorination detected. Formation of Prol proline- imine was only
observed at 25x oxidant concentration (*this percentage may be overestimated due to the low signal of the
peptide). Data reported as mean + SD of n = 3 independent experiments.

MPQO-oxMIF MS/MS Analysis with Increasing Concentrations of MPO-generated HOCI
Chlorination
. Modified Samples oxidized with x molar excess of MPO-generated HOCI
Peptide Sequence residues 1x 2.5x 5x 10x 25x
2.60 + 412+ 482+ 5.99 + 7.38+
9299 DRVYINYY YN | 5519 2.99% 1.66% 2.04% 137%
Oxidation
. Modified Samples oxidized with x molar excess of MPO-generated HOCI
Peptide Sequence residues 1x 2.5x 5x 10x 25x
M2 38.70 + 62.61 + 81.51+ 91.26 + 94.62 +
(sulfoxide) 7.79% 20.85% 1.13% 3.00% 3.31%
1-15 PMFIVNTNVPRASVP M2 0.13+ 0.19 + 0.21 + 0.96 + 473 £
(sulfone) 0.06% 0.05% 0.07% 0.59% 2.49%
M47 15.01 + 1453 + 17.73 £ 28.17 + 9.37+
i (sulfoxide) 2.50% 6.63% 4.25% 10.01% 16.24%
44-66 | DQLMAFGGSSEPCALCSLHSIGK M47 0.59 + 0.71 + 0.58 + 0.80 + 6.18 +
(sulfone) 0.40% 0.57% 0.42% 0.01% 10.71%
M101 34.69 + 53.01 + 73.84 + 88.76 + 85.50 +
100- (sulfoxide) 4.12% 7.91% 6.02% 9.58% 12.43%
114 DMNAANVGWNNSTFA M101 0.18 + 0.31+ 0.60 + 323+ 13.81
(sulfone) 0.16% 0.27% 0.50% 2.717% 11.87%
Proline-Imine Formation
. Modified Samples oxidized with x molar excess of MPO-generated HOCI
Peptide Sequence residues 1x 2.5x 5x 10x 25x
0.07 + 0.04 + 041+ 0.71 + 8.10 £
1-15 PMFIVNTNVPRASVP Pl 0.10% 0.04% 0.47% 0.66% 14.03%

As a next step, we sought to detect the formation of a proline-imine (mass reduction of -
2.017 Da) at Prol, which has been previously shown for MPO-oxMIF.*! To our surprise, after
treatment of MIF with the MPO system, hardly any Prol was converted into proline-imine, and
other proline residues remained unmodified (Figure 5B and Table 1). We also searched for
chlorination events (+33.96 Da), which were not observed on any histidines, but 4.6 + 1.9 % of
Tyr98 or Tyr99 (both contained within the same peptide) formed chlorotyrosine (Figure 5C and

Table 1). No chlorination on any residue, and hardly any Prol proline-imine formation was
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observed for H2O>-MIF or MIF (Tables 2-3).

We also assessed the dose-dependence of HOCI generated by MPO system containing 1x,
2.5x, 5x, 10x, and 25x molar excess of H>O> (versus the MIF trimer). Oxidation levels of Met2,
Met47, and Met101, as well as Tyr98/Tyr99 chlorination levels, rose with increasing amounts of
MPO-generated HOCI (Table 4). In all samples, Cys80 was found to be reduced, while the Cys56
and Cys59 peptide again displayed partial oxidation, increasing in trend with the increasing
concentrations of HOCI. Only 25x molar excess of H>O> contained in the MPO system produced
appreciable Prol-imine (~8.10 + 14.03 %), though the low signal of this peptide and the high
oxidation rate of Met2 may overestimate its prevalence. Despite these findings, we highlighted
results with 5x molar excess of H>O2 within the MPO system for consistency with ELISAs and
intact mass analysis, as well as the fact that proteolysis of MIF in peptide level MS likely precludes
aggregation issues at high oxidant concentrations that cloud the interpretation of the prior
biochemistry. Collectively, the peptide mapping of MIF, H>O.-MIF, and MPO-oxMIF
corroborated the results of intact mass analysis, where the observed mass additions in MPO-oxMIF
reflected methionine oxidation detected on the peptide level. All other modifications were

relatively minor and will be the subject of future investigations.

NMR analysis of MPO-oxMIF reveals its highest conformational flexibility in the areas of
purported CD74 interaction

Solution NMR was then employed to characterize structural and/or dynamic changes to
MIF upon oxidation by MPO-derived HOCI (Figure 6). The 'H!>N HSQC spectral overlay of MIF
and MPO-oxMIF revealed only minor chemical shift perturbations, indicating that the average
global structure of MPO-oxMIF is very similar to its untreated counterpart on the timescale of the

experiment (Figure 6A-C). Notably, MPO-oxMIF exhibited significant decreases in resonance
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Figure 6. Structural and dynamic effects of MPO-generated HOCI on MIF by NMR. (A) 'H-"N
HSQC spectral overlay of MIF (grey) with n=3 biological samples of MPO-oxMIF (red, blue, and gold).
(B) 'H"°N combined chemical shift perturbations (A8) averaged (+ SD) over n=3 biological replicates for
MPO-0xMIF, calculated relative to MIF. The blue dashed line denotes 1.5 above the 10% trimmed mean
of all data sets. (C) Significant 'H-""N chemical shift perturbations (+1.56) are mapped onto the MIF
structure in red spheres. (D) Changes in NMR 'H"’N HSQC resonance intensity (A peak intensity) for
MPO-0xMIF, calculated relative to untreated MIF. Met and Cys residues are denoted by yellow and teal
arrows, respectively. The ON104 binding epitope and purported CD74 binding region are highlighted by
purple and orange brackets, respectively. Error bars were determined from n=3 biological samples, n=1
technical replicates per sample. (E) The per-residue A peak intensity is mapped onto the MIF structure,
with blue and red spheres denoting decreases and increases in resonance intensity, respectively. The color
gradient represents the magnitude of A peak intensity. The ON104 binding epitope and predicted CD74
binding region are highlighted in purple and orange, respectively.

intensity due to dynamically-driven line broadening, clearly indicating that the MIF structure
becomes significantly more flexible when oxidized by the MPO system (Figure 6D). When
changes in NMR resonance intensity (A peak intensity) for MPO-oxMIF are mapped onto the MIF
structure, the residues with the largest enhancement of flexibility (i.e., lowest A peak intensities)

surround the opening of the central solvent channel (Figure 6E). Therefore, the conformational
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plasticity in this region may allow the antibody to gain access to the solvent channel and the central
B-sheet, which contains the ON104 epitope.'’ Further, this region is also predicted to encompass
the CD74 interaction site, suggesting that oxidation of MIF by HOCI may alter binding to its
receptor via increased flexibility. Oxidation of MIF could therefore toggle its molecular

interactions as a mechanism to modulate function under specific redox conditions.

oxMIF selectively binds to the extracellular domain of CD74

We performed SPR experiments with MPO-oxMIF, H,O>-MIF, and MIF as the analytes
and the recombinant extracellular domain (ECD) of human CD74 (aa 73-232), attached to the
sensor chip as the ligand (Figure 7). We have shown that under conditions described here, H>O»-
MIF behaves the same as MIF, thus H2O2-MIF was used for comparison to MPO-oxMIF. MPO in
the absence of MIF was also used as a control and a minor background signal was observed when
tested for CD74 ECD binding (Figure 7D). Surprisingly, MPO-oxMIF, but not H2O>-MIF and
MIF, bound to CD74 ECD (Figure 7A, C). Though the concentration of MPO used to oxidize
MIF was decreased by half (25 nM) from prior SPR studies to limit the minor background signal,
MPO-0oxMIF still bound to CD74 ECD with the same affinity as oxMIF generated with 50 nM
MPO (Figure 7E). MPO-oxMIF analyte was applied to the CD74 ECD at concentrations ranging
from 25 — 200 nM and sensorgrams were analyzed using a 1:1 Langmuir model (Figure 7B). The
obtained Kp of MPO-oxMIF and CD74 ECD was 11.8 + 3.7 nM, in good agreement with the

previously published Kp for MIF and CD74 ECD, also determined by SPR.3!

MPO-oxMIF interacts with CD74 in cell-based assays
We initiated in vitro studies of the oxMIF-CD74 interaction using HT29 colon carcinoma

cells as a model for epithelial cells, which are known to upregulate CD74 under inflammatory
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Figure 7. Redox-dependent binding of MIF to the CD74 receptor via SPR. (A) Pilot SPR experiment
with 100 nM H»O,-MIF and 100 nM MPO-0xMIF showed that analyte MPO-oxMIF, and not H,O,-MIF,
bound to immobilized CD74 ECD. (B) A Kp of 11.8 £ 3.7 nM from a 1:1 Langmuir model was extracted
from concentration-dependent binding of MPO-oxMIF to CD74 ECD. Kp reported as mean + SD from n =
4 independent experiments. (C) Redox-neutral MIF does not interact with CD74. SPR experiment where
untreated MIF was used as an analyte, serially diluted from 1332 nM to 42 nM, and CD74 ECD was used
as a ligand, clearly showed no binding in n = 6 independent experiments. (D) Qualitative SPR experiment
to confirm CD74 interaction with MPO-oxMIF. CD74 ECD was used as a ligand and control samples,
where MIF and different components of MPO system were used as analytes. A low background signal for
MPO alone was observed (yellow, curve B). The highest background signal assigned to MPO alone was
observed when phosphate buffer, MIF and NaCl were excluded from the sample (light blue, curve D).
MPO-oxMIF (dark blue, curve A) strongly bound to CD74 ECD, while MIF did not (magenta, curve E),
even in the presence of H,O; (but in the absence of MPO). (E) Qualitative SPR experiment at concentrations
of 25 nM (dark blue trace) or 50 nM MPO (light blue) confirm sufficient MPO was used to oxidize MIF
and enable its binding to CD74 ECD. Sample containing 50 nM MPO in the absence of MIF was used as a
control and produced a negligible background.

conditions (Figure 8). Upon incubation with IFN-y, HT29 cells demonstrated an unambiguous
induction of CD74 expression on the cell surface, as shown by FACS (Figure 8A). In the absence
of IFN-y, these cells do not express CD74. We also analyzed the expression of CD44, since CD44
was reported to be an integral member of CD74/MIF receptor complex.>! In contrast, expression
of CD44 on the cell surface of HT29 was very high and did not change upon incubation with IFN-
v (Figure 8B). In the next FACS experiment, HT29 cells = IFN-y were incubated with H,O>-MIF

and MPO-oxMIF (Figure 8C). After multiple washing steps, MPO-oxMIF was detected on the
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Figure 8. Redox-dependent binding of MIF to HT29 cell-surface expressed CD74. (A) FACS analysis
of IFN-y-treated HT29 cells confirmed the presence of CD74 by anti-CD74-PE antibody (pink). In the
absence of IFN-y, cells did not express CD74 (blue). (B) [FN-y treatment of HT29 cells reveals that CD44
expression is independent of stimulation, as signals obtained by staining with anti-CD44-PE-CyS5
overlapped for treated (pink) and non-treated cells (blue). One representative FACS histogram of n = 3
independent experiments is shown for (A-B). (C) FACS analysis of IFN-y-treated HT29 cells incubated
with MPO-oxMIF or H,O,-MIF. Exogenous MPO-0oxMIF was detected on the cell surface. MPO-oxMIF
was also detected on the surface of non-treated cells. Antibodies used to detect each species are detailed in
Materials and Methods. Data are expressed as relative geometric mean fluorescence intensity (MFI) after
normalizing to the MFI values of MPO-0xMIF binding to IFN-y-treated HT29 detected with anti-MIF mAb
and upon the subtraction of the MFI of secondary antibody alone (mean of n = 3 independent experiments
+ SEM). (D) Membrane exposure of CD74 in CD74-transfected (blue) versus mock-transfected (red) HT29
cells. Cells were stained with anti-CD74-PE monoclonal antibody, clone LN2, or with isotype control
mouse IgG1,k-PE (gray), followed by staining with fixable viability dye eFluor780. (E) Total (membrane
plus intracellular) expression of CD74 in CD74-transfected HT29 cells. After the FACS acquisition of
membrane CD74-stained HT29, cells were fixed, permeabilized and stained with anti-CD74-PE (blue-filled
histogram overlay) or isotype control mouse IgG1,k-PE (grey line histogram overlay) to assess intracellular
expression of CD74. One representative histogram from n = 3 independent biological experiments is shown
for (D-E). (F, G) FACS analysis shows increased binding of exogenous MPO-0xMIF to CD74-transfected
HT29 cells (maroon) compared to mock-transfected (purple) and non-transfected HT29 cells (teal). H>O,-
MIF does not bind to HT29 cells. Binding was detected with monoclonal anti-MIF antibody (G), or with
ON104 (F). Data expressed as relative MFI values after normalizing to the MFI values of MPO-oxMIF
binding to CD74-transfected HT-29 detected with anti-MIF mAb and upon the subtraction of the MFI of
secondary antibody alone (mean of n = 3 independent experiments + SEM).

cell surface of both IFN-y-treated and non-treated cells via ON104 and monoclonal anti-MIF
antibody, respectively. Detection with monoclonal anti-MIF antibody also probes binding of H>O»-

MIF, as this antibody recognizes both MIF and oxMIF.
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As we cannot exclude that treatment with IFN-y upregulates other cell surface receptors
beyond CD74, we next introduced CD74 into the untreated HT29 cells by transient transfection
with plasmid encoding the full-length human CD74. While non-transfected and mock-transfected
HT29 cells did not significantly present CD74 on the cell surface, HT29 cells transfected with
CD74 demonstrated modest cell surface exposure of CD74 (around 31% of CD74 positive cells
from a population of total viable cells) 48 hrs post-transfection (Figure 8D). Intracellularly, CD74
showed a strong expression in non-transfected HT29 cells, and transfecting with CD74 cDNA
further increased CD74 levels (Figure 8E). We next assessed the binding of MPO-oxMIF and
H>O0>-MIF to the cell surface of CD74-transfected versus mock-transfected and non-transfected
HT29 cells, where the binding was detected with monoclonal anti-MIF antibody, a total MIF
binder, as mentioned above (Figure 8F), or with ON104 (Figure 8G). As evident from the Figure
4F-G, MPO-0oxMIF, but not H>O,-MIF, bound to HT29 cells. Binding of MPO-oxMIF was
stronger for CD74-transfected HT29 cells when compared to mock-transfected or to non-
transfected cells. The 21-26% increase in MPO-oxMIF binding to CD74-transfected cells mirrors
the cell surface exposure of CD74 in those cells (around 31% CD74-positive cells versus 9.8% in
mock-transfected cells, Figure 8D). In agreement with its function in assisting assembly and
subcellular trafficking of the MHCII complex,? only a modest percentage of CD74 was exposed
on the cell membrane of CD74-transfected HT29 (see Figure 8D). This prompted us to redesign
the cDNA of CD74 by removing most of its intracellular region to enable the enhanced cell surface
presentation. We next forced the expression of CD74 in the cell lines-HCT116 and ExpiCHO-S,
both of which provided much higher transfection efficiency than HT29. Removal of the CD74
intracellular domain resulted in remarkably high cell surface presentation of CD74 in both cell

lines (Figure 9A-B). Consistent with high membrane expression of CD74 in transfected cells, we

158



A CD74-transfected vs mock-transfected HCT116 B CD74-transfected vs mock-transfected ExpiCHO-S

) anti-CD74, CD74 transfected } anti-CD74, CD74 transfected
260 7 anti-CD74, mock transfected ] anti-CD74, mock transfected
300 =
200 = 1
- - 1 CD74 positive (99%
S 150+ . S 200 P (99%)
K CD74 positive (97%) S 1

T T T T Laa BESian s T T™T T
3 4 5 6 7 5
107 10 10° 10 100 10 100 10 10t 1 1® 1o
FL10-A :: PE Y_585-A FL10-A :: PE Y_585-A
c HCT116. Detection Ab: D HCT116. Detection Ab:  E HCT116. Detection Ab: F HCT116. Dete“'gm&
monoclonal anti-MIF ON104 monoclonal anti-MIF
N CD74 t fecti
CD74 transfection CD74 transfection CD74 transfection ransfection
1.00 050 1.00 050
©
©
o 75
§ 075 0.
£
s 050 0.25- 0.50 025~
2
3
€ 025 - 0.25
o0 ' ! 0007 ! T 000 ' " NaCIO-oxMIF MIF
MPO-oxMIF H,0,-MIF MPO-oxMIF H,0,-MIF NaCIO-oxMIF MIF aClo-ox
G ExpiCHO-S. Detection Ab: H  ExpiCHO-S. Detection Ab: I ExpiCHO-S. Detection Ab: ~ J  CXPiCHOS: Detec"‘g‘N‘:g;
monoclonal anti-MIF ON104 monoclonal anti-MIF
CD74 transfection CD74 transfection CD74 transfection CD74 transfection
1.00 050 1.00 050
g
©
P
£ o7 0.75
£
@ 050 0.25-] T 0.50 0.25+
K
€ g5
0.25 0.25
0.00 T =7 0.00- 0.00 T = 0.00-
MPO-oxMIF H;0,-MIF MPO-oxMIF H,0,-MIF NaClO-oxMIF MIF NaClO-oxMIF MIF

Figure 9. Additional assays to study the oxMIF-CD74 interaction on the surface of HCT116 and
ExpiCHO-S cells. (A, B) Membrane exposure of CD74 in CD74-transfected (blue) versus mock-
transfected (red) HCT116 cells (A) and ExpiCHO-S cells (B). Cells were stained with anti-CD74-PE
monoclonal antibody, clone LN2, or with isotype control mouse IgG1,k-PE (gray) , followed by staining
with fixable viability dye eFluor780. One representative FACS histogram from n=3 independent
experiments is shown for each cell line. (C-J) FACS analysis shows increased binding of exogenous MPO-
oxMIF (C, D, G, H) and NaClO-oxMIF (E, F, L, J) to CD74-transfected (maroon) compared to mock-
transfected (purple) HCT116 (C-F), and ExpiCHO-S (G-J) cells. In contrast, H,O,-MIF and MIF do not
bind to the cells (C-J). Data are expressed as relative MFI values after normalizing to the MFI values of
MPO-0xMIF and NaOCl-oxMIF binding to CD74-transfected HCT116 and ExpiCHO-S cells detected with
anti-MIF mAb and upon the subtraction of the MFI of secondary antibody alone (mean of n =3 independent
experiments + SEM).

observed a substantial increase in oxMIF binding to CD74-transfected HCT116 and ExpiCHO-S

cells compared to mock-transfected cells (Figure 9C-J). Remarkably, both MPO-oxMIF and
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NaOCl-oxMIF, evaluated head-to-head, demonstrated increased binding to CD74-transfected
versus mock-transfected HCT116 and ExpiCHO-S cells, while MIF showed no binding (Figure
9C-J). Together with the increased binding of MPO-oxMIF to IFN-y-stimulated HT29 cells
(Figure 8C), enhanced binding of oxMIF to two additional CD74-transfected cell lines versus
mock transfections points to CD74 as the oxMIF receptor in three distinct cases (HT29, HCT116
and ExpiCHO-S cells).

We also explored the expected interaction between endogenous oxMIF and CD74 in
human neutrophils isolated from healthy donors (Figure 10). To trigger the generation of oxMIF,
neutrophils were first stimulated with LPS in vitro, and the presence of oxMIF on the cell surface
was detected with the dye-labeled ON104 (ON104-AF488) (Figure 10A). After 18 hours of
incubation with LPS, a significant increase of oxMIF on the cell surface of neutrophils was

observed (Figure 10B).
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Figure 10. Endogenous oxMIF binding to CD74 on human neutrophils. (A) Representative FACS
histograms showing oxMIF presence on the cell surface of unstimulated (NS; gray) versus LPS-activated
(blue) neutrophils from a healthy donor. oxMIF levels were detected and quantified with ON104-AF488
and plotted in (B). Data are expressed as a mean = SEM of n = 5 individual donors and *p < 0.05. (C-E)
Representative FACS gating strategy used to analyze oxMIF and CD74 expression on stimulated human
neutrophils. After excluding doublets in FCS-A versus FSC-H plots, cell debris in SSC-A versus FSC-A
plot (C), and gating on viable (eFluor780 negative) cells (D), the human neutrophil population was
identified as CD66b(+) (E). One representative plot is shown of n = 3 individual donors performed with n
> 2 technical replicates.

Discussion
HOC!I-driven oxidative modifications promote the oxMIF conformation

Antibody binding studies demonstrate that oxidation of MIF by HOCI promotes a
conformation that is selectively bound by ON104, which was not observed for H,O>-MIF or redox-
neutral MIF. The specificity of ON104 for HOCl-oxidized MIF correlates well with its impressive
preclinical efficacy.!® Interestingly, the reduction potential of H>O; is higher than that of HOCI
(1.32 V vs 1.28 V, respectively), making it a stronger oxidant.!> However, HOCI acts much more
rapidly, oxidizing methionine one million-fold faster than H>O,.>? Due to this extreme difference,
cells appear to utilize HOCI as a defence mechanism requiring fast and non-selective protein
oxidation, and H,O», when a slow, but highly selective messenger molecule is needed for redox-
dependent signalling.!>333 The production of HOCI is a key innate immune defense against
invading pathogens™; however, its excessive production during chronic inflammation is strongly
linked to disease progression in conditions such as rheumatoid arthritis®® or atherosclerosis.®’ Since
MIF is a key mediator of acute systemic inflammation and autoimmune disorders, it will be found
in the same environment as that of HOCI, thus its oxidation via HOCI suggests a critical
mechanism to alter its biological and pathological activities.

Exposure of proteins to HOCI can result in a broad spectrum of possible modifications at
the peptide level, such as the oxidation of Cys, Met, Trp, or Phe residues, chlorination of Tyr and

His residues, and formation of proline-imine.'>!6184!1 We investigated the prevalence of such
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modifications in MPO-oxMIF by intact mass and peptide mapping MS. Our prime interest was the
detection of oxidized cysteines, specifically Cys56, Cys59, and Cys80. It has been shown
previously that sulfhydryl-specific reagents react with Cys80 and trigger a conformational change
within the MIF trimer, making it recognizable to anti-oxMIF antibodies.!* Oxidoreductase motif-
related Cys56 and Cys59, which are within the ON104 epitope Es4PCALCso, were found as free
thiols, whereas Cys80 was suggested to act as a redox molecular switch, enabling transition of
MIF into oxMIF.!3 Cys80 was also shown to be a critical allosteric node that attenuated MIF redox
sensitivity when mutated.!?

In the present study, prior to digestion with AspN/LysC protease, MPO-oxMIF was treated
with an AccuMAP kit (Promega) under nonreducing conditions to preclude artificial nonenzymatic
posttranslational modifications (deamidation, disulfide bond scrambling, and oxidation) during
sample preparation. In MPO-0xMIF, Cys80 was surprisingly unmodified, while Cys56 and Cys59
were found as partially disulfide bonded. Nevertheless, nitrite (NO2") has been identified as an
additional substrate for MPO under physiological conditions, leading to the generation of nitrogen
dioxide radical (NO2¢).>® While NO,* is known to be highly unstable,>*° it is exceptionally potent
in catalyzing protein nitration/nitrosylation, resulting in nitrotyrosine formation and the S-
nitros(yl)ation of cysteines. Recent findings have demonstrated that MIF can undergo S-
nitros(yl)ation, with Cys80 being identified as the sole target.! However, we note that our analysis
here focused solely on the HOCI pathway and further investigations into S-nitros(yl)ation will be
considered in future studies. Given that the MIF crystal structure shows bond distances between
the sulfur atoms of Cys56 and Cys59 of ~10 A (measured in PyMoL), a substantial conformational
change is expected to take place upon oxidation, allowing the formation of a disulfide bond. The

localization of Cys56 at the beginning of an unstructured loop seems to facilitate this
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reorganization. Collectively, our findings suggest that the redox state of MIF cysteines represents
a reagent-specific signature of oxMIF. Though reports of the reactivity of HOCI toward
methionine side chains vary,!'®%? the more labile nature of methionine, relative to cysteine, informs
our data and previous kinetic studies with this oxidant.

In contrast to cysteines, all three methionines within the MIF monomer (Met2, Met47, and
Met101), were found to be oxidized to methionine sulfoxide in various amounts, with negligible
methionine sulfone observed. The Met residues are located at the interface of two adjacent MIF
subunits and are generally solvent-exposed. The presence of Phe3, Phe49, and Tyr99 adjacent to
Met2, Metd7, and Metl01, respectively, could also indicate that these pairs form S-aromatic
interactions, which are known to diminish the propensity of sulfur atoms to oxidize when the
distance between the sulfur and the center of an aromatic ring is within 7 A.®> Measurement of
these distances in PDB: 1MIF with PyMoL revealed that such interaction is indeed possible for
the Met101 — Tyr99 pair. Met47 and Phe49 appear too far in this crystal structure (~8 A), but the
possibility of S-aromatic contact cannot be completely excluded, as they are both located within a
flexible loop. The same applies to Cys80 — Trp108, where Trp108 is positioned within the loop of
the adjacent subunit. Cys56 — Phe49 and Cys59 — Phe3 (Phe3 from the adjacent subunit) also
represent candidate pairs for S-aromatic interaction. The involvement of MIF methionine and
cysteine residues in S-aromatic interactions could explain why we observed substantial, but not
complete, oxidation of methionines, and a very limited oxidation of cysteines. However, this point
is merely speculative since the orientations of amino acid side chains in a crystal structure do not
fully reflect solution dynamics.

The hydrophilicity of an oxidized methionine side chain is higher than that of a reduced

methionine, and oxidized methionines have long been known to introduce substantial changes to
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protein tertiary and quaternary structures, protein stability, hydrogen bonding, and lead to extreme
events such as unfolding or aggregation.®3-%¢ Therefore, the oxidized methionines in MPO-oxMIF
contribute to the conformational changes needed to expose the EssPCALCso epitope in the solvent
channel to allow binding of ON104. A mutation-induced loosening of the MIF trimer, resulting in
a more flexible structure with lower thermodynamic stability, has been observed by NMR and
circular dichroism, respectively.?* This likely explains the difficulty in crystallographically
capturing such a lowly-populated MIF conformer, or for that matter, any MIF-protein complex.
We also draw an analogy to so-called guardian methionines described for E. coli-
originating glutamine synthetase and other systems, such as recombinant human stem cell factor,
interferon alpha-2b, tissue plasminogen activator, keratinocyte growth factor, alpha-2-
macroglobulin, and calmodulin.®’” In these examples, solvent-exposed methionines are
strategically positioned around the entry to the enzyme active sites, where they serve as a front-
line protection against events such as ROS-mediated protein oxidation. As they readily oxidize,
the guardian methionines absorb the otherwise inevitable oxidation of the crucial residues in or
around the active site, thereby preventing oxidation-dependent deactivation and/or destruction. We
can envision such a mechanism being applicable to MIF, where under inflammatory conditions
MIF undergoes its transition to oxMIF. Peptide mapping of MPO-oxMIF shows Met2, Met47, and
Metl01 are oxidized, while Prol and Tyr99, which are directly or allosterically involved in
tautomerase enzymatic activity and/or receptor binding, remained almost completely
unmodified®!221-23:4144 (Figures 4-5 and Tables 1, 4). NMR studies of MPO-0xMIF also show
substantial flexibility in regions surrounding Prol-Met2 (N-terminus), Tyr98/99-Metl101
(allosteric solvent channel), and the C-terminus (Figure 7D-E). Contrary to our findings, others

have reported a substantial modification of Prol when MIF is treated with 5x molar excess of
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HOCI, either added as household bleach or generated by the MPO system.*! Furthermore, an
almost complete loss of tautomerase activity in MIF samples exposed to 5x or higher molar excess
of HOCI was observed. We encountered only mild (~10%) attenuation of tautomerase activity for
MIF oxidized with 5x molar excess of NaOCI and no effect with H>O, alone (Figure 11). The
very low amount of Prol-imine detected in our MPO-oxMIF samples is consistent with its
essentially intact tautomerase function.

The oxidative modifications to the MIF structure described here are driven by HOCI and
contribute to the conformational plasticity of oxMIF that facilitates its selective binding to ON104,
and further, to CD74 as discussed below. However, in a cellular environment, many other post-
translational modifications are possible and have been characterized for MIF (Schindler et al., 2018),
such as Prol carbamylation,*®® Cys59 cysteinylation,®® Cys80 S-nitrosylation,®"-’® Ser90
phosphorylation,®-"!  S-glycosylation at Serlll and/or Thr112,* and glycation.”” These

modifications hold biological significance for MIF, with many resulting in altered function,” and
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Figure 11. MIF tautomerase assay after treatment with H>O; alone or with the MPO system. The
ability of MIF to convert the orange-colored L-dopachrome methylester into a transparent solution served
as a readout for its tautomerase activity. An approximate 10% drop in the enzymatic activity was observed
when MIF was treated with 25 nM MPO and 5x molar excess of H>O, (blue) and continuously decreased
as rising concentrations of the MPO system components were added. Tautomerase activity remained intact
when MIF was treated only with H,O» (purple). Biological samples n = 3, technical replicates n> 1. Relative
enzyme activity reported as mean + SEM
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may be additional avenues for modulating MIF via environmental factors. In addition to the
modifications characterized in this study, those that have been shown to occur in the extracellular
space (i.e. carbamylation and glycation), where interactions with CD74 take place and oxMIF is

targeted, could be factors that alter antibody and receptor binding.

MPO-oxMIF interacts with CD74 ECD

Many reports detail MIF interacting with its cognate receptor.?!-23:31:43.4474-76 Qur SPR
experiments investigating whether MPO-driven oxidation of MIF interferes with CD74 binding
showed, surprisingly, that recombinant CD74 ECD (aa 73-232) did not interact with H,O»-MIF
and MIF, but bound MPO-0xMIF with a Kp of 11.8 £+ 3.7 nM. This value agrees with a Kp of 9
nM for MIF and CD74 ECD determined in a similar SPR experiment.>! An even higher affinity
(Kp of 2 nM) was reported when MIF was used as a ligand and CD74 ECD as an analyte. We have
demonstrated that HO>-MIF used in this study behaves as a redox-neutral MIF and did not observe
any interaction between CD74 ECD and MIF/H,O>-MIF analyte, nor for any experiment using
MPO-0xMIF as a ligand and CD74 ECD as an analyte.

We considered several explanations as to why our SPR data differ from those reported in
prior work. It should be noted that redox-sensitive proteins can be complex and such systems
reconstituted in vitro are prone to interference. Such a caveat also applies to cell-based assays,
which may be especially complex in co-culture settings, where secreted reactive oxygen or
nitrogen species, or differing enzyme activities, can contribute to the unique oxidative
environment. Recombinant human MIF used in previously published SPR experiments was
purified under denaturing conditions with 60% acetonitrile/water.”” Although MIF was then
refolded, it is worth noting that effects of 40% (w/v) acetonitrile on protein secondary structure

may include aggregation, conformational changes, and an increase in helical content.”® However,
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circular dichroism studies of refolded recombinant human MIF revealed an a-helical content of
only 15%,”” a lower-than-expected percentage that might be a consequence of elution conditions
during sample preparation. Indeed, the predicted a-helical content of MIF (UniProt P14171)
calculated by JPred4” is 26%, and that extracted from the PDB:1MIF crystal structure is 36%.
Thus, the MIF protein preparation itself may have contained some population of structurally
altered MIF resulting from purification or refolding procedures.

Earlier preparations of refolded MIF were inspected by laser desorption MS.”” As this
technique would not resolve mass differences of 16 Da, it is thus not possible to unambiguously
conclude if the refolded protein was oxidized or not. Further, we have observed that adsorption of
MIF on a solid surface, such as an ELISA plate, results in conformational change(s) resembling
oxMIF, as surface-attached MIF can be detected by ON104 antibody. This may explain strong
binding between surface-adsorbed MIF and CD74 analyte.! Further, the Kp measured for MPO-
oxMIF binding to CD74 ECD matches that published for MIF, leading us to believe that the latter
interaction originates from a structurally altered MIF, representing a minor population of the total
MIF sample. We therefore expect this Kp value to be even lower, as 1) more than one CD74
molecule may be interacting with one MIF trimer,* and 2) not all MIF is necessarily converted
into oxMIF upon MPO-treatment.

In our cell-based assays, we showed the binding of exogenous MPO-oxMIF to CD74-
expressing IFN-y-treated HT29 cells. Moreover, the binding of MPO-oxMIF to HT29 cells which
were transfected with CD74 was higher than to mock-transfected and non-transfected cells. In
agreement with the main role of CD74 as a chaperone of MHC class II Da and Df chains, only a
small proportion of CD74 can be found on the cell surface independent of the MHC class II

complex. Others have attempted to establish human CD74-overexpressing melanoma cells by
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transfecting them with CD74-expressing plasmids.®® Although those transfections showed
overexpression of CD74 mRNA and protein, they did not show upregulation of cell surface CD74
levels, and the only way of delivering CD74 to the cell surface was stimulation with IFN-y. We
were able to detect an increase in cell surface CD74 by transfecting HT29 cells with CD74-
encoding plasmid (Figure 8D), although consistent with prior work,*° the cell surface expression
of CD74 was still very modest, possibly due to the limited transfectability of HT29. We therefore
engineered the cDNA of CD74 by removing most of its intracellular region and expressed it in the
two additional cell lines that allow high efficiency transfections: HCT116 and ExpiCHO-S. In a
good agreement with prior work,?! removal of the CD74 intracellular domain resulted in a very
high cell surface presentation of CD74 in transfected HCT116 and ExpiCHO-S cells (Fig 9A, B).
This enhanced cell membrane expression of CD74 translated into a notable increase in oxMIF
binding to CD74-transfected HCT116 and ExpiCHO-S compared to mock transfected cells
(Figure 9C-J).

Furthermore, we also detected oxMIF on the cell surface of activated neutrophils. Hence,
our data indicate that in activated neutrophils, IFN-y-treated HT29 cells, and CD74-transfected
HT29, HCT116 and ExpiCHO-S cells CD74 acts as a receptor for oxMIF. However, binding of
MPO-oxMIF to untreated, mock-transfected, or non-transfected cells that do not express CD74
was also observed and suggests that receptors other than CD74 might also be involved in the
interaction. One plausible candidate could be CD44, a known signalling component of the CD74-
MIF receptor complex.’! CD44 was strongly expressed on the surface of HT29 cells independently
of IFN-y treatment (Figure 8B), and it is also reported to be expressed by neutrophils and many
other cell lines and primary cells.®? Further efforts are warranted to validate the role of CD44 as a

possible oxMIF (co)-receptor.
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In summary, our data demonstrate that MPO-oxMIF, but not redox-neutral (untreated) MIF
and H>O>-MIF, interacts with anti-oxMIF antibody ON104 and CD74 ECD. We show that
oxidation of methionines impacts the conformation of the MIF trimer in subtle ways, as each of
these residues is positioned at the interface of the MIF subunits. When oxidized, heightened
flexibility in these regions may loosen the compact MIF structure, enabling access of oxMIF-
specific antibodies and interaction between the crucial residues of oxMIF and extracellular portion
of CD74. These studies further support the assumption that pathological activities of MIF are
mediated via oxMIF in a structure-dependent manner. This is plausible as MIF, which is
ubiquitously present even in healthy individuals unlike other inflammatory cytokines, could be
detrimental to human health if its reported inflammation- or cancer-promoting properties were not
subject to further regulation. Microenvironments with high MPO activity and HOCI concentrations
that could favor the generation of oxMIF are an integral part of inflammatory processes. Despite
the fact that many cytokines possess small and unremarkable structures, their functional diversity
is widely noted. Such observations implicate structural plasticity as a critical determinant for the

capacity of cytokines to bind with different partners and thus exert unique biological effects.

Materials and Methods
Expression and purification of recombinant human MIF

Expression and purification procedures tightly followed those described by Rossmueller

and Mirkina.%?

Human neutrophil isolation and cell culture
Human neutrophils were isolated from anticoagulated whole blood obtained from eleven

(11) healthy volunteers (local RedCross Vienna, Austria) using an immunomagnetic-based
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approach. The isolation procedure was performed using the EasySep™ Direct Human Neutrophil
Isolation Kit (STEMCELL Technologies, Canada) according to manufacturer’s protocol. Purified
neutrophils were washed in Hank’s Balanced Salt Solution (HBSS without Ca?" and Mg?*, Gibco,
US), counted and plated in a U-shaped 96-well plate at a density of 0.25x10° cells per well in
RPMI medium 1640 Glutamax™ containing 5% FBS (Gibco, US) and 1% PS (Gibco, US). Cells
were then incubated for 18 hours with a mixture of phorbol myristate acetate (PMA) and
ionomycin at final concentrations of 1 ng/mL and 0.5 pg/mL, respectively (both Sigma Aldrich,
catalog # P8139 and 10634), or with lipopolysaccharide (LPS) at a final concentration of 1 pg/mL
(Sigma Aldrich, catalog # L5293, serotype O111:B4). After stimulation, the cell culture medium
was collected and stored at -80 °C for subsequent oxMIF and total MIF ELISA analysis, and for

MPO activity analysis.

ELISA for detection of MIF and oxMIF in supernatants of stimulated neutrophils

A monoclonal anti-oxMIF antibody with an increased affinity for oxMIF (property of
OncoOne R&D GmbH, deriving from BaxA10) was used to determine both total MIF and oxMIF
levels in supernatants. To detect total MIF, it was converted to oxMIF by ProClin300 (Sigma-
Aldrich, catalog # 48912-U), a known MIF oxidant.!* The minimum amount of ProClin300
required to convert MIF into its “oxidized-like” conformation was determined by ELISA with MIF
samples treated with 0.5%, 1%, and 2% ProClin300. Binding of a BaxA10-derived monoclonal
anti-oxMIF antibody did not improve with ProClin300 concentrations greater than 0.5%
(Appendix Figure 1). Intact mass analysis further confirmed a +115.1 Da addition of the
ProClin300 methylisothiazoline moiety to 43.3 £+ 4.6 % of MIF subunits (Appendix Figure 1),

which appears sufficient for its transition to an oxidized-like conformation.
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For oxMIF ELISAs, an in-house anti-oxMIF capture antibody was diluted to a
concentration of 2 pg/mL in 1x DPBS and added to each well of a 96-well MaxiSorp plate (Thermo
Scientific, catalog # 442404) for 1 hour at room temperature (RT) with constant shaking. Wells
were then blocked with 250 pl/well of 2% (w/v) fish gelatine (FG) in 1x TBST (50 mM Tris, 150
mM NaCl, 0.1% Tween20 (v/v), pH 7.5; 2% FG/TBST) at 4 °C, overnight. On the next day, the
supernatants were diluted 1:2 in 2% FG/TBST for oxMIF detection, and in 2% FG/TBST
containing 0.5% ProClin300 for total MIF detection. A standard sample consisting of 30 ng/mL
ProClin300-treated recombinant human MIF was also used. After washing steps, 100 pl of the
supernatants and standard were serially diluted in 2% FG/TBST, with or without 0.5% ProClin300,
and applied to 96 well-plate and incubated for 1.5 hours at RT with continuous shaking. After
second round of washing, 100 pl/well of polyclonal rabbit anti-MIF antibody (property of
OncoOne R&D GmbH) was diluted to 1 pg/mL in 2% FG/TBST and added to the plate and
incubated for 1 hour at RT with continuous shaking. After a third round of washing, 100 pl/well
of goat anti-rabbit IgG-horseradish peroxidase (HRP, Thermo Scientific, catalog # A16110)
diluted 1:10.000 in 1x TBST was added and incubated for 1 hour at RT with continuous shaking.
The solution was discarded, and plates were washed and revealed by 100 pl/well of 1-Step™ Ultra
TMB-ELISA Substrate Solution (Thermo Scientific, catalog # 34029). The chromogenic reaction
was stopped by the addition of 50 ul/well of 30% (v/v) sulfuric acid (H2SO4). Absorbance was
measured at 450 and 650 nm using a Tecan Infinite M200 PRO microplate reader. OXMIF levels
were calculated by a linear regression curve fit in GraphPad Prism 9.0, where the choice of fitting
model (linear vs nonlinear regression) was performed by Akaike’s interpolation criterion (AICc).
The OD values recorded for supernatants treated with ProClin300 or untreated were then

interpolated and the concentrations of total MIF/oxMIF levels were extracted. Results are
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presented as mean (ng/mL) + SEM. Comparison between two groups was determined using the
two-tailed paired and non-parametric Wilcoxon test. Results were considered significant at a p
value lower than 0.05. For time-dependent expression of MIF in stimulated vs. unstimulated
neutrophils, a Shapiro-Wilk normality test, two-way repeated measures ANOVA, followed by a
Fisher's LSD test, were performed to identify significant differences between the groups. The

number of subjects is provided in the figure legends.

MPO activity analysis

Supernatants collected from isolated human neutrophils stimulated with a PMA/ionomycin
mixture (1 ng/mL and 0.5 pg/mL, respectively) were assessed for MPO activity using a
colorimetric myeloperoxidase activity assay (Abcam, catalog # ab105136) according to the
manufacturer’s protocol. MPO activity in the test samples was calculated as follows: MPO activity
= B*AT*V*sample dilution factor, where B is the nanomolar concentration of TNB calculated
from the AA412um, T is the time of the first incubation (in min), and V is the pre-adjusted sample
volume (in ml) added into the reaction well. AAsi2nm is calculated as a difference between the
absorbance of a background reference and the absorbance of a sample. Data are expressed as
mU/umol where one unit (U) is the amount of MPO that hydrolyzes the substrate and generates
taurine chloramine to consume 1.0 umol of TNB per minute at 25 °C. The data derives from seven

healthy human donors (n=7).

Oxidation of recombinant human MIF in vitro
The protocol for in vitro oxidation of recombinant human MIF followed a prior report.*!
In brief, MIF was oxidized with recombinant human myeloperoxidase (MPO, Planta Vienna),

hypochlorous acid (NaOCl, 10% aqueous solution, technical grade, PanReac AppliChem), and

172



hydrogen peroxide (H202, 30% aqueous solution, Perhydrol™ for analysis EMSURE ISO,
Supelco, Merck). Enzymatic oxidation of MIF was performed in 50 mM phosphate buffer at pH
7.2, supplemented with 140 mM NaCl. H,O, was added at 5x molar excess in respect to the
concentration of MIF trimer. Unless stated otherwise, MPO was used at 1/20 of the MIF trimer
concentration, which resulted in 50 nM MPO. Chemical oxidation was performed in 1x DPBS,
where MIF was incubated with either 5x molar excess of H2O2 or NaOCI in respect to the
concentration of MIF trimer. All reactions were performed for 20 min at RT with 1400 rpm of
shaking. L-Methionine was then added to the mixtures at a final concentration of I mM to scavenge

residual hypochlorous acid. Oxidized samples were freshly prepared for each experiment.

ELISA for testing specificity of ON104 anti-oxMIF antibody toward MPO- and NaOCl-oxidized
MIF

96 well MaxiSorp plates were coated with 100 pl/well of ON104 and rabbit polyclonal
anti-MIF antibody (both property of OncoOne R&D GmbH) at 2 ug/mL in 1x DPBS and the plates
were gently shaken for 1 hour at RT. Antibodies were discarded and plates were blocked with 250
ul/well of 2% FG/TBST and gently shaken overnight at 4 °C. The blocking solution was discarded
the next day, the plates were washed 4 times with 1x TBST, and MIF samples (non-treated MIF
and MIF oxidized as described above) were added to the plates. Serial 1:3 dilutions of samples
were done in 2% FG/TBST, with a starting concentration of 10 pg/mL, and 100 pl/well of sample
was incubated with coated antibodies for 1.5 hours at RT with gentle shaking. Along with MIF
samples, MPO, H,0O, and NaOClI in reaction mixtures where MIF was substituted with equal
volume of 1x DPBS were used as controls. The samples were then discarded, the plates were
washed 4 times with 1x TBST, and 4 pg/mL of biotinylated polyclonal rabbit anti-MIF antibody

(property of OncoOne R&D GmbH) in 2% FG/TBST was applied at 100 pl/well and incubated
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for 1 hour at RT with gentle shaking. The antibody was then discarded, the plates were washed 4
times with 1x TBST, and 100 pl/well of Pierce™ Streptavidin Poly-HRP (Thermo Scientific,
catalog # 21140) was applied at 1:10.000 dilution in 1x TBST and incubated for 1 hour at RT with
gentle shaking. The solution was discarded, the plates were washed 4 times with 1x TBST, and
100 pl/well of 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo Scientific, catalog #
34029) was applied. The reaction was stopped after ~ 2 min by addition of 30% (v/v) H2SO4 at 50
ul/well. Absorbance was measured at 450 nm and 650 nm on a Tecan plate reader and for the final
representation of the OD values, a difference between OD450nm and OD650nm was calculated.
Biotinylation of polyclonal rabbit anti-MIF antibody was performed in advance, using the EZ-Link
Sulfo NHS-LC-LC-Biotin kit (Thermo Scientific, catalog # A35358), according to the

manufacturer’s protocol.

Surface plasmon resonance (SPR)

SPR was conducted at NBS-C BioScience & Consulting GmbH, in Vienna, Austria. To
determine the specificity of ON104 anti-oxMIF antibody toward MPO-oxMIF and to examine the
interaction between CD74 ECD and H;O,-MIF/MPO-oxMIF, ON104 and CD74 were
immobilized on Biacore CMS5 sensor chips (Cytiva) ID 010623/Lot # 10331615 and ID
101022/Lot # 10308836, respectively. The extracellular domain of CHO-derived human CD74
protein, covering residues GIn73-Met232, with an N-terminal HA (YPYDVPDYA) tag (R&D
Systems, catalog # 3590-CD-050, Lot # THY1122031) was used. Coupling was performed with
the Biacore amine coupling kit (Cytiva, catalog # BR100050), which included NHS and EDC
cross-linkers, according to the manufacturer’s protocol. In the ON104 — oxMIF binding
experiment, coupling of ON104 resulted in a density of 3947 response units (RU) on the flow cell

FC3, and in the CD74 ECD — oxMIF binding experiment, coupling of CD74 ECD resulted in a
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density of 4259 RU on the FC3. FC1 was used only to react with HBS-EP running buffer (catalog
# BR100188). Reaction mixtures containing redox-neutral MIF (untreated MIF in 1xPBS), MIF
treated with H,O» in the absence of MPO (H20,-MIF), MPO-0xMIF, or MPO alone were used as
analytes. MPO-oxMIF was prepared as described above, with the final MPO concentration at 25
nM. Each analyte (100 ul) was applied to the ligand-coated chip at a flow rate of 30 pl/min for 3
min, using a Biacore™ 3000 Instrument (Cytiva). The dissociation time was 300 s and was
followed by a 3 min regeneration with 100 pl of 10 mM HCI. Equimolar concentrations of H2O»-
MIF and MPO-oxMIF (202 nM) as analytes were used for a qualitative pilot experiment to assess
ON104 binding. Equimolar concentrations of H>O>-MIF and MPO-oxMIF (100 nM) as analytes
were used for a qualitative pilot experiment to assess CD74 ECD binding. Further, a concentration
series was prepared for kinetic binding analysis of MIF/H20,-MIF/MPO-oxMIF to ON104 and
CD74, respectively. Analyte concentrations of 222, 110, 55 nM MPO-oxMIF and 222, 110 nM
H>0,-MIF were flown over covalently coupled ON104. The CD74 ECD-coupled chip was
incubated with 200, 100, 50, and 25 nM MPO-oxMIF, 1332, 666, 333, 167, 84 and 42 nM redox-
neutral MIF, and various combinations of the MPO system components as additional controls.
Double referencing of the obtained sensorgrams included subtraction of the background signal
originating from the amine activated surface and running buffer. To obtain binding parameters for
the interactions, background-corrected sensorgrams were analyzed by local simultaneous
association/disassociation fitting, using the 1:1 Langmuir model with mass transport limitation
corrections in BiaEvaluation 4.1 and Biacore T200 software (Cytiva). The obtained values are

represented as a mean + SD of the calculated equilibrium constant (Kp), in nM units.

Peptide mapping mass spectrometry
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MPO-oxMIF, H>0,-MIF and MIF were subjected to peptide mapping MS. 1 mg/mL of
MPO-0oxMIF was oxidized with the MPO system containing 50 nM MPO, 140 mM NacCl and 5x
molar excess of H2O», as described above. 1 mg/mL of H>O.-MIF was prepared in the same
mixture as MPO-oxMIF, with the exception that MPO was substituted with an equal volume of 1x
DPBS. MIF in 1x DPBS was diluted to 1 mg/mL in the same buffer. All samples were incubated
at room temperature for 20 min with shaking at 1400 rpm. Subsequently, 1 mM methionine (as a
final concentration) was added to the MPO-oxMIF and H,O,-MIF samples. Since detection of
disulfide bonds was also within the scope of this analysis, no reduction or alkylation of the samples
were performed.

Samples were denatured with a buffer containing guanidine hydrochloride under
nonreducing conditions. The procedure is described in the technical manual of ACCUMap Kit
(Promega, catalog # VA1050) under “Sample Preparation with guanidine HC1 Under Nonreducing
Conditions, point 4.A.”, with the main difference that the N-Ethylmaleimide (NEM) alkylation
was not performed, and that the acetone precipitation was introduced. In brief, the samples were
denatured with AccuMAP™ Denaturing Solution (containing GuHCI) and diluted in water (1:5
v/v) prior to protein precipitation with acetone (4:1 v/v). Predigest of the samples was performed
with an AccuMAP™ Low pH Resistant rLys-C for 1 hr at 37 °C in the AccuMAP™ Low pH
Reaction Buffer, in a sample:enzyme ratio of 1:10. The final digest was then performed with
another addition of rLys-C (sample:enzyme ratio of 1:9) and AspN (Promega, catalog # V162A)
in a sample:enzyme ratio of 1:60. Samples were digested for 3 hours at 37°C.

Approximately 0.5 ug of treated sample was then injected onto an LC-MS nanoEase C18
column (nanoEase M/Z HSS T3 Column, 100 A, 1.8 pm, 300 pm X 150 mm, Waters) using 0.1%

formic acid as the aqueous solvent. Within the first 50 min, a gradient from 1% - 40% B (B: 80%
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acetonitrile, 0.1% formic acid) was applied and was then followed by a 10 min gradient from 40%
- 95% B at a flow rate of 6 ul/min. The latter gradient facilitated the elution of large peptides.
Detection was performed with an Orbitap MS (Exploris 480, Thermo) equipped with the standard
H-ESI source in positive ion, DDA mode (switching to MS/MS mode for eluting peaks). MS-scans
were recorded in the range of 350 - 1200 Da, and the 20 highest peaks were selected for
fragmentation. Instrument calibration was performed using Pierce FlexMix Calibration Solution
(Thermo Scientific, cat. nr. A39239). Results were analyzed using PEAKS (Bioinformatics
Solutions Inc.). Manual analysis was performed with Freestyle (Thermo Scientific). Quantitation
and percent oxidation were calculated with Skyline,3* where EIC areas of identified peptide on the

MSI level were compared (more than one charge state summed up, 4 isotopic peaks).

Intact mass analysis

MPO-0xMIF, H,0>-MIF, and MIF were analyzed for their intact mass. Preparation of the
samples is described under peptide mapping. 2 - 10 pg of respective protein solution was directly
injected into a LC-ESI-MS system (LC: Agilent 1290 Infinity II UPLC), respectively. A gradient
from 15% to 80% acetonitrile in 0.1 % formic acid at a flow rate of 400 uL/min was applied over
15 min time frame, using a Waters BioResolve column, 2.1 x 5 mm. Detection was performed
with a LC-TOF instrument (Agilent Technologies 6230 B) equipped with the Jetstream ESI source
in positive ion, MS mode (range: 100 - 3200 Da). Instrument calibration was performed using ESI
calibration mixture (Agilent Technologies, catalog # G1969-85000). Data was processed using
MassHunter BioConfirm B.08.00 (Agilent) and the spectrum was deconvoluted by MaxEnt

(MaxEnt Solutions, Ltd).

Nuclear magnetic resonance (NMR) spectroscopy
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5N-labeled samples of MIF for NMR studies were expressed in M9 minimal media
containing MEM vitamins, MgSQs, and CaCl,, and supplemented with SNH4Cl (Cambridge
Isotopes Laboratories) and '>C¢H120s as the sole nitrogen and carbon sources, respectively. BL-
21 (DE3) cells were grown to an ODsoo of 0.8 — 0.9, induced with 1 mM IPTG, and incubated for
16-18 hours at 20°C. Cells were then harvested by centrifugation and purified as described
previously.!'? Briefly, cells were resuspended in 20 mM Tris-HCI, 20 mM NaCl, and 1 mM EDTA
at pH 7.4, lysed by ultrasonication, and clarified by centrifugation. The supernatant was purified
with a 120 ml Macro-Prep High Q column (BioRad) pre-equilibrated with the lysis buffer, where
MIF was eluted in the flow-through. MIF was further purified on a HiLoad 26/600 Superdex 200
size exclusion column (GE Healthcare) with lysis buffer. MIF samples were then dialyzed into a
buffer containing 40 mM sodium phosphate, 50 mM sodium chloride, and 7.5% D-O at pH 7.0.
Samples of HOCl-treated MIF via the MPO system were prepared by combining 65.7 uM MIF
with 3.28 uM MPO and 328.5 pM H>0O». For comparison, untreated MIF was prepared as described
above without the addition of H>O». The pH of NMR samples was monitored after the addition of
MPO and/or H>O> to ensure that the samples remained at pH 7.0. NMR experiments were
performed on a Bruker Avance NEO 600 MHz spectrometer at 30°C. 'H-'SN HSQC were collected
with the 'H and >N carriers set to the water resonance and 120 ppm, respectively. NMR data were

processed using NMRPipe?® and analyzed in NMRFAM-SPARKY %

FACS analysis of oxMIF, CD74 and CD44 expression

To induce the expression of endogenous CD74 on the cell surface, HT29 human colon
carcinoma cells (RRID:CVCL_0320) were treated with IFN-y (500 U/ml, PeproTech, catalog #
300-02) for 24 hours, or left untreated in tissue culture flasks. The next day, cells were dislodged

from flasks by trypsinization, counted, and seeded at 2x10° cells/well, in 50 ul of growth
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medium/well (McCoy's 5a Medium Modified +10% FBS) in a U-bottom 96-well plate. MPO-
oxMIF was generated as described above, and H>O»-MIF (in the absence of MPO) was used as a
negative control. A total of 50 ul of MPO-0xMIF (or negative control) was added to 50 ul of cell
suspension in a 96-well plate. After incubating at 37°C for 30 min, cells were pelleted by
centrifugation, washed with FACS staining buffer (SB, composed of PBS + 5% FBS), and
resuspended in 100 pul of ON104, rabbit monoclonal anti-MIF antibody (property of OncoOne
R&D GmbH) and isotype control (all antibodies at 70 nM). After incubation for 40 min on ice,
cells were pelleted by centrifugation and, after washing with FACS SB, incubated with goat anti-
human IgG-AF488 (H+L specific, Thermo Fisher Scientific) for detection of ON104 and isotype
control, and goat anti-rabbit IgG-AF488 (H+L specific, Thermo Fisher Scientific) for detection of
rabbit monoclonal anti-MIF antibody. In separate dedicated wells, cells were stained with 3 pl of
the anti-human CD74-PE (clone LN2, BioLegend), anti-human CD44-PE-Cy5 (clone IM7,
BioLegend), or their isotype controls (PE-labeled mouse IgG1.k, or PE-Cy5-labeled rat IgG2b, k,
respectively), for 40 min on ice. After washing, cells were stained with eFluor780 viability dye
(eBioscience), and washed and resuspended in FACS SB.

Alternative to the induction of endogenous CD74 on the cell surface by stimulation with IFN-y,
HT29 cells were transiently transfected with pPCMV6-AC plasmid DNA encoding the full-length
human CD74 transcript variant 2, accession number NP_004346.1 (Origene, catalog # SC319602),
or with mock plasmid CAG/HaloTag®-HiBiT/BlastR (Promega, catalog # CS1956B17) encoding
the intracellular HiBiT-tagged HaloTag® protein by using Lipofectamine 3000 reagent (Thermo
Fisher Scientific, catalog # 11668027) according to manufacturer’s protocol. Briefly, cells were
seeded into 75 cm? tissue culture flasks at 3.5x10° cells per flask in 15 ml of growth medium

(without antibiotics) and allowed to adhere overnight. On the following day, in each flask cells
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were transfected with 25 pug of plasmid DNA, 50 pl of P3000 reagent, and 68 pl of Lipofectamine
3000, using OPTI-MEM Reduced Serum Medium (Thermo Fisher Scientific, catalog # 31985062)
for diluting Lipofectamine 3000 and DNA plus P3000 reagent before complexing. 48 hours post-
transfection, cells were dislodged by trypsinization, counted, and binding of MPO-oxMIF and
H>0>-MIF to CD74-transfected versus mock- and non-transfected cells was studied as described
above. In separate dedicated wells, cells were assessed for the expression of CD74. Cell surface
staining with anti-human CD74-PE (clone LN2, BioLegend) and isotype control (mouse 1gG1,k-
PE) followed by the staining with eFluor780 viability dye was performed as described above. Next,
to assess the total (cell surface + intracellular) expression of CD74, after the cell surface expression
of CD74 was measured, the left cells were fixed with IC fixation buffer (eBioscience) for 15 min,
washed with PBS, permeabilized by incubation for 10 min with ice-cold methanol, and stained
with anti-human CD74-PE, or isotype control.

LPS-activated neutrophils isolated from 3-5 healthy donors were washed in SB,
centrifuged at 300x g for 10 min, and stained with viability dye (1:1000; FVD-eFluor780,
eBioscience) for 15 min at RT. Cells were washed and incubated for 40 min at 4 °C with a fixed
concentration of ON104-AF488 (20 nM) or its isotype IgG-AF488 (20 nM). After a washing step,
cells were incubated with a mix of conjugated antibodies anti-human CD66b-APC (clone 6/40c,
BioLegend) at 1:100, and anti-human CD74-PE (clone LN2, BioLegend) at 1:50 in SB, for 40 min
at 4 °C. Cells were then fixed with 100 pl of IC fixation buffer (eBioscience) for 10 min, washed
and resuspended in SB. Forward Scatter Height (FSC-H) vs. Area (FSC-A) as well as Side Scatter
Area (SSC-A) vs. FSC-A plots allowed the discrimination of singlet events and total cells
respectively. Cells were analyzed for FVD- eFluor780 signal and high events were excluded, as

they correspond to dead or dying cells. Neutrophil (CD66b+) subset was identified and oxMIF and
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CD74 expression was assessed. Statistical analysis was performed using paired and non-
parametric Wilcoxon t-test.

Data acquisition was performed on CytoFLEX S flow cytometer (Beckman Coulter, US)
and data were analyzed with FlowJo software (BD). Frequencies and geometric mean fluorescence
intensity values (geoMFI) for AF488 and PE channels were transferred into GraphPad Prism

software.
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Figure 1. Validation of 0.5% Proclin300-oxMIF as a standard for oxMIF ELISA. (A) The effect of
0.5%, 1% and 2% Proclin300 on MIF was tested by ELISA, where our anti-oxMIF antibody was used to
capture. No difference in binding was observed with greater than 0.5% Proclin300 applied to MIF,
suggesting that the conversion to oxidized-like MIF was complete. (B) No binding between Proclin300-
MIF and an isotype control capturing antibody was observed. At higher concentrations of Proclin300 in the
treated MIF samples, a contribution to the background signal was observed, however. Signals from (B)
were then subtracted from (A). After background correction (C), no differences to (A) were observed. In
all cases, no binding was observed for MIF. For each condition tested: biological samples n = 3, technical
replicates n > 2. (D) Intact mass MS analysis of MPO-oxMIF and 0.5% Proclin300-MIF. The MPO-oxMIF
sample was prepared with 5x H,O, within the MPO system. Total oxidation of MPO-oxMIF was defined
as an addition of at least 3 oxygen atoms (+ 3x 15.99 Da) per MIF subunit, where 1 subunit contains 3
methionines. The MS signal intensities of 3x (or more) oxidized MPO-0oxMIF sum to 36.4 + 4.4%. In the
Proclin300-MIF sample, the attachment of Proclin300 component methylisothiazoline (MIT, MW = 115.1
Da), was observed for 43.4 + 4.6% of MS signal intensities. The extracted percentages for both samples
suggest that oxidation or modification of one-third of MIF subunits is sufficient for its transition to oxidized
(or oxidized-like) conformation and that the levels of oxidation between the two samples were comparable.
MPO-0oxMIF: biological samples n = 5, technical replicates n = 1; Proclin300-oxMIF: biological samples
n = 3, technical replicates n = 1 per biological sample. Relative amount reported as mean + SD.
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CHAPTER SIX

Discussion
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Studies of the Allosteric Regulation of MIF

Macrophage Migration Inhibitory Factor (MIF) is a ubiquitous and multifunctional human
protein with pro-inflammatory and enzymatic activities.! Given its compact structure, the
mechanistic principles that facilitate its non-overlapping functions remain elusive. Further, MIF is
implicated in a broad range of diseases marked by chronic inflammation, including arthritis,?

sepsis,>* cancers,’!? and neurodegeneration,!!"!3

positioning MIF as a compelling target for the
development of therapeutics that selectively target its disease state structures. However, the role
that MIF plays in these diseases, and the impacts of disease pathophysiology to the structure and
function of MIF, are not well understood, necessitating the elucidation and characterization of the
structure-function axis of MIF under healthy and disease-linked conditions to inform drug
discovery efforts.

Allostery, a regulatory process that functionally couples distant sites within a protein,'®!®
has emerged as a key determinant of the underlying mechanisms of MIF biochemistry. This thesis
has undertaken foundational studies of the allosteric regulation of MIF, including identification of
allosteric residues and networks that control its enzymatic and signaling functions,!®** and the
impacts of pro-inflammatory stimuli on the biophysical properties and biomolecular interactions
of MIF.2!22 The sensitivity of solution NMR spectroscopy is leveraged to visualize MIF structure
and dynamics with atomic resolution that are critical for the propagation of long-range allosteric
communication, including lowly-populated conformations and multi-timescale motions that are
not captured in static crystal structures and had not yet been explored in the MIF field.?*® The
biophysical insights provided by NMR studies of MIF in this dissertation, coupled with additional

synergistic techniques such as MD simulations, SPR, X-ray crystallography, and mass

spectrometry, and in conjunction with enzymatic and pro-inflammatory assays that demonstrate
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the functional effects of allostery, have contributed important findings to the understanding of the
allosteric regulation of MIF function by elucidating novel allosteric sites to target for translational

outcomes.

Key Findings and Future Directions

Chapters Two and Three provide foundational studies of MIF allostery through the
elucidation and characterization of allosteric pathways within the MIF structure and how
modulation of these pathways impacts function. Chapter Two identified an allosteric pathway
that controls MIF tautomerase function, comprised of the catalytic Prol, Met2, His62, and Tyr99."
When the allosteric pathway residues His62 and Tyr99 were mutated to alanine, phenylalanine,
and glycine, the enzymatic activity of MIF was altered, as expected for allosteric sites.
Interestingly, a correlation was observed between the size of the central solvent channel and altered
tautomerase activity. When mutated to phenylalanine, where the solvent channel opening is
decreased relative to WT MIF, an increase in tautomerase activity is observed. Conversely, when
the solvent channel opening is increased due to alanine and glycine residues, tautomerase activity
decreases. MD simulations of solvent channel water molecules explored this phenomenon, and
found that the Phe variants have a dense and highly ordered hydrogen bond network proximal to
residue 99 when compared to WT, while Ala and Gly mutants exhibited little-to-no water-
mediated hydrogen bonds proximal to residue 99. These data suggested that water molecules are
important for bridging His62 and Tyr99, and disruption of the hydrogen bond networks results in
a decoupling of communication between them, leading to decreased enzymatic activity. It also
established an important functional role for the central solvent channel of MIF. NMR studies
showed that mutation of His62 and Tyr99 caused structural changes to the other allosteric pathway

residues, providing atomic evidence of the allosteric coupling. Further, mutation of residues at
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Prol and Met2 caused structural perturbations at His62 and Try99, demonstrating the inherent
reciprocity of allosteric signaling. The NMR results also demonstrated an inverse correlation
between protein dynamics and function, where mutation of His62 and Tyr99 modulated the
dynamics of MIF, via line broadening, in a way that is inversely proportional to catalytic activity.
Intriguingly, Tyr99 was previously implicated in an allosteric pathway that control CD74
activation. Thus, this work identifies Tyr99 as an important allosteric node that links its
tautomerase and pro-inflammatory function, thus establishing a regulatory network that mediates
functional control.

Chapter Three delves further into the role of Tyr99 as a critical allosteric mediator in
MIF.2® Tyr99 was mutated to a cysteine (Y99C), where the sulfhydryl group is the same molecular
distance from the active site as Cy of Tyr99, but eliminates the -7 stacking of Tyr99 and His62.
Further, it was hypothesized that the cysteines would form inter-monomer disulfides within the
central solvent channel and provide insight into Tyr99 inter-subunit communication. To sterically
encourage disulfide formation, engineered heterotrimeric variants containing WT and Y99C
monomeric subunits (Y99C/WT mixed trimers) were studied alongside Y99C homotrimers. X-ray
and NMR analyses did not suggest the formation of disulfides; however, distinct differences were
observed structurally, dynamically, and functionally between the homo- and hetero-trimeric
assemblies. The Y99C variant resulted in structural perturbations at the allosteric pathway residues
described in Chapter Two and at the C-terminus, where CD74 receptor activation has been
mapped. YOOC/WT mixed trimers also showed perturbations in these regions, though to a lesser
extent that the respective homotrimers. Given the fewer structural perturbations observed and the
presence of WT monomers within the heterotrimers, it was postulated that YO9C/WT mixed

trimers would inhibit tautomerase activity to a lesser extent than Y99C homotrimer. However, the
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Y99C homotrimer only reduced tautomerase activity by 55%, while the YO9C/WT mixed trimers
exhibited a 77% reduction in catalytic activity. To rationalize these results, NMR spin relaxation
studies reveal that the YO9C/WT mixed trimers exhibit increased flexibility at critical regions of
the protein relative to WT and the Y99C homotrimer. Dynamics and subunit symmetry may
therefore be important factors in Tyr99-mediated allosteric communication.

Building on these foundational studies of MIF allostery, future work will expand the
molecular picture of the allosteric regulatory network that has emerged as a result of this work. In
addition to CD74 activation and tautomerase activity, MIF is also believed to be an oxidoreductase
and a nuclease.?’?® Mapping the allosteric pathways that regulate these enzymatic functions, and
characterizing if and how they intersect with the pathways already described, will provide a
comprehensive understanding of the allosteric regulation of MIF function and clarify how the MIF
structure toggles to accommodate its functions within a compact molecular space. These studies
should also be expanded to the binding interactions of MIF with its expansive interactome.?*-3> An
important direction of this work on the allosteric regulation of MIF is to also characterize the
spatial, temporal, and environmental conditions under which these allosteric pathways are
activated or deactivated. Therapeutics can then be intuitively designed to target the allosteric
network to yield tunable control.

Chapters Four and Five investigate the impacts of pro-inflammatory stimuli on the
biophysical properties and functions of MIF given its expression at sites of inflammation, which
are known to be oxidizing cellular environments due to increased levels of reactive oxygen species.
In Chapter Four, the properties of hydrogen peroxide-treated MIF are explored relative to redox-
neutral and reduced MIF.2! NMR studies revealed that MIF is structurally perturbed and becomes

increasingly dynamic under oxidizing conditions. Mass spectrometry found that Cys80, previously
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identified as a redox switch, is selectively modified under oxidizing conditions, where an increase
in cystine abundance is observed. This modification may be important for the conversion of MIF
to its oxidized conformation. Mutation of redox-sensitive residues that are modified (C80) or
highly dynamic (K66) under oxidizing conditions resulted in an attenuation in redox-dependent
structural changes. Further, mutation of K66 and C80 reduced tautomerase activity and CD74-
activated neutrophil recruitment in vivo. Thus, K66 and C80 are identified as latent allosteric sites,
revealed in this work under oxidizing conditions, that alter enzymatic function and CD74
activation. Further, they allosterically modulate the conformational landscape of MIF under
oxidizing conditions.

Chapter Five extends the studies of biologically-relevant oxidants and their impacts on
MIF to hypochlorous acid (HOCI).?> HOCI, generated by neutrophil-released myeloperoxidase,
was found to promote the oxMIF conformation and selectively bind to anti-oxMIF antibodies.
HOCI appears to more efficiently alter the MIF structure than hydrogen peroxide, suggesting that
it is a major player in acute inflammation, whereas hydrogen peroxide-mediated changes may be
more relevant under sustained inflammatory conditions. Leveraging the anti-oxMIF antibodies, it
was found that human neutrophils generate the distinct oxMIF conformation upon stimulation.
NMR studies revealed biophysical signatures of HOCl-modified oxMIF that are distinct from
those observed for redox-neutral MIF, including increased flexibility across the MIF structure and,
notably, at the opening of the central solvent channel where MIF is proposed to bind the CD74
receptor. Mass spectrometry revealed that the major sites of chemical modification by HOCI
oxidation occur at the MIF methionine residues, which line the monomer-monomer interface and
may facilitate a ‘loosening’ of the MIF trimer through increased dynamics, as observed by NMR,

to allow the anti-oxMIF antibodies to bind its epitope within the central solvent channel. SPR
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investigations of the MIF-CD74 receptor interaction reveal that oxMIF, but not redox-neutral MIF,
binds to CD74. Collectively, these data demonstrate that pro-inflammatory oxidative conditions
modulate the conformational plasticity of MIF and facilitate its interaction with the CD74 receptor,
suggesting a redox-driven mechanism to its inflammatory signaling function, which is an
important finding for the field of MIF biology.

An important future direction to the study of MIF under pro-inflammatory, oxidizing
conditions is to provide a comprehensive molecular picture of the disease-relevant oxMIF
conformation. Computational docking is a high-throughput method to preliminarily assess binding
of small molecules to proteins. However, this structure-guided approach necessitates a realistic
model as input, which is currently lacking for the oxMIF conformation. The added lack of
structural perturbations in any crystallographic snapshots of MIF, despite abundant evidence to the
contrary in solution, compounds this issue. Structure determination by NMR may be difficult due
symmetric and trimeric structure of MIF. However, measurement of residual dipolar couplings
(RDCs) by NMR, and comparison to MD-simulated conformational ensembles, may be a viable
route to generating a three-dimensional picture of oxMIF. RDCs report on the orientation of
internuclear vectors, which can provide highly sensitive information on the tertiary and quaternary
structure of a protein.>® RDCs can be back-calculated from structural models and compared to the
experimental RDC measurements for structural refinement. Sedinkin ef al. recently demonstrated
the utility of comparing experimental RDCs with those calculated from molecular dynamics (MD)-
simulated conformational ensembles to determine which ensemble is the most consistent with the
experimental data.>’” The conformational ensemble that best captures oxMIF can then be used for

docking of small molecules that selectively target this disease-relevant conformation of MIF.

201



Another possible route for solving the structure of oxMIF is through cryo-EM of oxMIF bound to

an anti-oxMIF antibody, and attempts to do so are ongoing.
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