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Macrophage migration inhibitory factor (MIF) and D-dopachrome tautomerase (D-DT) are 

the two human members of the MIF superfamily, which are implicated in an array of autoimmune 

disorders, inflammatory diseases, and cancer via their pleiotropic functionality. Despite only 

sharing 34% sequence identity, MIF and D-DT have high structural homology and overlapping 

functional traits, including activation of the type II cell surface receptor CD74 and keto-enol 

tautomerase activity. The MIF and/or D-DT-induced activation of CD74 leads to signaling 

cascades pivotal for cell growth, proliferation, and inhibition of apoptosis. Such characteristics 

make MIF and D-DT attractive molecular targets for drug discovery. 

Currently, all small molecule antagonists targeting the MIF/D-DT-CD74 axis primarily 

bind to the catalytic sites of these proteins. Nevertheless, the precise interplay between the catalytic 

residues and those crucial for CD74 activation remains enigmatic. Notably, alterations of catalytic 

residues, particularly the catalytic residue Pro1, have been shown to impede CD74 activation. 

Leveraging molecular dynamics simulations and nuclear magnetic resonance (NMR) 

spectroscopy, we explored the dynamic coupling between the catalytically active N-terminus of 

MIF and surface residues pivotal for CD74 activation. Our investigation exposed previously 
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unseen communication between the two sites and demonstrates the important role of MIF 

dynamics in the modulation of CD74 activation.  

The keto-enol tautomerization assay utilizing 4-hydroxyphenylpyruvate (4-HPP) as a 

substrate has been instrumental in screening and characterization of MIF and D-DT variants as 

well as small molecule inhibitors. However, discrepancies between inhibition constant (Ki) values 

and Michaelis-Menten parameters raised concerns about the accuracy of results from this assay 

and the conclusions made from them. Our rigorous analysis identified that impurities present in 

substrate samples impacted the kinetic parameters of wild-type (WT) MIF as well as the Ki values 

of ISO-1, a well-studied inhibitor. Our findings, which were validated with multiple proteins, 

underscore the pronounced influence of substrate impurities on enzymatic activity. Thereby 

emphasizing the imperative of meticulously controlled experimental conditions for robust data 

interpretation. 

While the majority of drug discovery efforts were focused on MIF, D-DT remains 

relatively underexplored in this regard. The identification of 4-(3-carboxyphenyl)-2,5-

pyridinedicarboxylic acid (4-CPPC) as the first reversible and selective D-DT inhibitor opened 

new avenues of research for the protein. Structural analysis of D-DT – 4-CPPC revealed a ligand-

induced conformational change of the C-terminal region that has mechanistic value. This 

observation is in stark contrast to MIF, which needs a rigid C-terminal for tertiary structure 

stability. In order to elucidate the impact of C-terminal conformational flexibility, we employed 

molecular dynamics simulations and NMR experiments. We found that while the binding of 4-

CPPC did not alter the folding or thermostability of the protein, it drastically altered the protein’s 

dynamics, allowing for the formation of new, long-range intersubunit communications. 
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Subsequent endeavors aimed at identifying highly selective D-DT inhibitors that did not 

cause a conformational change of the C-terminal region yielded 2,5-pyridinedicarboxylic acid (1). 

This molecule exhibits a low micromolar potency and a remarkable 79-fold specificity for D-DT 

over MIF. Crystallographic analysis of the D-DT-1 complex displayed that the C-terminal of D-

DT was largely unperturbed by the binding of 1 and delineated structural disparities between D-

DT and MIF active sites, underscoring the potential for rational drug design strategies. Further in 

vivo studies focusing on the cytokine activity of D-DT showed the efficacy of 1 as an inhibitor of 

D-DT induced activation of CD74. These findings show that 1 is a useful mechanistic tool for 

interrogating the pathophysiology of D-DT. 

Despite these exciting discoveries, the role of the C-terminal region in the enzymatic 

activity and conformational flexibility of D-DT required further investigation. In-depth 

interrogation of seventeen protein variants and WT D-DT uncovered a previously unknown 

functional role of the C-terminal region. These insights deepen our comprehension of protein 

structure-function relationships and provides an invaluable foundation for future drug discovery 

studies targeting D-DT-mediated pathological conditions.  

Overall, via our thorough experimental interrogations, we uncovered key structural and functional 

information about MIF and D-DT that will serve as the basis for future mechanistic and drug 

discovery projects. 
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CHAPTER 1: INTRODUCTION 

 

 The Tautomerase Super Family (TSF) is composed of five families, 5-(carboxymethyl)-2-

hydroxymuconate isomerase (CHMI) 1, 2, 4-oxalocrotonate tautomerase (4-OT)3, malonate 

semialdehyde decarboxylase (MSAD)4, cis-3-chloroacrylic acid dehalogenase (cis-CaaD)5, and 

macrophage migration inhibitory factor (MIF)6, 7. Each family is named after its founding member 

and each have the following key features: β–α–β motifs and a catalytic N-terminal proline 1, 3. 

CHMI, 4-OT, MSAD, and cis-CaaD are all bacterial proteins that have varying functions and 

substrates despite having similar topologies as well as the shared key features. These bacterial 

proteins are involved in pathways that are vital for survival, this ranges from being involved in the 

breakdown of aromatic molecules and amino acids for energy to the degradation of pesticides2, 8. 

Meanwhile, the MIF superfamily is composed of not only bacterial proteins, but also mammalian 

proteins, two of which, MIF and D-Dopachrome Tautomerase (D-DT), are found in humans. While 

both of these proteins have been identified as 4-hydroxyphenylpyruvate tautomerases that act upon 

4-hydroxyphenylpyruvate 6, 9, a naturally occurring substrate for 4-hydroxyphenylpyruvate 

dioxygenase (HPPD) 10, neither protein has a known biological substrate. The catalytic activity of 

MIF and D-DT is of unknown biological importance, yet has been used widely as the first step 

towards characterizing potential inhibitors for their cytokine 11 and chemokine 12 activities that are 

key for immune system regulation, cell growth, and proliferation, which is a characteristic unique 

to the MIF superfamily.  

MIF is a pleiotropic protein with cytokine 11, chemokine 12, tautomerase 6 , and nuclease 13 

activities. First described in 1966, it was found to be released from lymphocytes where it inhibited 

the migration of macrophages 11. Unlike many other cytokines, MIF is constitutively expressed 
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and stored in cytosolic compartments 14 before being released upon stimulation 15 through a non-

canonical pathway as it lacks any signal sequences. Despite its early identification, MIF was not 

cloned 16 and its structure 17 solved until nearly three decades later. A monomeric subunit was 

discovered to be only ~12.5KDa in size, being composed of 115 residues including the starting 

methionine, and having a homotrimeric biological assembly. Each MIF monomer contains six β-

strands (β1–β6) and two anti-parallel α-helices (α1-α2). The biological assembly features three 

active sites, each containing the catalytic residue Pro1 18, at the interface of each monomer and a 

central solvent channel which is constructed by the β1-β4 strands of each subunit. Despite only 

sharing 34% sequence identity 9, human MIF’s human homologue, D-DT, shares a very similar 

topology 19. The MIF and D-DT research community labeled D-DT as a result of gene duplication 

due to the genes encoding for MIF and D-DT being located only ~80kb apart on chromosome 22 

and being flanked by glutathione S-transferase genes 19. This led to D-DT being largely ignored 

until recently as it has now been understood that MIF and D-DT bind different receptors or shared 

receptors with different proposed modes of binding 20 and affinity 9, resulting in differences in 

their roles in disease progression. 

MIF binds and activates three chemokine receptors, CXCR2, CXCR4, and CXCR7 

resulting in leukocyte arrest, chemotaxis of leukocytes and T-cells. The binding events of these 

receptors are critical for immune responses to foreign pathogens as well as the metastasis of cancer 

cells 12, 21, 22. Activation of CXCR2 and CXCR4 by MIF is made possible by the presence of a 

pseudo-(E)LR 23 and RLR 24 motif respectively. This feature is not observed in D-DT as it lacks 

the structural characteristics previously mentioned to do so. MIF and D-DT are predicted to have 

different modes of binding 20 to cell surface receptor CD74 as well as different affinities, with Kds 

of approximately 1.4 x10-9 and 5.4 x10-9, 9 respectively. Activation of CD74 by either protein leads 
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to the activation of cell survival and proliferation pathways 25, 26. Despite the numerous activities 

of MIF and D-DT, the activation of CD74 is attributed for the majority of their tumorigenic and 

pro-inflammatory properties 27, 28, 29.  

CD74, also known as Invariant chain (Ii), exists as a largely disordered homotrimer that is 

widely expressed in antigen presenting cells (APCs) where approximately 95% 27 of the time it 

acts as a chaperone for major histocompatibility class II (MHC-II) proteins 30. Although it is also 

expressed in other cell types under inflammatory conditions, particularly epithelial cells 31. All 

CD74 isoforms contain a small intracellular transmembrane domain, a CLIP (class II-associated li 

chain peptide) domain, and a trimerization domain where all three chains converge. The CLIP 

domain is a small region which is responsible for blocking the antigen binding cleft of MHC-II 

during transportation from the ER to endosomes, preventing premature antigen recognition 32. 

Once CD74 and its attached MHC-II protein is embedded into the endosome, it is then digested, 

and the CLIP domain eventually leaves the antigen binding cleft. The MHC-II protein can then 

bind an antigen within the endosome, meanwhile the extracellular and transmembrane domains of 

CD74 are completely digested eventually leaving only the intracellular domain 33, 34. The 

intracellular domain is left behind where it localizes in the nucleus in high quantities 34, although 

its role there is not completely understood. While CD74’s main role is acting as a chaperone for 

MHC-II proteins, its role as a receptor for MIF and D-DT is crucial for cell survival and 

proliferation. 

CD74 is capable of acting as a receptor for both MIF and D-DT in both its soluble 35 form 

within the cell, and on the cell surface complexed with co-receptor CD44 36. The interaction 

between soluble CD74 and MIF has been only recently described as blocking normal MIF activity, 

slowing the growth of tumor cells 35. In contrast, activation of CD74 on the cell surface by MIF/D-
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DT in the presence of the co-receptor, CD44 36, leads to a cascade of cell growth and proliferation 

pathways, namely the PI3K/AKT, ERK 1/2, NF- kB, and AMPK pathways 25, 26. Moreover, the 

activation of CD74 also results in the inhibition of p53 induced apoptosis 37. The overexpression 

of the protein ligands, MIF and or D-DT, often leads to an increase in cell proliferation, resistance 

to cell death, and inflammation through these aforementioned pathways, resulting in a variety of 

diseases including cancers 38 and inflammatory diseases, such as rheumatoid arthritis 39. While it 

would be ideal to directly study CD74, it has proven to have been difficult to study and has been 

deemed undruggable. These difficulties result from its high internalization rate 40 and lack of 

regular secondary structure 41 which is crucial for MHCII chaperone activity. As a result, the 

majority of the work done towards inhibiting the activation of CD74 has been focused on targeting 

the protein ligands, MIF and D-DT. 

Both MIF and D-DT have been identified as being over expressed and promoting tumor 

growth in cancers, both of which are commonly reported in NSCLC 42, 43, 44 and glioblastomas 45. 

Although MIF overexpression has been identified in more cancers, this is likely due to a lack of 

research focused on D-DT and not due to differences in activity. This is reflected in the discrepancy 

of total structures of MIF and D-DT available in the PDB, 101 versus 18, respectively. This is 

further emphasized by the fact that 61 of the MIF structures contain a small molecule inhibitor or 

substrate, meanwhile only 6 D-DT structures contain a small molecule. These MIF and D-DT 

structures have come from a wide variety of studies that began in the late 1990s, the majority of 

which aimed towards seeking to understand the MIF/D-DT-CD74 activation process. This has 

been achieved through the elucidation of important dynamic pathways in these proteins, permitting 

for communications between key residues, as well as attempting to identify and understand the 

mechanism of action of novel inhibitors 7, 21, 46-52. 
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A large amount of the work done to elucidate the dynamic pathways between functionally 

significant residues on MIF and D-DT focuses on the residues within and around the catalytic site 

as well as residues on the  sheets. While the catalytic and CD74 binding sites do not have any 

overlap in key residues or regions, mutations that impact catalytic activity often impact CD74 

activation activity. It is thought that targeting β-sheet residues for mutagenesis may affect key 

communication pathways since catalytic residues as well as residues significant for the binding 

and activation of CD74 communicate using the β-sheets 51-53. An amino acid, which is key to 

maintaining -sheet rigidity and dynamic communications, in both MIF and D-DT was reported 

to be Y99 51, 53 and F100 52, respectively. In both cases, its mutation to alanine caused a loss of 

both activities, despite these residues not being directly involved in catalysis or CD74 activation. 

This effect that can be explained by an alteration in -sheet dynamics 51. 

A similar effect was also observed through several mutations of Pro-1, which is the 

catalytic residue for the keto-enol tautomerase activity of MIF and D-DT 7. In the case of both 

proteins, mutation from Proline to any other residue causes a loss of catalytic activity; however, 

mutation to a residue that would increase the flexibility of the -sheet, such as glycine, also caused 

a loss of CD74 activation activity 52, 54, 55. In MIF, truncation of Pro-1 as well as mutation of Met-

2 to alanine also lead to a loss of both catalytic and CD74 activation activity 48. Meanwhile, a 

mutation from proline to a more rigid amino acid, such as methionine, maintained CD74 activation 

activity 48. Although these results indicate the N-terminus is key for maintaining -sheet rigidity 

and therefore communication pathways, its exact effect on the dynamics of the protein as well as 

regions important to activation of CD74 was not further explored.   

Using a combination of molecular dynamics (MD) simulations and NMR experiments 

spanning from picoseconds to milliseconds, we delved into the potential implications of a MIF N-
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terminal activation mechanism of CD74. Our investigation revealed a dynamic connection 

between the N-terminus and the CD74 activation site, situated on the surface of MIF. 

Communication between these functional sites occurs through the β-sheet of MIF, significantly 

influenced by N-terminal flexibility. Additionally, we provided a mechanistic explanation for the 

factors distinguishing MIF variants as CD74 agonists or antagonists. 

with this in mind, the method commonly used as a first step to test the effects of a potential 

agonistic or antagonistic mutant/small molecule is an assay that measures the ability of MIF or D-

DT to tautomerize a model substrate from its keto form to enol form. The most common substrate 

to use for both proteins is 4-hydroxylphenylpyruvate (4-HPP) which is commercially available 

from many different vendors. However, with several published Km values for 4-HPP with MIF, it 

is possible that distributors do not provide equal quality substrates, which may affect Km values 

for mutants and Ki values for inhibitors. While slight differences of these values are expected, 

atypically large discrepancies of Michalis-Menten parameters may be indicative of contaminants 

or differences in purities between different samples. This may lead to incorrect conclusions about 

different MIF/D-DT variants or about the potency and specificity of potential small molecule 

inhibitors. 

Herein, we establish a standardized protocol for the 4-HPP keto-enol tautomerase assay as 

well as introduce a novel, spectrophotometric-based method for assessing the activity of HPPD, a 

protein that utilizes 4-HPP as its biological substrate. Using MIF as a model enzyme, we 

investigate the potential impact of impurities present in substrate samples on enzymatic activity. 

Employing a range of complementary techniques, our experimental approach demonstrates that 

the presence of underrepresented impurities in 4-HPP samples significantly affects enzyme 

activity. Validation of MIF's kinetic findings was conducted using D-DT and HPPD. These 
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findings highlight the crucial role of impurities in substrate samples in influencing the accuracy of 

kinetic data, emphasizing the need for more robust biochemical assays and high-throughput 

experiments. 

Although the catalytic and CD74 binding site residues do not overlap, the majority of 

inhibitors that reduce MIF or D-DT’s ability to bind and activate CD74 bind within the catalytic 

site 21, 44, 48, 56-59. While these inhibitors are understood and well-defined crystallographically, their 

impact on the protein’s dynamics is poorly understood. Whereas MIF has a large selection of 

commercially available and selective inhibitors, D-DT only has two reversible and selective 

inhibitors, being 4-CPPC 59 and (R)-5-Methyl-3-(1-(naphthalen-1-yl)ethyl)-6-(3-(tri- 

fluoromethyl)phenyl)thieno[2,3-d]pyrimidine-2,4(1H,3H)-dione, a derivative of thieno[2,3-

d]pyrimidine-2,4(1H,3H)-dione 44. However, the (R)-5-Methyl-3-(1-(naphthalen-1-yl)ethyl)-6-(3-

(tri- fluoromethyl)phenyl)thieno[2,3-d]pyrimidine-2,4(1H,3H)-dione derivative was found to be 

more potent and selective than 4-CPPC while also inhibiting the proliferation of non-small cell 

lung cancer (NSCLC) cell, it lacks any sort of structural characterization. Meanwhile, first 

selective and reversible D-DT inhibitor, 4-CPPC, made a clear impact on D-DT dynamics as can 

be seen at the crystallographic level with the C-terminal lacking electron density after residue 

V113 49. This suggests that the C-terminal becomes highly flexible as part of the induced binding 

mechanism of this inhibitor. The increased flexibility was unexpected, considering that C-terminal 

rigidity for MIF is important for proper activity 48. 

Previous investigations of the C-terminal of MIF reported that this region has a key role in 

stabilizing the protein’s tertiary structure as well as modulating the protein’s catalytic activity 60. 

These conclusions were attributed to the ability of C-terminal residues to form intersubunit 

interactions that stabilized the biological assembly of MIF. Recently, it has been shown that this 
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region also has a functional role in the activation of CD74 48, 51. While these studies have enriched 

our understanding on the structure and function of MIF, the corresponding analyses for D-DT have 

not been performed.  

Considering this information, we carried out a study to examine the impact of 4-CPPC 

binding on the dynamic profile of D-DT. MD simulations corroborated previous crystallographic 

findings and elucidated insights into the role of C-terminal flexibility. After experimentally ruling 

out structural instability, we demonstrated the dynamic effect of the C-terminal, which facilitates 

long-range intersubunit communications across the D-DT trimer. These intriguing discoveries 

offer a novel perspective on understanding the largely unexplored biological functionality of D-

DT, particularly focusing on the CD74 activation mechanism. Furthermore, our analysis 

contributes vital information to the ongoing efforts aimed at elucidating the divergent functional 

profiles of MIF and D-DT. Considering MIF variants and MIF-ligand complexes as the sole 

molecules serving as CD74 antagonists, our findings provide crucial insights for the development 

of new anti-inflammatory and anticancer therapeutics modulating CD74 activity. 

Based on these findings, our objective was to identify a new highly selective inhibitor 

targeting D-DT, intended to serve as a benchmark for future investigations. We present the 

discovery and characterization of 2,5-pyridinedicarboxylic acid (1) as a commercially available, 

bioactive, and exceptionally selective inhibitor of D-DT. Enzymatic assays demonstrate that 

compound 1 displays an impressive 79-fold inhibition selectivity for D-DT over MIF, establishing 

its position as the most discriminating among known D-DT inhibitors. Through crystallographic 

analysis of the D-DT-1 complex, in conjunction with comparison to established MIF crystal 

structures, significant structural disparities within the active sites of MIF and D-DT are unveiled. 

These insights shed light on the regulation of ligand binding by both proteins and provide clarity 
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on inhibition selectivity criteria. The identification of compound 1 holds considerable promise for 

advancing our understanding of D-DT's biological activities in disease models and clinical 

contexts, while concurrently facilitating the development of next-generation D-DT modulators 

targeting CD74 activation. 

Our examination of 2,5-pyridinedicarboxylic acid revealed that the displacement of the C-

terminal, which occurs upon 4-CPPC binding, isn't a prerequisite for inhibiting D-DT-induced 

CD74 activation. To elucidate the role of the C-terminal in D-DT, we utilized high-resolution 

protein crystallography alongside various complementary biophysical, biochemical, and 

computational methods to unravel the structural foundation of D-DT-ligand complex formation. 

In this pursuit, we engineered seventeen D-DT variants and scrutinized their unique structural 

features to unveil the mechanistic intricacies governing ligand binding. Employing 4-HPP as the 

primary substrate and two selective inhibitors (4-CPPC and pyridine-2,5-dicarboxylate) with 

differing binding modalities, our study represents the first comprehensive analysis of the structural 

determinants influencing the formation of D-DT-ligand complexes. Through our investigation, we 

illustrate that the C-terminal region acts as a pivotal regulator of molecular recognition through a 

multi-faceted control mechanism. 
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CHAPTER 2: THE N-TERMINUS OF MIF REGULATES THE DYNAMIC PROFILE OF 

RESIDUES INVOLVED IN CD74 ACTIVATION 
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of MIF regulates the dynamic profile of residues involved in CD74 activation. Biophys J. 2021 

Sep 21;120(18):3893-3900. doi: 10.1016/j.bpj.2021.08.025. Epub 2021 Aug 24. PMID: 

34437846; PMCID: PMC8511117. 

 

Abstract 

Macrophage migration inhibitory factor (MIF) is an immunomodulatory protein with a 

pathogenic activity in various inflammatory disorders, autoimmune diseases, and cancer. The 

majority of MIF-triggered pathological conditions are associated with activation of the cell surface 

receptor CD74. In the absence of small molecule antagonists that directly target CD74, MIF 

variants and MIF-ligand complexes have served as modulators of CD74 activity. These molecules 

have been reported to have either antagonistic or agonistic effects against the receptor, though the 

mechanistic parameters that distinguish the two groups are largely unknown. Through molecular 

dynamics (MD) simulations and nuclear magnetic resonance (NMR) experiments, we explored the 

relationship between MIF’s catalytically active N-terminus and the surface residues important for 

the activation of CD74. We found that the two sites are connected via backbone dynamics that are 

propagated to the CD74 activation surface of MIF, from the 2 and 4 strands. Our results also 

provide mechanistic evidence that explain the functional characteristics of MIF variants, serving 

as CD74 agonists or antagonists. Such findings are of high importance for understanding the MIF-

induced activation of CD74 as well as for the development of highly potent CD74 therapeutics.   
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Introduction 

Macrophage migration inhibitory factor (MIF) is a pleiotropic protein with 

proinflammatory and tumorigenic properties, mainly associated with activation of the cell surface 

receptor CD74 27, 28, 29. The MIF-CD74 signaling axis has been an attractive target for drug 

development due to its involvement in activation of PI3K/AKT, ERK 1/2, NF-κB, and AMPK 

pathways that lead to inhibition of apoptosis, cell survival, and proliferation 25. for decades, all 

efforts toward the discovery of small molecule CD74 antagonists have failed and the receptor is 

now considered “undruggable.” This conclusion is associated with the intrinsically disordered 

structure 41 and fast cell internalization rate of CD74 40 that complicate the in-depth study of the 

receptor. 

 The primary sequence of human MIF is composed of 115 amino acids. The crystal structure 

obtained in 1996 17, revealed a homotrimeric biological assembly with a solvent channel along the 

3-fold axis. Monomeric MIF contains two antiparallel -helices (1-2) and six -strands (1-

6). The first four strands (1-4) form a b-sheet that defines the solvent channel while the 

remaining two (5-6) play a key role in the inter-subunit communications of the trimer. 

Homology modeling with two bacterial proteins led to the identification of its keto-enol 

tautomerase activity  61. The keto-enol tautomerization site, which is located at the N-terminus of 

MIF and controlled by the catalytically active residue Pro1 18, remains the sole target for 

identification and development of small molecule MIF ligands that serve as modulators of CD74 

activity 48, 58, 62, 63. Pro1 is buried in the catalytic pocket formed by the assembly of the trimer and 

its key position on the extension of 1 strand regulates the flexibility of the MIF -sheet.  Although 

the catalytic pocket is not part of the MIF-CD74 interface 48, MIF-ligand complexes and MIF 

variants possessing N-terminal modifications function as CD74 agonists or antagonists 48, 64 
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without fully understanding the parameters that distinguish their functional characteristics. 

Structural analyses of MIF-covalent inhibitor complexes have shown that MIF ligands with 

chemical moieties penetrating the MIF surface-solvent interface function as CD74 antagonists by 

interrupting the MIF-CD74 interface located outside the active site pocket 48. According to the 

same study, surface residues located on the 1/2 3.6 helix, 4/2 loop and C-terminal play a key 

role in activation of CD74. Since this finding only explains the functional role of a fraction of MIF 

active site ligands, we still lack comprehensive understanding of the role of the enzymatic pocket 

and N-terminus in the MIF-induced activation of CD74. 

 The study of protein dynamics has been traditionally used to understand biological function 

65. for MIF, recent studies have shown the CD74 activation and catalytic sites to be dynamically 

connected with an allosteric region (Tyr99), located at one of the openings of the solvent channel 

51, 53. This allosteric region communicates with the two functional sites of MIF and influences their 

activities via unique, non-overlapping dynamic pathways. Dynamic communication between the 

CD74 activation and catalytic sites has yet to be reported.  

Using molecular dynamics (MD) simulations and nuclear magnetic resonance (NMR) 

experiments spanning the picosecond-to-millisecond timescales, we investigated the potential 

implications of a MIF N-terminal activation mechanism of CD74. Our results reveal that the N-

terminus and CD74 activation site, which is located on the surface of MIF, are dynamically 

connected. Communication between the two functional sites occurs via the -sheet of MIF and is 

highly influenced by N-terminal flexibility. Here, we also provide a mechanistic explanation of 

the factors that distinguish MIF variants from functioning as CD74 agonists or antagonists. 

Considering MIF variants and MIF-ligand complexes are the only available molecules serving as 
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CD74 antagonists, such findings provide critical insights into the development of new anti-

inflammatory and anticancer therapeutics that modulate CD74 activity.  

Materials and Methods 

Mutagenesis, Protein Expression and Purification.  

Wild-type (WT) MIF was cloned in a pET-11b Escherichia coli expression vector and the 

produced plasmid was used as the template for production of the four N-terminal variants (P1M, 

P1G, P1 and M2A). Mutagenesis for P1M, P1G, and M2A and truncation for P1 were carried 

out according to the QuikChange site-directed mutagenesis protocol (Agilent). In all cases, the 

derived clones were confirmed by sequencing. The protein expression and purification processes 

were similar to what was previously described 53, 66. WT MIF and MIF variants were grown in LB 

supplemented with 0.100mg/mL ampicillin, at 37C, until OD600 reached 0.6-0.8. Protein 

expression was induced by the addition of 1mM isopropyl -D-1-thiogalactopyranoside (IPTG). 

After a 4-hour incubation at 37C, the cells were collected, washed with 20mM Tris pH 7.4, 20mM 

NaCl (lysis buffer), and stored at -80C. for protein purification, the cells were resuspended in the 

lysis buffer and lysed by sonication. Cell debris was removed by centrifugation at 25,300 x g. The 

supernatant was filtered using a 0.22   µm syringe filter and loaded onto 5 ml and 120 ml Q- 

Sepharose columns (GE Healthcare) connected in series. The protein did not bind on the columns 

and were collected in the flow through with ∼95% purity. The remaining contaminants were 

removed by size exclusion chromatography column (16/60 Superdex 75), running in the lysis 

buffer.  Purity and protein concentration were determined by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and the Pierce™ BCA protein assay kit (Thermo 

Fisher Scientific), respectively. 
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Circular Dichroism (CD) Spectroscopy.  

Folding and thermal denaturation CD experiments were performed in a 1 mm quartz 

cuvette using a JASCO J-810 spectropolarimeter. The 20 µM MIF samples were prepared in 20 

mM sodium phosphate pH 7.0, 1 mM EDTA (folding experiments) and 20 mM Tris pH 7.4, 20 

mM NaCl (thermal denaturation experiments). Before each experiment, the samples and buffer 

were degassed with ultra-high purity nitrogen. The folding profiles of WT MIF and MIF variants 

were monitored between 260 nm and 195 nm, at 25C. The thermal denaturation experiments were 

carried out by monitoring the variation of CD signal at 218 nm. CD spectra of MIF proteins were 

collected between 20C to 90C with a temperature change of 0.5 °C/min. All data were analyzed 

in ORIGIN 2019b. The CD experiments were repeated in triplicate.  

MD Simulations.  

The crystal structures of WT MIF (PDB entry:3DJH), P1M (PDB entry:4PKZ), M2A (PDB 

entry:4XX7), and P1 (PDB entry:4XX8) were used as starting models for the 200 ns MD 

simulations. Mutation of Pro1 to Gly for the P1G starting model and addition of missing residues 

were carried out with Chimera 67. The VMD plugin, psfgen, was used to add hydrogens and 

generate starting protein structure and coordinate files using the CHARMM36 68 topology. The 

produced files were solvated with TIP3P waters and the charge of the system was neutralized with 

chloride ions using VMD’s solvate and ionize modules respectively 69. The structures were then 

minimized and heated to 300K before subsequent equilibration and production runs. Minimization 

and heating followed a three-step process: first the water molecules, second the amino acid 

sidechains, and finally the entire system was minimized and heated. Minimization took place over 

20 ps and heating over 120 ps with a 2 fs time-step. The system was equilibrated at 300K for 1 ns. 

G_correlation 70, a GROMACS 71  plugin, was utilized to produce generalized cross correlation 
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data for -carbon atoms. Correlation values associate the fluctuation of atoms belonging to a group 

(group = side chain, backbone, or residue) with another. Correlation values range from 0 to 1, with 

0 indicating no correlation and 1 indicating that there is absolute correlation. Absolute correlation 

is only seen when comparing the residue of interest with itself. Large correlation values are 

expected when analyzing adjacent residues. On the other hand, large correlation values between 

non-adjacent residues can provide insights into dynamic signal transmission and regulation of 

protein functionality.  RMSF data was generated for the -carbon atoms using GROMACS. Root-

mean-square deviation (RMSD) values for the crystal structures of MIF proteins, were obtained 

using the CCP4 supported program SUPERPOSE 72. The resulting MD simulation models were 

analyzed in PyMOL 73. All calculations were repeated in triplicate.  

15N-labeled protein expression and purification.  

Isotopically labeled MIF samples for NMR studies were grown in M9 minimal media 

supplemented with 15N-ammonium chloride (Cambridge Isotope Laboratories). The cultures were 

grown at 37°C to an OD600 of 0.8 – 1.0 and then induced with 1 mM IPTG, followed by an 

additional incubation at 20°C for 16 – 18 hours. for P1, the cells were grown at 37°C to an OD600 

of 0.8 and then induced with 1 mM IPTG at the same temperature, for 4 hours. Cells were 

subsequently harvested by centrifugation and stored at -80°C. 15N-MIF samples were purified as 

described above.  

NMR Spectroscopy.  

for NMR experiments, the samples were dialyzed into a final buffer containing 20 mM 

sodium phosphate, 1 mM EDTA, and 7.5% D2O at pH 7.0, and then concentrated to 0.5 – 1.0 mM. 

1H-15N TROSY HSQCs and spin relaxation experiments were carried out on a Bruker Avance 

NEO 600 MHz spectrometer at 30°C. The 1H and 15N carrier frequencies were set to water 
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resonance and 120 ppm, respectively. All NMR spectra were processed with NMRpipe 74 and 

analyzed in Sparky 75. Longitudinal and transverse relaxation rates were measured with relaxation 

times of 0, 20 (x2), 60 (x2), 100, 200, 600 (x2), 800, 1200 ms for R1 and 16.9, 33.9 (x2), 67.8, 

135.7 (x2), 169.6, 203.5 (x2) ms for R2. Longitudinal and transverse relaxation rates were 

determined from peak intensities of each amide resonance at multiple delay points, as quantified 

in Sparky. Steady-state 1H-[15N] NOE were measured with a 6 second relaxation delay followed 

by a 3 second saturation (delay) for the saturated (unsaturated) experiments. Relaxation 

experiments were carried out in a temperature-compensated interleaved manner, were processed 

with in-house scripts, and were analyzed in GraphPad Prism 8.0 (GraphPad Software). Trimmed 

means for chemical shift perturbation analyses and relaxation data were determined by excluding 

the top and bottom 10% of the data sets. Standard deviations were also determined from these data 

sets. 

Results and Discussion 

Selection of MIF variants to dynamically characterize the N-terminus  

To investigate if the MIF N-terminus has a functional role in activation of CD74, we 

utilized selected MIF variants and employed MD simulations and NMR spin relaxation 

experiments. The experimental design was based on a successful approach we previously applied 

to obtain mechanistic insights into the dynamic signal transmission between distal MIF sites 51, 53.  

for this study, we used four N-terminal MIF variants (P1M, P1G, P1 and M2A) as well as the 

wild-type protein (Supplemental Fig. 1). We anticipated each of these variants would assign a 

unique dynamic identity to the MIF N-terminus. Proline is the least flexible amino acid, thus 

mutation to glycine was expected to escalate N-terminal flexibility (Supplemental Fig. 1). with 

P1G, our goal was to study how a highly dynamic N-terminus would influence the flexibility of 
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the MIF -sheet and subsequently the surface responsible for activation of CD74 48. In contrast to 

P1G, P1 would provide information on how the 1 strand of MIF was dynamically influenced 

by the absence of the rigid residue, Pro1 (Supplemental Fig. 1). M2A was used as an alternative 

means of altering the flexibility of the 1 strand, without removing Pro1. Superposition of multiple 

MIF-ligand crystal structures 53 has shown the side chain of Met2 to adopt multiple conformations 

and since Met2 is the first amino acid of the 1 stand, the conformational position of its side chain 

has a direct impact on the strand’s flexibility. Finally, P1M was used as a positive control.  In 

contrast to Met2, Met1 has reduced flexibility due to its position in the active site and it mimics 

Pro1 in WT MIF crystal structure (Supplemental Fig. 1). 

Structural stability and folding profiles of MIF variants  

 

Figure 2.1.  

NMR fingerprinting of MIF variants.  

 
 

Note. A. 1H-15N HSQC NMR spectra of P1G (blue), P1M (orange), P1 (red), and M2A (purple) 

MIF overlaid with WT MIF (black). B. NMR chemical shift perturbations for MIF variants. The 

1H-15N combined chemical shift is plotted for each residue in MIF for P1M, P1G, P1, and M2A  
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(Figure 2.1 Continued) 

MIF. In all cases, perturbations were determined by √1

2
((𝛿𝐻)2+

((𝛿𝑁)2)

25
), where H and N were 

calculated as (Variant - WT). Blue lines represent the 1.5 above the 10% trimmed mean of all 

shifts. Pink bars denote residues that are broadened beyond detection. 

 

We first investigated whether P1M, P1G, P1 and M2A MIF proteins were properly folded 

and structurally stable (Fig. 1, Supplemental Fig. 2).  This step is mandatory to confirm that data 

reporting on MIF dynamics were not influenced by the structural instability of the MIF variants. 

To achieve this, we utilized heteronuclear single quantum coherence (HSQC) and circular 

dichroism (CD) spectroscopy experiments. Despite significant chemical shift perturbations 

indicative of local structural alterations, the overall fold of the MIF protein is maintained, 

evidenced by the similar dispersion of resonances in 1H-15N HSQC NMR spectra (Fig. 1A). 

Independently, CD experiments further support the NMR findings demonstrating the overall fold 

of the MIF variants has not been significantly influenced by the N-terminal modifications 

(Supplemental Fig. 2A). Structural stability of MIF proteins was measured by temperature-

dependent CD experiments, over a range of 20 - 90C (Supplemental Fig. 2B). Using the melting 

profile of WT MIF as a reference (Tm= 74 ± 0.1C), it was shown that the MIF variants have 

similar thermal stabilities, proving they are suitable for protein dynamic studies. The difference 

noted in the CD spectra between WT MIF and P1 is related to the reduced -stand percentage of 

the latter, due to Pro1 truncation. Pro1 is not part of 1-strand, though the rigidity it provides 

affects the flexibility of the N-terminus and thus the length of the 1 strand (Supplemental Fig. 

2C). Crystallographic analysis of P1 has shown the effect of this truncation is local, without any 
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drastic impact on the stability of the MIF trimer (Supplemental Fig. 2C). Notably, the crystal 

structures of P1 and the remaining P1G, P1M and M2A variants demonstrate high superposition 

accuracy to WT MIF with root-mean-square deviation (RMSD) values between 0.11Å and 0.25Å 

(Supplemental Fig. 3). The highest deviation, 0.25Å, observed for P1M, is related to minor 

displacements of amino acids surrounding Met1. Collectively, the NMR, CD, and crystallographic 

data confirm that the P1M, P1G, P1 and M2A proteins are stable, properly folded and can 

therefore be used for protein dynamic studies. 
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Global and local dynamic fluctuations of MIF variants due to N-terminal alterations 

 

Figure 2.2.  

Dynamic profiles of MIF variants.  

 
 

Note. A. The structural profiles of P1G (blue), P1M (yellow), P1 (red), and M2A (purple) MIF 

were captured at (i) 0 ns, (ii) 100 ns and (iii) 200 ns simulation time points and overlaid on the 

corresponding profile of WT MIF (black). B. Global and local RMSF values for WT MIF and MIF 

variants. Amino acid 1 corresponds to Met, Gly, or Pro for P1M, P1G, and M2A, respectively. 

Amino acid 2 corresponds to Met for P1M, P1G and P1 or Ala for M2A.  
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We evaluated the impact of P1M, P1G, P1 and M2A on global (MIF trimer) and local 

(N-terminus) dynamics by performing 200 ns MD simulations. Alignment of the structural profiles 

of MIF variants onto WT MIF, at 100 ns intervals (Fig. 2A), and examination of the root mean 

square fluctuation (RMSF) values (Fig. 2B) revealed no drastic changes to the trimer. Together, 

these findings support the conclusion that the N-terminal alterations do not influence the global 

dynamic properties of MIF. The RMSF value of 0.60 ± 0.16 Å, for WT MIF, indicates the protein 

is not very flexible. Previously published 1µs MD simulations 51 are in agreement with this finding, 

confirming the limited flexibility of WT MIF. Shifting the focus to local dynamics, P1G and P1 

demonstrated a drastic increase in N-terminal fluctuation (Fig. 2B). In contrast to WT MIF, 

mutation of Pro to Gly, in P1G, increases the RMSF value of residue one by 22.9%, while 

truncation of the rigid residue Pro1, in P1, increases flexibility of Met2 by 14.4%. As expected, 

the presence of Pro and Met at position one of M2A and P1M, respectively, retained the N-terminal 

rigidity of these mutants at RMSF values similar to that of WT MIF (Fig. 2B).  
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Correlation of N-terminal fluctuations with the MIF-induced activation of CD74 

 

Figure 2.3.  

Positive and negative cooperativity of MIF variants.  

 

 

Note. The percent changes, increase (+) or decrease (-), of correlation for MIF variants are shown 

in relation to WT MIF. Each of the selected residues has unique properties, as explained in the 

text. Data at values > ±10% are shown in bold. P1M is the only variant demonstrating positive 

cooperativity of key residues (Ala38 and Tyr99). Functional assays showed that P1M is a CD74 

agonist 48. The N-terminal alterations of P1G, P1, and M2A are linked to a negative cooperativity 

(affected residues are shown in red) and CD74 antagonism 48. The amino acids Tyr36, Ile64, and  
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(Figure 2.3 Continued) 

Lys66 are surface exposed and important for activation of CD74.    *Amino acid 1 corresponds to 

Met, Gly, or Pro for P1M, P1G, and M2A respectively. **Amino acid 2 corresponds to Met for 

P1M, P1G and P1 or Ala for M2A.  

 

To probe how N-terminal fluctuations may affect the ability of MIF to activate CD74, we 

utilized g_correlation 70 to produce generalized cross correlation data for the C atoms of WT MIF 

and MIF variants (Supplemental Fig. 4). The global correlation features of MIF were previously 

described 51. Considering the four variants do not influence the global flexibility of MIF (Fig. 2B), 

our analysis focused on the region around the N-terminus and more specifically the first two 

residues of MIF, the surface residues Tyr36, Ile64 and Lys66 and the first residues of 2 (Ala38) 

and 4 (His62) strands (Fig. 3, Supplemental Table 1). A MIF-induced CD74 activation assay 

has shown Tyr36, Ile64 and Lys66 are important for activation of the receptor in vivo (Pantouris, 

et al., 2015). The surface residue Tyr36 is located on the 1/2 3.6 helix, which is connected to 

Ala38. The other two key residues, Ile64 and Lys66, are found on the 4/2 loop, which is joined 

with His62. We anticipated an increase of 1 fluctuation, caused by the N-terminal alterations, 

would affect the backbone hydrogen bonding of the adjacent 2 (Ala38) and 4 (His62) strands, 

transmitting dynamic signals to the surface.  If this hypothesis is correct, it could better explain 

how MIF variants with modified N-termini function as CD74 agonists or antagonists. Our data 

were interpreted in relation to WT MIF, demonstrating that the four variants can be distributed in 

two groups: the positive (P1M) and negative (P1G, P1 and M2A) effector variants (Fig. 3). The 

P1M mutant increased the overall correlation of Ala38 and the allosteric residue Tyr99 51, 53 with 

the MIF trimer by 12.4% and 11%, respectively. This positive cooperativity, observed for P1M, 
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has a functional explanation. MIF-induced CD74 activation assays revealed that P1M functions as 

CD74 agonist, having activity similar to that of WT MIF 48. These findings provide the first piece 

of evidence to explain the functional features of a CD74 agonist. On the other hand, the negative 

effector group composed of P1G, P1 and M2A reduced the overall correlation of key amino acids 

that are directly (part of MIF-CD74 interface) or indirectly (transmit dynamic signals to the MIF-

CD74 interface) related to activation of CD74. for the P1G mutant, Tyr36, Ile64, and Tyr99 are 

affected the most, dropping their overall correlation with the MIF trimer by 21.3%, 17.6% and 

11.6%, respectively (Fig. 3). Considering the crystal structure of P1G does not demonstrate any 

global or local structural features to explain this outcome (Supplemental Fig. 3), reduction in 

correlation must be related to the increased flexibility of the N-terminus. Similar to P1G, the P1 

variant reduced the overall correlation of Tyr36 and Lys66 by 23.3% and 11.5%, respectively, 

simultaneously disrupting the harmonic communication of 1 with the 2 and 4 strands (Fig. 3). 

The last member of the negative effector group, M2A, is affected the least due to the presence of 

Pro1, which controls the fluctuation of the N-terminus and preserves communication with the 

surface. Nevertheless, Ile64, found to be important for activation of CD74 48, demonstrated 

reduction of its overall correlation by 10.5%. The negative effector role, assigned to P1G, P1 and 

M2A is explained by functional assays, which showed that the three variants function as CD74 

antagonists 48, 55. 
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NMR analyses of the MIF variants 

 

Figure 2.4.  

Relaxation parameters for WT MIF and MIF variants.  
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(Figure 2.4 Continued) 

Note. A. R1R2 correlations between WT MIF and P1G, P1M, P1, and M2A variants. B. 1H-[15N] 

NOE correlation between the same samples. In A and B, points that diverge from linear least 

squares fits (black lines) denote differences in NMR-detected relaxation parameters at specific 

residues in these samples. Gray shaded areas denote 1.5 boundaries from the 10% trimmed mean 

of all relaxation data. Data points outside of these boundaries are deemed to be significant dynamic 

differences. Results of dynamic correlation analyses mapped onto the structure of the MIF 

monomer for (A) R1R2 and (B) 1H-[15N] NOE. Residues that fall outside of the 1.5 boundaries 

are identified with blue spheres. The site of mutation or deletion is indicated by a red sphere. 

Critical regions of MIF identified in recent biophysical studies are highlighted with red dashed 

circles. 

 

We next experimentally assessed the dynamic impact of N-terminal modifications, using 

NMR. We used spin relaxation experiments (T1, T2, 1H-[15N] NOE) to examine how global and 

local motions of MIF, which affect its function, were altered by these mutations. Per-residue plots 

of R1, R2, and 1H-[15N] NOE values (Supplemental Fig. 5) show that the backbone dynamics of 

MIF at the global level are not substantially altered, however correlation plots for each of these 

variants versus WT MIF detect clear differences in local regions of the protein (Fig. 4). 

Interestingly, each MIF variant has a unique impact on dynamics surrounding the N-terminus. We 

dissected these contributions across several timescales, where R1R2 relaxation rates, plotted as a 

product to suppress artifacts from anisotropic molecular tumbling, qualitatively report on micro-

millisecond (µs-ms) protein motions (via elevated values driven by R2 and Rex) and 1H-[15N] NOEs 

better reflect pico-nanosecond motions. In both analyses, Pro1 modifications induced the greatest 
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change in MIF dynamics, evidenced by a stronger deviation from linearity in correlation plots. 

These data are consistent with increased line broadening in P1M and P1G NMR spectra (Fig. 1B) 

and indicate that disruption of Pro1 propagates dynamic changes to its surrounding residues. In 

the case of P1M, the broadened beyond detection points is related with conformational changes 

occurring due to the mutation of Pro1 to Met. Nevertheless, these conformational changes do not 

affect MIF folding, stability and CD74 activation potency, as shown by the CD, crystallographic 

and previously published in vivo functional data. 

 Consistent with our MD simulations, the P1G variant most strongly alters the dynamics of 

MIF. Interestingly, this effect is most pronounced in both R1R2 and 1H-[15N] NOE data, though the 

exact residues affected are different (Fig. 4A and 4B). Specifically, the P1G variant exhibits 

pronounced dynamic influence on residues 28-36, 44-49, and 60-68 (via elevated R1R2 and/or 

depressed 1H-[15N] NOE correlations), many of which fall on the 2 and 4 strands as highlighted 

by MD simulations. In addition, the N-terminus is unsurprisingly affected, as are other isolated 

regions that are mapped onto the MIF structure (Fig. 4A and 4B). Weaker effects on R1R2 were 

observed in the P1M, P1, and M2A variants, although residues 60-68 (P1M), 35-40, 64-66, 99-

101 (P1), and Pro1 and Lys66 (M2A) still display significant motional variation from WT MIF 

at sites of critical MD correlation. Changes in 1H-[15N] NOE correlations, relative to WT MIF, 

were less pronounced. However, subtle differences in the dynamics of these variants coupled with 

significant chemical shift perturbations (i.e., local structural effects) at the C-terminal receptor 

binding region (Supplemental Fig. 1B) may help to explain their diminished CD74 activation.  

Conclusions 

for highly flexible proteins, conformational changes are often the guide for understanding 

the catalytic, folding, or activation mechanisms 76. for CD74, direct dynamic interrogation is 
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unlikely to yield any mechanistic insights, due to its highly disordered structure 41. Therefore, 

indirect dynamic approaches that include the protein ligand, MIF, is the only valid route. We have 

successfully utilized MIF dynamics to identify an allosteric site that modulates the MIF-induced 

activation of CD74 in the ns-µs timescale 51. Using protein dynamic methods, we also highlighted 

the role of -sheet in dynamic signal transmission between distal MIF sites 51, 53. In this study, we 

applied a similar approach aiming to understand the role of the MIF N-terminus in activation of 

CD74 and clarify the mechanistic parameters that determine the agonistic or antagonistic 

properties of MIF variants. Using MD simulations and NMR experiments that explored the 

dynamic behavior of MIF variants, we determined how the N-terminus dynamically regulates the 

surface of MIF. Increasing the N-terminal flexibility disrupted the harmonic communication with 

the neighboring 2 and 4 strands, affecting key MIF surface residues involved in activation of 

CD74. from these findings, it becomes apparent that Pro1 serves as an anchor, controlling the 

flexibility of the 1 strand and subsequently the dynamics of the entire -sheet.  A previous study 

has shown that structural changes at the MIF N-terminus, due to inhibitor binding, impact the MIF-

induced activation of PI3Ks in leucocytes (12). Our study provides a mechanistic explanation for 

the above observation. We hypothesize that MIF ligands can have a distinct regulatory effect on 

CD74 activity; agonistic or antagonistic, based on their ability to modulate the conformational 

flexibility of N-terminus.  

Through a detailed correlation analysis of WT MIF and MIF variants, we identified the 

functional characteristics required by MIF proteins in order to serve as CD74 agonists or 

antagonists. A potential CD74 agonist requires significant enhancement of the overall correlation 

of amino acids that directly (e.g., Tyr36, Ile64, and/or Lys66) or indirectly (e.g., Ala38, His62, 

and/or Tyr99) affect the CD74 activation surface of MIF. A potential CD74 antagonist has the 
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opposite effect, reducing the overall correlation of functionally important residues. Regulation of 

biological activity by positive or negative cooperativity was also shown in other protein classes, 

including kinases and G-protein coupled receptors 77. In these studies, MD simulations played a 

key role in understanding the connection between protein dynamics and biological activity. for 

this study, the MD simulations are supported by NMR experiments and previously published 

CD74 activation assays 48. Such findings provide the first piece of evidence for understanding the 

mechanistic differences between MIF variants serving as CD74 agonists or antagonists and create 

a foundation for the development of highly potent CD74 modulators.  

Supplemental Information 

 

Supplemental Table 2.S1.  

Correlation analysis of key residue for MIF variants.  

WTMIF 
aa Pro1 Met2 Tyr36 Ala38 His62 Ile64 Lys66 Tyr99 

Trial 1 0.30 0.30 0.33 0.31 0.29 0.28 0.26 0.31 

Trial 2 0.28 0.27 0.30 0.27 0.28 0.25 0.25 0.28 

Trial 3 0.27 0.28 0.31 0.29 0.31 0.27 0.25 0.29 

Average 0.28 0.28 0.31 0.29 0.29 0.27 0.25 0.29 

SD (±) 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 

P1M 
aa Met1 Met2 Tyr36 Ala38 His62 Ile64 Lys66 Tyr99 

Trial 1 0.33 0.36 0.41 0.40 0.38 0.29 0.30 0.37 

Trial 2 0.26 0.23 0.26 0.25 0.26 0.23 0.23 0.26 

Trial 3 0.27 0.30 0.36 0.33 0.29 0.25 0.27 0.34 

Average 0.29 0.30 0.35 0.33 0.31 0.26 0.26 0.32 

SD (±) 0.04 0.07 0.08 0.08 0.06 0.03 0.03 0.06 

P1G 
aa Gly1 Met2 Tyr36 Ala38 His62 Ile64 Lys66 Tyr99 

Trial 1 0.20 0.22 0.24 0.22 0.22 0.19 0.21 0.23 

Trial 2 0.21 0.22 0.20 0.20 0.23 0.21 0.22 0.24 

Trial 3 0.23 0.28 0.30 0.30 0.29 0.25 0.27 0.31 

Average 0.21 0.24 0.25 0.24 0.24 0.22 0.24 0.26 

SD (±) 0.02 0.04 0.05 0.05 0.04 0.03 0.03 0.04 

1P 
aa Pro1 Met2 Tyr36 Ala38 His62 Ile64 Lys66 Tyr99 
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(Table 2.S1. continued) 

Trial 1 - 0.24 0.22 0.23 0.27 0.25 0.24 0.29 

Trial 2 - 0.25 0.26 0.25 0.27 0.24 0.24 0.29 

Trial 3 - 0.24 0.24 0.23 0.22 0.21 0.12 0.24 

Average - 0.24 0.24 0.24 0.25 0.23 0.22 0.27 

SD (±) - 0.003 0.02 0.01 0.02 0.02 0.03 0.03 

M2A 
aa Pro1 Ala2 Tyr36 Ala38 His62 Ile64 Lys66 Tyr99 

Trial 1 0.30 0.31 0.34 0.31 0.30 0.26 0.25 0.29 

Trial 2 0.25 0.24 0.26 0.25 0.25 0.22 0.22 0.25 

Trial 3 0.31 0.30 0.32 0.31 0.27 0.23 0.22 0.27 

Average 0.29 0.28 0.31 0.29 0.27 0.24 0.23 0.27 

SD (±) 0.03 0.04 0.04 0.04 0.02 0.02 0.02 0.02 

 

Note. The table displays global correlation values of the reported residues, representing the average 

correlation of these residues with the MIF homotrimer. While there are a few residues that a single 

amino acid has a strong correlation with, the majority of amino acids have very little to none, 

which explains the small global correlation value. 
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Supplemental Figure 2.S1.  

The MIF variants used in this study. 

 

Note. The structure of monomeric WT MIF (PDB entry: 3DJH) is shown in black. The -strands 

are labeled and the catalytically active N-terminus amino acid, Pro1, is shown as sticks. Although 

the biological assembly of MIF is homotrimeric, we illustrate only one monomer for simplicity. 

The N-terminal sites of MIF variants P1M (yellow), P1G (blue), M2A (purple) and P1 (red) are  



51 

 

(Figure 2.S1 Continued) 

shown at the four corners and obtained from the PDB entries 4PKZ, 1P1G, 4XX7, and 4XX8 for 

P1M, P1G, M2A, and P1, respectively. Notably, the N-terminal residue of P1, Met2, adopts 

two conformations.  

 

Supplemental Figure 2.S2.  

Analysis of protein folding and thermal stability of WT MIF and MIF variants.  

 

Note. A. The secondary structure profiles of WT MIF, P1M, P1G, P1, and M2A are shown in 

black, yellow, blue, red, and purple, respectively. Folding profiles were monitored between 260nm 

and 195nm, at 25C.  B. Thermal denaturation curves of WT MIF and MIF variants. As before,  
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(Figure 2.S2 Continued) 

WT MIF, P1M, P1G, P1, and M2A are shown in black, yellow, blue, red, and purple, 

respectively. CD scans were obtained at 218nm. C. Alignment of WT MIF (black) with P1 (red) 

crystal structures demonstrates no global differences between the two proteins. Nevertheless, P1 

reveals a shorter 1 strand due to Pro1 deletion (inset). The shorter 1 strand of P1 explains why 

the CD spectra of WT MIF and P1 differ. 
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Supplemental Figure 2.S3.  

Superposition of WT MIF (black) crystal structure with the corresponding structures of P1M 

(yellow), P1G (blue), M2A (purple), and P1 (red).  

 
 

Note. All MIF variants show high superposition agreement to WT MIF with root-mean-square 

deviation (RMSD) values between 0.109Å and 0.245Å. The files used for alignment were obtained 

from Protein Data Bank as specified in methods.  
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Supplemental Figure 2.S4.  

Cross-correlation analysis of C atoms for WT MIF and MIF variants.  

 
 

Note. Correlation analyses of WT MIF and MIF variants were derived from 200 ns MD simulation 

runs, each one repeated in triplicate. The two axes demonstrate the amino acid number of MIF 

trimer. Correlation between the MIF residues increases from 0 (no correlation) to 1(absolute 

correlation). Boxes A, B and C highlight the three monomer of MIF trimer.  
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Supplemental Figure 2.S5.  

NMR spin relaxation parameters for WT MIF and MIF variants.  

 
 

Note. The R1 (left), R2 (center) and 1H-[15N] NOE (right) values for WT MIF (black) are overlaid 

with those of P1G (top row), P1M (second row), P1 (third row), and M2A (bottom row). All MIF 

variants are shown in red. These data comprise the correlation analysis shown in Figure 2.4. 
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CHAPTER 3: UNDERREPRESENTED IMPURITIES IN 4-HYDROXYPHENYLPYRUVATE 

AFFECT THE CATALYTIC ACTIVITY OF MULTIPLE ENZYMES 

 

Published as: Parkins, Andrew et al. “Underrepresented Impurities in 4-Hydroxyphenylpyruvate 

Affect the Catalytic Activity of Multiple Enzymes.” Analytical chemistry vol. 95,11 (2023): 

4957-4965. doi:10.1021/acs.analchem.2c04969 

 

 

 

Abstract 

Macrophage migration inhibitory factor (MIF) is a key immunostimulatory protein with 

regulatory properties in several disorders, including inflammation and cancer. All the reported 

inhibitors that target the biological activities of MIF have been discovered by testing against its 

keto/enol tautomerase activity. While the natural substrate is still unknown, model MIF substrates 
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are used for kinetic experiments. The most extensively used model substrate is 4-hydroxyphenyl 

pyruvate (4-HPP), a naturally occurring intermediate of tyrosine metabolism. Here, we examine 

the impact of 4-HPP impurities in the precise and reproducible determination of MIF kinetic data. 

To provide unbiased evaluation, we utilized 4-HPP powders from five different manufacturers. 

Biochemical and biophysical analyses showed that the enzymatic activity of MIF is highly 

influenced by underrepresented impurities found in 4-HPP. Besides providing inconsistent 

turnover results, the 4-HPP impurities also influence the accurate calculation of ISO-1’s inhibition 

constant, an MIF inhibitor that is broadly used for in vitro and in vivo studies. The macromolecular 

NMR data show that 4-HPP samples from different manufacturers result in differential chemical 

shift perturbations of amino acids in MIF’s active site. Our MIF-based conclusions were 

independently evaluated and confirmed by 4-hydroxyphenylpyruvate dioxygenase (HPPD) and D-

dopachrome tautomerase (D-DT); two additional enzymes that utilize 4-HPP as a substrate. 

Collectively, these results explain inconsistencies in previously reported inhibition values, 

highlight the effect of impurities on the accurate determination of kinetic parameters, and serve as 

a tool for designing error-free in vitro and in vivo experiments.  

Introduction 

Commercially available compounds with a typical purity of ≥95 % are widely used in 

enzymatic assays as substrates or inhibitors. The remaining <5% consists of organic and/or 

inorganic impurities that are associated with the chemical synthesis process and may include 

precursor molecules, chemical reagents, metal ions, or reaction byproducts. Such chemical 

substances are occasionally reported to interfere with the accuracy of enzymatic assays, producing 

false positives and inconsistent kinetic data43, 78, 79. In principle, the percent of impurities found in 

these compounds is diminutive and should not hinder experimental set-up nor results. 
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Nevertheless, a typical enzymatic assay is performed at reagent and substrate concentrations that 

exceed the enzyme concentration by far. Under these conditions, chemical impurities may reach a 

concentration that actively interferes with the enzyme.  

MIF is a versatile protein with a well-described functionality in adaptive and innate 

immunity80. The homotrimeric assembly of MIF activates the CD74/CD44 co-receptor pair27, 36 

and G-protein-coupled receptors (GPCRs) CXCR2 and CXCR412, 81, leading to signaling cascades 

that promote cell proliferation, migration, and inhibition of apoptosis. The biological pathways 

activated by the MIF/receptor complexes have regulatory effects on cardiovascular, autoimmune 

diseases, inflammation, and cancer82-84. Besides functioning as a cytokine and chemokine, MIF 

also possesses an endonuclease activity13 and a keto-enol tautomerization activity85. The latter 

serves as the sole source for identification of MIF modulators48, 58, 86. Despite its early discovery85, 

the keto-enol tautomerization activity of MIF is poorly understood and the natural substrate, is yet 

to be reported. Instead, several synthetic and naturally occurring molecules serve as model 

substrates. from those, D-dopachrome85 and 4-hydroxyphenylpuruvic acid (4-HPP)6 are the most 

widely used. Since D-dopachrome has several limitations, including photosensitivity and short 

linearity, 4-HPP is the preferred substrate for biochemical studies48 and high-throughput screening 

efforts87.  

The keto-enol tautomerization of 4-HPP occurs in the active site formed between each 

subunit of the MIF trimeric assembly. In this structure, the 3 polypeptide subunits adopt a ring 

shape with a central opening known as the solvent channel17. The N-terminal residue, Pro1, serves 

as the catalytic base, while Lys32, Tyr36, from one subunit and Tyr95 and Asn97 from an adjacent 

subunit, stabilize the bound 4-HPP7. Mutations on the four active site residues or the catalytic base 

Pro1, reduce or abolish the catalytic activity of MIF, respectively. The hydrophobic active site is 
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known to be promiscuous as it binds to a diverse group of small molecules, some of which 

covalently modify Pro148, 58. Besides small molecule inhibitors used in binding studies, 

crystallographic analysis has shown that the active site pocket of MIF also binds other reagents 

present in the experimental set-up that were not intended to bind (see PDB:3DJH)46. Recently, a 

regulatory site located at the opening of the solvent channel was reported to dynamically modulate 

functional regions of MIF, including surface amino acids responsible for the activation of CD7451, 

88 as well as the catalytic base Pro153.  

Besides MIF, 4-HPP is a substrate for D-DT and HPPD, two enzymes with an emerging 

functional role in tumor cell survival and proliferation 44, 89. D-DT is a homotrimer with a keto-

enol tautomerization activity that is regulated by the N-terminal Pro, similar to MIF 90. Although 

they possess the same enzymatic activity, MIF and D-DT share only 34% sequence identity 9. The 

low amino acid identity has a direct impact on the composition, hydrophobicity, and ligand 

selectivity of each active site 57. Thus far, D-DT has only two reversible inhibitors both of which 

were discovered via the tautomerization assay of 4-HPP 44, 59.  In contrast to MIF and D-DT, HPPD 

is a homodimeric enzyme that catalyzes dioxygenation of 4-HPP in the second step of tyrosine 

catabolism. Incorporation of molecular oxygen in 4-HPP yields homogentisate (HGA) and the 

reaction requires inorganic iron as a cofactor.  

In this study, we use MIF as a model enzyme to examine how 4-HPP impurities may affect 

enzymatic activity. Our experimental approach involved an array of complementary techniques, 

and all together demonstrated that underrepresented impurities found in 4-HPP affect the 

enzymatic activity of this protein. D-DT and HPPD were employed to evaluate the MIF kinetic 

findings. In both cases, we noted that 4-HPP samples from different manufacturers produced 

inconsistent kinetic data. Altogether, our findings demonstrate the critical impact of 4-HPP 
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impurities on the accuracy of kinetic data and support the efforts for designing error-free 

biochemical assays and high-throughput experiments.  

Materials and Methods 

Materials 

Information about the purity and suppliers of the reagents used is provided in the 

supplemental information. 

Protein cloning, expression, and purification. Wild-type (WT) MIF, WT D-DT and WT 

HPPD were cloned in pET-11b, pET-22b and pET-21a vectors, respectively, and transformed into 

Escherichia coli BL21 gold (DE3) competent cells (Agilent Technologies, Inc.) for expression. 

Protein expression and purification were carried out according to previously described protocols 

66,91. More information is provided in supporting experimental section. 

MIF and D-DT enzymatic assays. The kinetic experiments for MIF and D-DT were 

performed in a 96-well microplate, as previously described 51, 53. A detailed protocol is described 

in supporting experimental section.  

HPPD endpoint assay.  

The HPPD endpoint assay was carried out in a 96-well microplate using 4-HPP samples 

from different manufacturers (TCI and Chemodex). First, a 30 mM stock solution of 4-HPP was 

prepared in 0.5 M ammonium acetate pH 6.2, similarly to what we described earlier for the MIF 

and D-DT assays. To prepare the 150 µL reaction solution, iron (II) sulfate, ascorbate, and 4-HPP 

were added at a final concentration of 1 mM, 4 mM, and 0-1.6 mM, respectively. The mixture, 

which also included 110 µL of 0.5 M ammonium acetate pH 6.2, was incubated at 30C for 30 

minutes and the reaction initiated by the addition of 10 µL HPPD, at a final concentration of 500 

nM. After 5 min, the reaction was terminated by adding 150 µL MeOH. The microplate was 
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centrifuged at 2100 × g for 15 minutes at 4C. A 50 µL sample from each well was transferred to 

a new 96-microplate that contained borate at a final concentration of 0.42 M. Borate was prepared 

in 100 % MeOH.  The formation of enol-HPP-borate complex was monitored at 306 nm using a 

Tecan Infinite M-Plex microplate reader for 16 hours, taking readings every 30 min. Between 

reading the plate was sealed with an aluminum film to avoid evaporation of MeOH. The assay was 

performed in triplicate.  

NMR and Mass Spectrometry analyses of the 4-HPP samples.   

All NMR and MS spectra were correspondingly recorded on a JEOL-ECA600 instrument and 

triple quadrupole mass spectrometer interfaced with an electrospray ionization (ESI) source. Both 

analyses were performed following standard methods that are described in supporting 

experimental section.  

Macromolecular NMR binding studies.  

NMR experiments to study the interaction between 4-HPP samples from two different 

manufacturers (Chemodex and TCI) and MIF were acquired on a Bruker Avance III spectrometer 

operating at a 1H frequency of 600 MHz and equipped with a z-axis gradient cryogenic probe. 

NMR spectra for chemical shift assignment and for binding studies were collected at 303 K and 

298 K, respectively. MIF forms a trimer of ~ 37.5 kDa, thus both 2D-[1H-15N]-TROSY92 and 2D-

[1H-15N]- HSQC were acquired; however, no significant improvement in the quality of the spectra 

was observed by using the TROSY sequence. Fast acquisition techniques, [1H-15N] SOFAST-

HMQC93, were used to achieve high 4-HPP/MIF ratios by keeping MIF concentration at low sub-

millimolar concentration (50 µM). Two different buffers at pH values of 7.0 and 6.2 were used to 

test the effects of the impurities in 4-HPP samples. Buffer 1 is composed of 20 mM phosphate (pH 

7.0), 1 mM EDTA. Buffer 2 contains 20 mM sodium acetate (pH 6.2). Both buffers contain 7.5% 
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D2O. Three samples were prepared in each buffer: a control sample without 4-HPP, 1:200 molar 

ratio of MIF:4-HPP (Chemodex), and 1:200 molar ratio of MIF:4-HPP (TCI). The concentration 

of 15N-uniformly labeled MIF stocks was determined to be 1.7 mM by ultraviolet–visible (UV-

Vis) measurement at 280 nm and using a theoretical molar extinction coefficient of 13,075 cm-1 

M-1 based on the amino acid sequence. The stock solutions were diluted to 50 µM for all 

experiments in the pertinent buffers. 4-HPP from Chemodex and TCI were prepared at a 

concentration of 600 mM and diluted to 10 mM for all experiments. Samples were prepared in 

advance and incubated overnight. Data were processed with NMRPipe74 software and analyzed 

with SPARKY75. 

Results and Discussion 

4-HPP samples from different manufacturers exhibit inconsistent kinetic results.  

Previously published kinetic findings have demonstrated a deviation of ISO-1 inhibition 

constant (Ki) 21, 94, 95; a molecule that serves as the reference inhibitor for many MIF biological 

and drug discovery studies.96, 97 Inconsistent MIF kinetic findings are not restricted only to ISO-1 

and it is believed that they are caused by substrate-related issues, such as the i) slow rate of 4-HPP 

tautomerization, ii) spectral interference between inhibitors and product (enol-HPP/borate) and iii) 

short linearity of product formation.97  

To investigate the impact of 4-HPP in the irregularity of MIF enzymatic assay, we 

purchased the compound from five different manufacturers (TCI, Ambeed, ChemCruz, Aldrich, 

and Chemodex) and performed kinetic assays, having 4-HPP as the only variable. The stated purity 

on the 4-HPP vials was between >95% (TCI) to ≥98% (Chemodex). To ensure accuracy of our 

findings, we prepared the 4-HPP samples under identical conditions and performed the biological 

replicates in three different days. Kinetic analyses revealed a noticeable disagreement between the 
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produced Michaelis-Menten plots and corresponding parameters (Table 1, Fig. S1). Surprisingly, 

the Michaelis-Menten constant (KM) values varied between 0.5 ± 0.05 mM and 4.1 ± 1.0 mM for 

Ambeed and Chemodex, respectively. The 8-fold difference between these samples, indicates that 

the 4-HPP impurities and/or precursor molecules interfered with the assay and the formation of 

MIF/keto-HPP complex. The KM value of 1.1 ± 0.2 mM, obtained by the TCI sample, was found 

in agreement with several previous published studies 57, 94, 98. Using this sample as reference, we 

compared the KM fold change between the various 4-HPP manufacturers. ChemCruz, Aldrich, 

and Chemodex exhibited the largest KM disagreement from the corresponding TCI value with 2.5, 

3.0 and 3.7-fold change, respectively (Fig. 1A). We also examined how the MIF catalytic 

performance (kcat/KM) would be affected by the five 4-HPP samples. The highest (13.1 ± 1.4 s-1 

mM-1) and lowest (10.1 ± 1.4 s-1 mM-1) kcat/KM values were obtained by TCI and Chemodex, 

respectively (Table 1).  Significant deviation of their kinetic parameters was also noted between 

the TCI-Aldrich (same kcat/KM) and TCI-Ambeed (similar KM) sample pairs (Fig. 1B).  

 

Figure 3.1.  

Comparison of wild-type MIF kinetic data using 4-HPP samples from different vendors. 
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(Figure 3.1 Continued) 

Note. A) The Michaelis-Menten constant (KM) of the most effective 4-HPP (TCI), was compared 

with the corresponding samples from Ambeed, ChemCruz, Aldrich, and Chemodex. The findings 

demonstrate a clear disagreement between the KM values that could be explained considering the 

inhibition effect of impurities found in each sample. B) Impurities found in the 4-HPP samples, 

obtained from Aldrich, TCI and Ambeed, have a drastic effect on the Michaelis-Menten kinetic 

parameters of wild-type MIF. 

 

* The corresponding Michaelis-Menten plots are shown in Figure S1. The experiments were carried out in triplicate (n=3) and the 

error values are shown as standard deviations.  

 

The 4-HPP composition affects the accurate calculation of inhibition constant.  

It was previously documented that impurities found in commercially available compounds, 

cause a variation of KM and impact the accuracy of the resulting enzymatic data.43, 79 for example, 

impurities in the commercially available 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate), 

Table 3.1.   

Michaelis-Menten parameters* of wild-type MIF determined from keto-enol tautomerase assays 

of 4-HPP 

 
KM 

(mM) 

Vmax 

(µM s-1) 

kcat 

(s-1) 

kcat/KM 

(s-1 mM-1) 

Chemodex 4.1 ± 1.0 2.1 ± 0.7 41.6 ± 14.7 10.1 ± 1.4 

ChemCruz 2.7 ± 0.3 1.6 ± 0.3 31.1 ± 5.9 11.6 ± 1.9 

Ambeed 0.5 ± 0.05 0.3 ± 0.07 6.0 ± 1.4 12.2 ± 1.6 

Aldrich 3.3 ± 1.0 2.2 ± 0.8 44.6 ± 16.2 13.1 ± 1.5 

TCI 1.1 ± 0.2 0.7 ± 0.2 14.3 ± 3.5 13.1 ± 1.4 
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which serves as a substrate for peroxidase enzymes,  were shown to inhibit the activity of 

horseradish peroxidase.  

In the case of MIF, we were interested in exploring how potential impurities/precursor 

molecules found in 4-HPP may affect the accurate calculation of inhibition constant. We 

determined the Ki value of ISO-1, using 4-HPP from three different manufacturers: TCI - KM 

=1.1 ± 0.2 mM, ChemCruz - KM =2.7 ± 0.3 mM, and Chemodex - KM =4.1 ± 1.0 mM. The 

rationale for choosing the specific manufacturers was based on the idea that their differences in 

KM, would have an impact on the calculated Ki value of ISO-1. In general, a smaller KM value is 

indicative of an enzymatic assay that is less influenced by potential impurities and thus a smaller 

Ki is expected. TCI and Chemodex would be expected to result in the smallest and largest Ki 

values, respectively, while the ChemCruz value should be somewhere in between. All the 

experiments were carried out using the same ISO-1 sample (≥98% purity). Analogously to our 

turnover experiments, the only variable for the inhibition experiments was the origin of 4-HPP. 

The experiments were repeated four times and the Michaelis-Menten plots were utilized to 

determine the inhibition constant of ISO-1. The average Ki values of 22.9 ± 5.6 µM, 44.4 ± 9.0 

µM, and 64.4 ± 25.5 µM were obtained for TCI, ChemCruz, and Chemodex, respectively (Fig. S2, 

Table S1). As expected for ISO-1, the Lineweaver-Burk plots demonstrate a competitive-type of 

inhibition. A closer examination of the four inhibition trials, shows a high reproducibility rate for 

TCI and ChemCruz samples, while the Chemodex sample caused fluctuation of the Ki (Table S1). 

This fluctuation is likely to be caused by the Chemodex impurities, which serve as inhibitors of 

the MIF assay. Given that the commercially available 4-HPP samples have a minimum reported 

purity of 95% and the final concentration of 4-HPP in the enzymatic assay is up to 2 mM, 
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impurities can reach a final concentration of ≤100 µM. At this concentration range, 

underrepresented impurities can effectively inhibit MIF. 

Noticeably, the inhibition findings are in agreement with the KM values obtained for TCI, 

ChemCruz, and Chemodex 4-HPP samples (Table 1). The previously published Ki values for ISO-

1 are 24 µM,21, 97 44 µM,94 and 120 µM.95 Apart from being the most reproducible one, the Ki 

value of 24 µM is also in agreement with two previously reported binding constant (KD) values 

of ISO-1 obtained using fluorescence spectroscopy.21, 97 Two out of three Ki values shown in this 

study (TCI - Ki=22.9 ± 5.6 µM and ChemCruz - Ki=44.4 ± 9.0 µM) match the previously 

published data, whereas the third (Chemodex - Ki=64.4 ± 25.5 µM) deviates noticeably from all 

known reported values. At first glance, the ∼2-fold difference of TCI/ChemCruz and ∼3-fold 

difference of TCI/Chemodex sample pairs, might not appear significant. However, these 

differences become critical in Ki calculations of highly potent MIF inhibitors and can lead to false 

positives in high-throughput screening efforts for identification of new drug-like agents. 

NMR analysis of the 4-HPP samples indicates the presence of different impurities.  

Our turnover and inhibition assays clearly indicate that the KM and Ki values are 

influenced by the impurities found in 4-HPP (Table 1, Table S1). To accurately assess 4-HPP 

samples’ purity, we dissolved the five powders in deuterated dimethyl sulfoxide (DMSO-d6) and 

recorded their proton spectra. Prior studies have shown that the keto tautomer of 4-HPP is far more 

stable in aqueous solution,99 while in DMSO the equilibrium favors formation of the enol-form by 

∼96%.100 In agreement with these studies, our NMR findings illustrate the enol-HPP 

predominance in the equilibrium and it’s detected at 12.9 ppm (Fig. S3). 

Overlay of the five proton spectra disclose differences in purity that are well-aligned with 

our biochemical findings (Fig. S3, Fig. S4). Side-by-side comparison of the five spectra exhibits 
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that the TCI and Ambeed samples are the cleanest.  Impurities around 1.9, 6.5, 7.7, and 9.8 ppm 

were detected only in Chemodex, Aldrich and ChemCruz samples and may account for the higher 

KM values observed in these three cases (Table 1, Fig. 1A). Several additional impurities at low 

abundance were detected in particular samples without providing a clear direction of their potential 

role in MIF enzymatic activity. 

Unique 4-HPP contaminations are detected by mass spectrometry.   

Visual comparison of the five 4-HPP powders revealed color differences that align with 

the kinetic findings (Fig. S5). The color of TCI powder, which accurately reproduces the published 

KM and Ki values for 4-HPP57 and ISO-1,21 respectively, noticeably differs from the colors of the 

remaining four. Although such observation cannot serve as a quantitative tool to evaluate the 

samples’ purity or explain the enzymatic findings, it is indicative of differences associated with 

the synthetic pathway(s). Probing the chemical pathway(s) of 4-HPP synthesis, we identified three 

potential routes (Scheme S1). Pathways 1101 and 2102 share 4-hydroxybenzaldehyde (5) as a key 

intermediate and reach the final product in a fewer steps in comparison to pathway 3.103  

We employed mass spectrometry to analyze the composition of TCI and Chemodex 

samples and detect ionizable precursor molecules or other contaminations that interfere with the 

activity of MIF. These two samples were chosen anticipating they would provide the clearest 

experimental outcome.  The positive and negative ion modes were monitored in a mass-to-charge 

(m/z) ratio up to 600 Da and the TCI and Chemodex data were compared side-by-side. Analysis 

of the protonated adduct molecules demonstrated that the Chemodex sample is clearly more 

contaminated than the corresponding TCI one (Fig. S6). The peak at m/z 122.8 corresponds to 5 

and it was detected in both TCI and Chemodex samples, as a consequence of a common 

manufacturing strategy. Elimination of hydroxyl group from the para position of 5 yields 
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benzaldehyde, which was previously reported to covalently interact with the catalytic residue Pro1 

(PDB: 4PLU)48. Noteworthy, the Pro1-benzaldehyde chemical adduct was derived from the 

nucleophilic substitution reaction between MIF-Pro1 and a suicide inhibitor. We examined the 

inhibition potency of 5 at a single point concentration of 100 µM and found no inhibition activity 

against MIF (data not shown).  

Besides the noticeable difference in purity, the positive ion mode analysis of Chemodex 

sample also revealed a unique contamination peak at m/z 85.9. This peak is not found in the TCI 

sample. Another unique contamination peak associated with the Chemodex sample was detected 

by the negative ion mode analysis at m/z 276.9 (Fig. S7). Neither of the two peaks was matched 

with the molecular weight (MW) of a precursor molecule (Scheme S1 - Pathways 1 or 2), while 

additional efforts to determine the identity of these impurities by high resolution accurate mass 

measurement (HRMS) did not yield any further insights. As expected, the main product (4-HPP) 

was detected in both positive and negative ion modes at m/z 181.0 and 178.9, respectively. 

Collectively, the MS findings further support the kinetic and NMR data and demonstrate that the 

impurities possessing inhibitory properties against MIF are not precursor molecules of 4-HPP 

(Scheme S1). 

Inconsistencies between the 4-HPP samples are not lot/batch number specific. Comparison 

between the TCI and Chemodex samples may raise an argument that the kinetic, NMR, and MS 

findings are due to batch inconsistencies. To elucidate this point, two TCI and Chemodex samples 

with the same product number (H0294 - TCI and H0013 - Chemodex) but different lot numbers 

(TCI lot numbers: UJNCJ-SA and 6TM4L-YH and Chemodex lot numbers: P4006 and X8048) 

were evaluated side-by-side (Table 2, Fig. S8).  The stated purity on the vials of TCI and 

Chemodex samples were >95% and ≥98%, respectively. The CAS number of 156-39-8, which was 
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shown on all vials, confirms the identity of 4-HPP.  for the TCI samples, the findings were highly 

reproducible yielding the Km/Vmax values of 1.1 ± 0.2 mM/0.7 ± 0.2 µM s-1 (UJNCJ-SA) and 

1.0 ± 0.0 mM/0.8 ± 0.1 µM s-1 (6TM4L-YH). The Km/Vmax values of 4.1 ± 1.0 mM/2.1 ± 0.7 

µM s-1 (P4006) and 3.9 ± 0.1 mM/2.9 ± 0.1 µM s-1 (P4006) obtained for the two Chemodex 

samples were also reproducible confirming that the MIF conclusions shown above are not bias by 

any batch inconsistencies.  

 

* The corresponding Michaelis-Menten plots are shown in Figure S8.  The experiments were carried out in triplicate (n=3) and the 

error values are shown as standard deviations. 

 

The impurities affecting the catalytic activity of MIF are not transition metal ions.  

It was previously shown that transition metal ions, including zinc (II) or copper (II), inhibit 

the enzymatic activity of MIF with a half-maximal inhibitory concentration (IC50) of 1 µM 94. 

These ions act as Lewis acids and are derived from the synthetic pathways followed for MIF 

inhibitors. Upon this finding, we probed whether transition metal ions may be responsible for the 

irregular kinetic results of Chemodex samples. Although, the precise synthetic pathway followed 

in this case is unknown, our MS analysis identified 5 as a key intermediate (Fig. S6). This result 

Table 3.2.   

Impact of lot number on the reproducibility of MIF kinetic results* 

 

 

Lot number 

KM 

(mM) 

Vmax 

(mM s-1) 

Chemodex P4006 4.1 ± 1.0 2.1 ± 0.7 

 X8048 3.9 ± 0.1 2.9 ± 0.1 

TCI 

UJNCJ-SA 1.1 ± 0.2 0.7 ± 0.2 

6TM4L-YH 1.0 ± 0.0 0.8 ± 0.1 
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suggests that 4-HPP was likely synthesized following either pathway 1 or 2 (Scheme S1). 

Literature review of the reactions involved in these two pathways did not demonstrate the usage 

of transition metal ions, as either catalysts or reagents. Nevertheless, we investigated it further by 

performing additional kinetic assays in the presence of 1 mM EDTA. for these experiments, the 

TCI 4-HPP (lot number: 6TM4L-YH) was used as a negative control to show that the chelation 

properties of EDTA have no effect of the produced kinetic data. Indeed, the Km and Vmax values 

of 1.2 ± 0.02 mM and 0.9 ± 0.01 µM s-1, obtained in the presence of 1 mM EDTA, demonstrate 

no deviation from the previous kinetic findings (Table 3, Fig. S9). Upon testing the impact of 1mM 

EDTA on the kinetic results of Chemodex samples (Lots numbers: P4006 and X8048), we noted 

a minor deviation from the original values (no EDTA) that were within the statistical error (Table 

3). Therefore, we concluded that EDTA had not impact on the assays involved the Chemodex 

samples and transition metal ions are not responsible for the irregular kinetic results.  

 

Table 3.3.  

Impact of metal ions on the reproducibility of MIF kinetic results* 

                                                                  (-) EDTA                             (+) EDTA 

 

Lot # 

KM  

(mM) 

Vmax 

(µM s-1) 

KM  

(mM) 

Vmax  

(µM s-1) 

 

Chemodex 

P4006 4.1 ± 1.0 2.1 ± 0.7 3.4 ± 0.3 2.7 ± 0.3 

X8048 3.9 ± 0.1 2.9 ± 0.1 4.5 ± 0.8 3.2 ± 0.6 

TCI 6TM4L-YH 1.0 ± 0.0 0.8 ± 0.1 1.2 ± 0.02 0.9 ± 0.01 

* The corresponding Michaelis-Menten plots are shown in Figure S9.  The experiments were carried out in triplicate (n=3) and the 

error values are shown as standard deviations. 
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NMR binding studies between MIF and 4-HPP samples show different chemical shift 

perturbation patterns.  

We have used protein NMR to gain a better understanding of the binding between MIF and 

4-HPP samples from different manufacturers. To ensure that the impurities are present in 

significant amounts, we have prepared mixtures of 4-HPP (from Chemodex and TCI 

manufacturers) at 10 mM concentration and uniformly labeled 15N-MIF at 50 µM, thus resulting 

in a substrate/enzyme molar ratio of 200 and potential presence of impurities at ~ 500 µM. The 

keto-enol tautomerization rate of phenyl pyruvic acid and its derivatives is significantly enhanced 

(more than one order of magnitude) by pH increase in the 6.0 to 8.5 range in the absence of 

enzymatic catalysis104. However, rate enhancement by pH is only marginal in the presence of the 

enzyme104. Nonetheless, the NMR binding studies were done at pH 6.2 and 7.0 to study potential 

effects of the pH on the interaction between MIF and 4-HPP. 

MIF assembles into a stable trimer17 with a MW of ~37.5 kDa that might result in NMR 

signal broadening due to slow molecular rotational diffusion. Therefore, we tested the quality of 

spectra acquired with standard 2D-[1H-15N]- HSQC and the transverse relaxation-optimized 

sequence 2D-[1H-15N]-TROSY92. Both spectra show good signal-to-noise ratio. The 2D-[1H-

15N]- HSQC experiment was finally used to obtain backbone amide 1H-15N chemical shift 

assignments (Fig. S10) using as reference the originally published data105. The assignments at both 

pH values, 6.2 and 7.0, are shown in Tables S2-S4. Nonetheless, NMR is a low-sensitivity 

technique, thus we used fast acquisition techniques (2D-[1H-15N]-SOFAST-HMQC)93 to acquire 

sufficient NMR signal accumulation at the micromolar concentration needed for the binding 

studies. The 2D NMR experiments reveal clear chemical shift perturbations, and in some instances 

signal broadening, reflecting the interaction between MIF and the 4-HPP samples from Chemodex 
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and TCI. Chemical shift perturbations were obtained from the average change combining both 1H 

and 15N chemical shifts according to equation 1.  

Δ𝛿𝑎𝑣 =  [(𝛿1H_MIF −  𝛿1H_MIF_HPP)2  +  (
δ15N_MIF −  𝛿15N_MIF_HPP

5
)

2
]

1/2

 (1) 

Where, δ1H_MIF and δ15N_MIF are the amide 1H and 15N chemical shifts, respectively, in the absence 

of 4-HPP; and δ1H_MIF_HPP and δ15N_MIF_HPP are the amide 1H and 15N chemical shifts, respectively, 

in the presence of 4-HPP. 

All chemical shift perturbations larger than one standard deviation were carefully inspected 

in the different spectra and assigned to the pertinent amino acids. A representative subset is shown 

in Figure S11, highlighting differential chemical shift perturbation or signal broadening. Upon 

binding to 4-HPP, some signals show significant changes in chemical shifts, for example A27 and 

T30, whereas others undergo severe broadening, such as the -NH of W108 indole side chain, I64 

and K66 (Fig. S11). Interestingly, the extent of signal broadening and/or chemical shift 

perturbation differ for the same amino acids depending on whether the spectrum was acquired for 

the sample containing 4-HPP from TCI or from Chemodex (Table 4). In general, signal broadening 

upon binding to 4-HPP is more prominent at pH 6.2 compared to pH 7.0 (Table 4, Fig. S11). This 

result indicates that MIF-4-HPP interactions are affected by the pH-dependent keto-enol 

tautomerization. It is worth noting that the chemical shift perturbations are larger in the presence 

of the Chemodex 4-HPP compared to TCI for many amino acids; albeit the opposite is observed 

for several residues such as S63, K66 and I96 at pH 6.2 (Table 4). Therefore, we can conclude that 

there is no systematic deviation in the TCI or Chemodex 4-HPP binding data, which rules out 

sample preparation as a potential source of differential chemical shift perturbation. 
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* All residues have chemical shift perturbations larger than 1SD in at least one condition except T112, which is shown as an 

example of differential broadening. The largest differences in chemical shift perturbation between 4-HPP from Chemodex and TCI 

Table 3.4.  
 

Differential binding between MIF and 4-HPP from TCI and Chemodex based on NMR 

chemical shift perturbations 
 

Amino Acid Chemical shift perturbation (ppm) or broadness* 

 pH 7.0 pH 6.2 

 

4-HPP  

Chemodex 

4-HPP TCI 

4-HPP  

Chemodex 

4-HPP TCI 

F3 0.074 0.039 ** ** 

L26 0.039 0.007 ** ** 

A27 0.022 0.009 0.058 0.055 

T30 0.053 0.022 0.113 0.100 

Q35 0.021 0.006 0.047 0.027 

I37 0.052 0.023 ** ** 

V39 0.046 0.018 0.064 0.068 

F49 0.038 0.014 ** ** 

G50 0.032 (broader) 0.028 ** ** 

S63 0.029 0.011 0.033 0.053 

I64 0.041 0.027 (broader) 0.124 ** (broader) 

K66 0.065 0.046 0.063 0.1 

I96 0.033 0.016 0.023 0.036 

N102 0.028 0.023 0.046 0.052 (broader) 

V106 0.025 0.024 0.025 0.026 (broader) 

W108 side chain 0.048 0.024 0.058 0.061 (broader) 

T112 0.027 0.012 0.014 * (broader) 
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The amino acids with chemical shift perturbations larger than one standard deviation (1 

SD) upon addition of 4-HPP from Chemodex and TCI are located at or near MIF’s trimer active 

sites in the interface between subunits (Fig. S12A, S12B). These amino acids match previously 

reported NMR data on the binding region of MIF including F3, V39, G50, K66, N102, W108, 

F113, A114 18. Few variations in the amino acids involved in the interaction are observed when 

comparing data for 4-HPP from Chemodex (Fig. S12A) and TCI (Fig. S12B). This result is likely 

due to the threshold of 1SD used for selecting the most significant perturbations, as binding to the 

different 4-HPP types clearly happens in the same interface according to our NMR data (Fig. 

S12A, S12B). Mapping onto the MIF structure amino acids with perturbations that differ 

depending on the 4-HPP manufacturer (Table 4) identified the structural motif involved in 

differential binding (Fig. S12C). Amino acids in the active site and nearby are perturbed differently 

depending on the origin of the 4-HPP. This result indicates that impurities also occupy the active 

site and cause different perturbations in the NMR signals depending on the type of 4-HPP. 

Altogether, the NMR data show clearly that MIF interacts differently with the two 4-HPP samples. 

This behavior could only be explained by the presence of impurities or other unwanted compounds, 

which modulate the interaction between MIF and 4-HPP via yet unknown mechanisms. 

4-HPP impurities affect the catalytic activity of multiple enzymes.  

To obtain further insights into the functional role of 4-HPP impurities, we extended our 

studies on D-DT and HPPD; two enzymes that catalyze tautomerization and dioxygenation of 4-

HPP, respectively. We anticipated that the D-DT findings would serve as a secondary evaluation 

point of the MIF results, since the two proteins share the same activity. Given HPPD is not a 

member of the tautomerase superfamily, our findings on this enzyme would provide conclusions 

with broader applications. Focusing first on D-DT, we performed kinetic assays using the TCI and 
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Chemodex samples, which were previously shown to have noticeable kinetic differences (Table 

1). Our findings are in agreement with the MIF results and show that 4-HPP samples from different 

manufacturers yield diverse kinetic results that affect the accuracy and reproducibility of the 

Michaelis-Menten parameters (Fig. 2, Table S5). Notably, the Km values derived from the 

Chemodex and TCI samples, demonstrate a ∼2-fold difference. Previous studies have shown that 

D-DT is less active that MIF 9, 44. This conclusion is also confirmed herein and explains why 4-

HPP impurities have significant but less drastic effect on D-DT (Fig. 2).  

To analyze the effect of 4-HPP impurities on the catalytic activity of HPPD, we first had 

to overcome a major obstacle related to the assay itself. While the product (HGA) and substrate 

(4-HPP) cannot be differentiated by direct spectrophotometric measurements, monitoring of 

HPPD activity is currently accomplished via indirect or labor-intensive methods. One of them is a 

coupled assay, which employs homogentisate 1,2-dioxygenase (HGD) to convert HGA to 

maleylacetoacetate. The latter is quantified by measuring absorbance at 318 nm 106. Other assays 

record the absorbance of high-performance liquid chromatography (HPLC)-isolated HGA, 

consumption of oxygen using an oxygen electrode 107 or formation of 14CO2 resulting from 

decarboxylation of the 14C-labeled substrate 108.  
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Figure 3.2.  

Side-by-side comparison of MIF (left) and D-DT (right) Michaelis-Menten plots using 4-HPP from 

different manufacturers.  

Note. The 4-HPP samples obtained from different manufacturers demonstrate distinguishable 

kinetic outcomes that have a direct impact on the accurate and reproducible calculation of 

Michaelis-Menten parameters. 

 

for this study, we developed an endpoint assay that measures the relative concentration of 

4-HPP left in the reaction mixture after inactivation of HPPD. Enzymatic dioxygenation of 4-HPP 

occurs for 5 min and the reaction is terminated by the addition of MeOH. Besides inactivation of 

HPPD, MeOH also converts keto-HPP to enol-HPP. MeOH was chosen among several organic 

solvents due to its ability to shifts the equilibrium point towards enol-HPP. Under this condition, 

the equilibrium percentage for enol-HPP is 100% and the tautomer remains stable for long periods 

(up to 1 month) 99, 100. Enol-HPP is then chemically converted to enol-HPP-borate complex, which 

absorbs at 306 nm. Having 4-HPP as the only variant of this experiment, we anticipated two 

possible experimental outcomes. If 4-HPP contains impurities with no inhibitory action against 

HPPD, then pathway A would be mainly followed favoring the formation of HGA (Fig. 3A). On 

the other hand, if 4-HPP contains impurities with inhibitory action against HPPD, then pathway B 

would be mainly followed favoring the formation of enol-HPP-borate complex (Fig. 3B). 
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Therefore, pathway B would yield higher absorbance readings at 306 nm in relation to pathway A. 

Based on these two possible outcomes, a side-by-side comparison of Chemodex and TCI plots 

would tell us whether a substrate’s impurities affect the enzymatic conversion of 4-HPP to HGA. 

The experiment ran for 16 hours, and absorbance readings were taken every 30 minutes. for 

accuracy of our findings, various controls were included. First, we confirmed that the assay 

monitors the formation of enol-HPP-borate complex by performing the experiment in the absence 

of borate (Fig. S13A) or 4-HPP (Fig. S13B). In both cases, we noted no significant changes in 

absorbance. The ability of HPPD to dioxygenate 4-HPP was also questioned. In the absence of 

enzyme, our experiment yielded higher absorbance readings that are explained by the presence of 

non-catalytically converted 4-HPP in the solution (Fig. S13C). from this control experiment, we 

noted that HPPD is more active in the case of TCI sample, while also demonstrating that impurities 

found in the Chemodex sample inhibit the enzyme.     
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Figure 3.3.  

Impact of 4-HPP impurities on the catalytic activity of HPPD.  

 

Note. (A) In the absence of impurities with inhibitory properties, 4-HPP will mainly follow 

pathway A producing HGA. (B) When 4-HPP contains impurities that inhibit the activity of 

HPPD, the substrate will mainly follow pathway B producing enol-HPP-borate complex. (C) 

Impurities found in 4-HPP inhibit the catalytic activity of HPPD. The curve with higher 

absorbance (black) is associated with lower HPPD activity, as described by Pathway B. The 

curve with lower absorbance (red) is associated with higher HPPD activity, as described by 

Pathway A. 

 

For both TCI and Chemodex samples, early absorbance readings show negligible 

differences from each other; however, after 1.5 hours differences in the concentrations of 

remaining 4-HPP begin to be apparent (Fig. 3C). As the readings continue, the difference becomes 

greater until the complete conversion of keto-HPP to enol-HPP at 16 hours. The Chemodex 4-HPP 
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sample has a great deal more remaining 4-HPP than the TCI sample, which is apparent by the 

higher absorbance at 306 nm (Fig. 3C).  These findings suggest that there is a difference in the 

contaminants found in the two 4-HPP samples, which result in the inhibition of HPPD. 

Conclusions 

In this study, we followed an unbiased approached to provide answers regarding the role 

of impurities in 4-HPP. We purchased and kinetically interrogated 4-HPP samples from five 

different manufacturers to observe inconsistent turnover and inhibition results of our model 

enzyme, MIF. Whereas the only variant in these experiments was the origin of 4-HPP, our findings 

were associated with the composition of the substrate and more specifically the underrepresented 

contaminations (<5%) that are produced during chemical synthesis of 4-HPP. Under the 

experimental design that is usually followed for enzymatic assays, impurities in the range of <5% 

become significant and can actively interfere with enzymatic activity. The presence of 

contaminations in 4-HPP, was independently examined and confirmed by NMR and MS. 

Macromolecular NMR analysis of the kinetically best (TCI) and worst (Chemodex) 4-HPP 

samples demonstrates that the differential chemical shift perturbations of amino acids in MIF’s 

active site can only be explained by the presence of impurities found in the substrate. The findings 

on MIF are independently supported by kinetic results of D-DT and HPPD and altogether support 

the design of faultless in vitro and in vivo experiments.  

Supplemental Information 

Supporting Experimental Section 

Materials. 

The 4-HPP samples were obtained from TCI (lot numbers: UJNCJ-SA and 6TM4L-YH), 

Ambeed (lot number: A632541-002), ChemCruz (lot number: F1917), Aldrich (lot number: 
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BCBW9189), and Chemodex (lot numbers: P4006 and X8048) and stored according to the 

manufacturer recommendations. The reported purities were >95% (TCI), 96% (Ambeed), ≥96% 

(ChemCruz), 98% Aldrich, and ≥98% (Chemodex). ISO-1 (≥98% purity) was purchased from 

Millipore-Sigma (lot number: 3548358). 4-Hydroxybenzaldehyde (98% purity) was purchased 

from Alfa Aesar (lot number: 10222703). Sodium L-ascorbate (>98%) was acquired from TCI. 

Ethylenediaminetetraacetic acid (EDTA >99%) and methanol (MeOH) with the corresponding 

purities of >99% and ≥99.8% were obtained from VWR chemicals.  Deuterated DMSO (99.9 % 

d) and 15N-ammonium chloride (99%) were purchased from Cambridge Isotope Laboratory. All 

the buffers were of the highest analytical grade (≥97% purity) and used without further 

purification. 

Protein cloning, expression, and purification.  

Cells were grown at 37°C in sterilized Luria Broth (LB) containing 0.100 mg/ml of 

ampicillin, until optical density at 600nm (OD600) of 0.6-0.8 was reached. Protein expression was 

induced by the addition of 1mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Induction of MIF 

and D-DT occurred at 37°C for 4 hours, while in the case of HPPD, the culture was maintained at 

16°C for 16 hours. Following, the cells were collected by centrifugation, washed with the 

corresponding lysis buffer (20 mM NaCl, 20 mM Tris.HCl, pH 7.4 - MIF; 20 mM NaCl, 20 mM 

Tris.HCl, pH 8.5 - D-DT; 1mM EDTA, 50 mM Tris.HCl, pH 7.5 - HPPD), and stored at -80°C. 

The 15N-labeled MIF protein was produced as described above with some modifications. Instead 

of using LB, the isotopically labeled WT MIF was grown in M9 minimal media supplemented 

with 15N-ammonium chloride. Cells were grown and induced as described above. Purification of 

MIF proteins was performed as following. The cell pellet containing the protein of interest was 

resuspended in the lysis buffer and lysed via sonication before being centrifuged to remove cell 
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debris. The supernatant was then filtered with a 0.22 µm PES syringe filter (Bioland Scientific 

LLC) and loaded onto 5 ml and 120 ml Q-Sepharose columns connected in series. MIF did not 

bind to either of the columns and collected in the flow-through. D-DT was purified in a similar 

manner using only a 5 ml Q-Sepharose column. At pH 8.5, the protein bound to the resin and 

eluted with 5% of 1 M NaCl, 20 mM Tris.HCl, pH 8.5. The remaining impurities of MIF and D-

DT were removed by size exclusion chromatography using a 16/60 Superdex 75 column (Cytiva, 

Marlborough, MA). The MIF and D-DT running buffers, used for the final purification step, were 

the lysis buffers reported above. for HPPD purification, the cell lysate was prepared in a similar 

manner to what we described above for MIF and loaded onto a 120 mL Q-Sepharose column. 

HPPD did not bind to the column and eluted in the flow though. Following, the protein was further 

purified by size exclusion chromatography using a 16/60 Superdex 75 column that was 

equilibrated with 50mM Tris.HCl, pH 7.5. Protein purity and concentration for MIF, D-DT, and 

HPPD were determined by sodium dodecyl sulfate–polyacrylamide (SDS-PAGE) gel 

electrophoresis and Pierce BCA assay (Thermo Fisher), respectively. 

MIF and D-DT enzymatic assays.  

A 30 mM stock solution of 4-HPP was prepared in 0.5 M ammonium acetate pH 6.2 and 

incubated at room temperature under rocking for ≥16 hours to allow the formation of keto-HPP 

tautomer. for the assay, 4-HPP was added first at a final concentration range of 0 to 2 mM, followed 

by 0.420 M of borate, and 50 nM MIF or 250 nM D-DT. To examine the impact of ions in the 

enzymatic activities of MIF and D-DT, the above process repeated, including 1 mM EDTA. for 

the MIF inhibition studies, DMSO (1% final) or ISO-1 dissolved in DMSO were also added to the 

reaction mixture. The final concentration of ISO-1 varied between 0-75 M. In all experiments, 

the total reaction volume was 150L. The formation of enol-HPP/borate complex (ε306 = 11400 
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M−1 cm−1) was measured at 306 nm using a Tecan Infinite M-Plex microplate reader (TECAN). 

Each experiment was carried out for either 180 seconds (MIF) or 300 seconds (D-DT), using 10-

second intervals. Analysis was performed in GraphPad Prism 9.3.1 and all experiments were 

performed at least in triplicate. 

NMR analysis of the 4-HPP samples. 

The NMR spectra of 4-HPP were recorded on a JEOL-ECA600 instrument at room 

temperature with spinning (15 Hz). Commercial deuterated dimethyl sulfoxide (DMSO-d6) solvent 

was used without additional treatment. The proton spectrum was recorded with an x-offset of 8 

ppm and a spectral sweep width of 16 ppm. The data was digitized with 32 k points and zero-filled 

four times prior to Fourier transformation including a 0.1 Hz single exponential apodization 

function. The pulse field gradient heteronuclear multiple quantum coherence (pfg-HMQC) 

spectrum was recorded with an x-offset at 5 ppm (sweep width of 15 ppm, 1024 points in f1, zero-

filled 2x) and y-offset at 100 ppm (sweep width of 250 ppm, 256 points in f2, zero-filled 4x). The 

one-bond coupling constant was set to 140 Hz. The three gradients were G1 and G2 (1 ms, 0.18 

T/m), G3 (1 ms, 90.54 mT/m) and a gradient recovery period of 0.1 ms. The pulse field gradient 

heteronuclear multiple bond correlation (pfg-HMBC) spectrum was acquired with an x-offset at 5 

ppm (sweep width of 15 ppm, 2048 points in f1, zero-filled 2x) and y-offset at 100 ppm (sweep 

width of 250 ppm, 256 points in f2, zero-filled 4x). The one-bond coupling constant was set to 140 

Hz and the long-range coupling constant was set at 8 Hz. The three gradients were G1 and G2 (1 

ms, 0.18 T/m), G3 (1 ms, 90.54 mT/m) and a gradient recovery period of 0.1 ms. 

Analysis of 4-HPP impurities by Mass Spectrometry. 

The 4-HPP powders, obtained from TCI and Chemodex, were dissolved in a mixed solvent 

of high-performance liquid chromatography (HPLC) grade methanol and water (1:1 volume per 
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volume) to make a stock solution of ~10-3 M. The stock solution was following diluted in the same 

solvent to achieve a concentration of ~10-5 M and introduced into the mass spectrometer via loop 

injection through a 6-port injection valve.  Mass spectrometry measurements were performed on 

a triple quadrupole mass spectrometer interfaced with an electrospray ionization (ESI) source 

(Varian 320L, Agilent Technologies, Santa Clara, CA). A separate syringe pump was connected 

to the ESI source with a flow rate set at 25 μL/min, which pushed the mixed solvent to the ESI 

source via the injection valve. The full scan was collected using the profile mode with a mass range 

of m/z 30-600. The standard instrumental parameters were employed throughout the experiments. 

The parameters include the ESI needle onset voltage of 4.5 kV, capillary voltage of 40 V, nitrogen 

nebulizing gas pressure of 50 psi, drying gas pressure of 18 psi and drying gas temperature of 180 

°C. Collision-induced dissociation (CID) experiments were performed on selected ions with higher 

m/z values than the compound in the sample. Argon gas was used as the collision gas with a 

pressure of 0.5 m Torr. The collision energy was set around 10-15 V. 
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Scheme 3.S1.  

Possible synthetic routes of 4-HPP. 
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* Error values are shown as standard deviations.  

 

Table 3.S2.  

MIF chemical shifts for the amide backbone (ppm) * 
 
                   pH 7.0                 pH 6.2 

 Amide Nuclei 

Residue 15N 1H 15N 1H 

F3 125.291 8.971 125.775 8.967 

V5 122.437 8.364 122.445 8.35 

N6 126.594 8.397 126.535 8.364 

T7 117.341 9.165 117.592 9.177 

R11 124.098 9.095 124.081 9.092 

S13 112.578 7.908 112.577 7.901 

V14 123.65 7.565 123.627 7.562 

D16 123.827 8.825 123.804 8.828 

F18 121.65 7.848 121.697 7.852 

L19 116.096 8.356 116.163 8.369 

S20 118.113 7.993   

E21 124.496 8.194 124.546 8.199 

L22 117.616 8.3 117.571 8.307 

T23 114.467 7.454 114.571 7.477 

Q24 119.409 7.836   

Q25 117.647 8.569 117.571 8.563 

L26 119.113 8.43 118.907 8.394 

A27 127.351 8.264 127.41 8.264 

Q28 116.403 7.558 116.313 7.532 

A29 119.413 7.991 119.419 8.016 

T30 104.083 8.022 103.977 8.016 

G31 110.122 7.69 110.14 7.659 

Table 3.S1.    

Inhibition potency of ISO-1 against wild-type MIF using 4-HPP from different 

manufacturers. 

 

 Trial 1   Trial 2  Trial 3   Trial 4   Average  Ki (M)* 

 

Chemodex 

 

47.5 

 

85.7 

 

86.7 

 

37.8 

 

64.4 ± 25.5 

      

ChemCruz 40.4 40.4 57.8 39.0 44.4 ± 9.0 

      

TCI 19.5 20.9 31.2 19.8 22.9 ± 5.6 
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(Table 3.S2 Continued) 

K32 121.356 7.649   

Q35 114.211 8.47 114.472 8.475 

Y36 113.647 7.397 113.093 7.439 

I37 121.616 7.699   

A38 134.896 9.105 134.088 8.753 

V39 116.859 8.772 117.223 8.814 

H40 126.935 8.666 126.797 8.604 

V41 126.359 8.684 126.549 8.692 

V42 129.338 9.273 129.291 9.241 

D44 112.473 8.684 112.502 8.677 

Q45 115.307 8.687 115.234 8.662 

M47 122.482 7.704 122.482 7.743 

A48 122.004 8.994 121.739 8.955 

F49 121.264 8.38   

G50 120.121 9.104   

G51 106.429 9.636 106.233 9.555 

S52 114.126 7.559 114.011 7.541 

E54 119.92 7.644 119.919 7.658 

C56 122.506 9.619 122.396 9.609 

A57 120.027 8.839 119.97 8.824 

L58 119.455 8.653   

C59 121.929 9.148 121.707 9.132 

H62 125.781 9.147 125.476 9.123 

S63 115.097 8.563 115.681 8.596 

I64 128.61 7.927 128.72 7.983 

G65 118.546 7.97   

K66 110.173 8.37 110.71 8.384 

I67 117.642 7.335 117.632 7.335 

G68 114.06 7.634 114.025 7.65 

N72 117.002 8.106 117.114 8.094 

R73 122.17 7.475 122.072 7.474 

S74 115.87 7.162 115.765 7.156 

S76 116 8.149 116.049 8.177 

K77 124.277 7.567 124.306 7.593 

L78 120.062 7.564 120.062 7.571 

L79 118.17 9.037 118.129 9.016 

C80 115.991 8.626 116.023 8.649 

G81 107.832 7.718 107.888 7.733 

L82 122.964 7.846 122.959 7.841 

L83 118.958 8.368 118.901 8.369 

A84 122.921 8.17 122.959 8.169 

E85 117.529 8.183 117.487 8.15 
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(Table 3.S2 Continued) 

R86 111.609 8.5 111.535 8.481 

L87 113.734 7.091 113.74 7.099 

R88 113.003 7.016 113.023 7.018 

I89 119.206 6.889 119.208 6.864 

S90 124.478 9.004 124.512 9.006 

R93 123.915 8.097 123.926 8.121 

Y95 119.449 7.857   

I96 119.959 8.918   

N97 126.22 8.287 125.966 8.289 

Y99 119.528 8.732   

D100 124.54 8.631 124.613 8.645 

M101 125.815 9.014 125.744 9.016 

N102 123.093 8.771 122.878 8.755 

A103 130.617 9.11 130.624 9.117 

A104 114.479 8.3 114.528 8.293 

N105 114.295 8.232 114.167 8.213 

V106 119.819 7.33 119.945 7.343 

W108 sc** 129.175 9.804 129.214 9.879 

N109 126.432 7.145 126.486 7.143 

N110 104.721 7.137 104.721 7.137 

S111 113.925 7.604 113.977 7.614 

T112 111.118 8.573 111.439 8.614 

F113 118.4 8.106   

A114 127.224 7.346 127.176 7.361 
 

* Blank cell implies that the chemical shift could not be determined due to either signal overlap or broadening. ** sc denotes side 

chain. 

 

Table 3.S3.  

Chemical shifts for the amide backbone of MIF:Chemodex at 200:1 molar 

ratio (ppm)* 
 

                      pH 7                    pH 6.2 

 Amide Nuclei 

Residue 15N 1H 15N 1H 

F3 125.662 8.967   

V5 122.367 8.366 122.346 8.354 

N6 126.534 8.395 126.542 8.376 

T7 117.403 9.168 117.64 9.185 

R11 124.111 9.096 124.126 9.101 
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(Table 3.S3 Continued) 

 
S13 112.595 7.906 112.581 7.903 

V14 123.669 7.564 123.659 7.565 

D16 123.803 8.823 123.796 8.822 

F18 121.66 7.852 121.671 7.86 

L19 116.117 8.357 116.196 8.37 

S20 118.166 8.002   

E21 124.521 8.192 124.545 8.195 

L22 117.656 8.291 117.568 8.296 

T23 114.491 7.454 114.549 7.459 

Q25 117.646 8.554 117.604 8.555 

L26 118.995 8.399   

A27 127.315 8.243 127.31 8.21 

Q28 116.41 7.55 116.394 7.542 

A29 119.372 7.994 119.253 7.979 

T30 103.917 7.98 103.607 7.931 

G31 110.165 7.683 110.24 7.666 

K32 121.27 7.615   

Q35 114.296 8.483 114.563 8.518 

Y36 113.619 7.398 113.232 7.416 

I37 121.84 7.726   

A38 
  

133.769 8.529 

V39 117.088 8.77 117.517 8.838 

H40 126.941 8.635 126.844 8.603 

V41 126.398 8.688 126.56 8.695 

V42 129.329 9.261 129.248 9.244 

D44 112.484 8.68 112.475 8.678 

Q45 115.283 8.673 115.194 8.655 

M47 122.441 7.713 122.485 7.74 

A48 121.942 8.99 121.724 8.956 

F49 121.415 8.403   

G50 120.008 9.08   

G51 106.355 9.604 106.186 9.527 

S52 114.055 7.552 113.945 7.528 

E54 119.922 7.644 119.927 7.657 

C56 122.485 9.615 122.4 9.608 

A57 120.035 8.827 120.064 8.815 

L58 119.434 8.663   

C59 121.938 9.159 121.759 9.128 

H62 125.715 9.146   

S63 115.165 8.589 115.646 8.628 

I64 128.411 7.916 128.107 7.962 

G65 118.574 7.962   
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(Table 3.S3 Continued) 

 
K66 110.498 8.376 111.022 8.396 

I67 117.675 7.328 117.763 7.343 

G68 114.05 7.64 114.061 7.65 

N72 117.067 8.088 117.111 8.088 

R73 122.107 7.469 121.959 7.467 

S74 115.836 7.161 115.786 7.155 

S76 116.045 8.165 116.118 8.186 

K77 124.281 7.569 124.261 7.576 

L78 120.061 7.565 120.078 7.561 

L79 118.191 9.038 118.191 9.015 

C80 115.99 8.632 115.93 8.638 

G81 107.837 7.728 107.914 7.738 

L82 122.967 7.844 122.949 7.845 

L83 118.95 8.369   

A84 122.934 8.166 122.981 8.164 

E85 117.52 8.181 117.493 8.142 

R86 111.592 8.488 111.518 8.476 

L87 113.765 7.098 113.754 7.106 

R88 113.013 7.014 113.013 7.018 

I89 119.184 6.869 119.207 6.865 

S90 124.465 8.997 124.436 8.995 

R93 123.931 8.103 124.047 8.137 

I96 120.126 8.918   

N97 126.127 8.3 125.816 8.326 

Y99 119.416 8.71   

D100 124.529 8.635 124.605 8.665 

M101 125.729 9.036   

N102 122.956 8.762 122.649 8.753 

A103 130.601 9.104 130.61 9.111 

A104 114.498 8.287 114.55 8.279 

N105 114.334 8.22 114.263 8.207 

V106 119.857 7.306 119.894 7.294 

W108 sc** 129.209 9.852   

N109 126.404 7.115   

N110 104.772 7.142 104.797 7.144 

S111 113.935 7.599 113.921 7.594 

T112 111.242 8.584 111.453 8.6 

F113 118.169 8.127   

A114 127.05 7.335 126.865 7.33    
  

     
 

* Blank cell implies that the chemical shift could not be determined due to either signal overlap or broadening. ** sc denotes side 

chain. 
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Table 3.S4.  
 

Chemical shifts for the amide backbone of MIF: TCI at 200:1 molar 

ratio (ppm)* 
 
                      pH 7                pH 6.2 

 Amide Nuclei 

Residue 15N 1H 15N 1H 

F3 125.47 8.956   

V5 122.391 8.371   

N6 126.619 8.396 126.576 8.387 

T7 117.401 9.179 117.597 9.183 

R11 124.095 9.094 124.099 9.1 

S13 112.582 7.905 112.588 7.901 

V14 123.668 7.562 123.666 7.562 

D16 123.822 8.823 123.796 8.822 

F18 121.66 7.848 121.684 7.861 

L19 116.097 8.348 116.199 8.364 

S20 118.147 7.968   

E21 124.514 8.191 124.525 8.194 

L22 117.631 8.295 117.604 8.294 

T23 114.511 7.453 114.528 7.464 

Q24 119.427 7.838   

Q25 117.631 8.569 117.592 8.555 

L26 119.081 8.426 118.836 8.387 

A27 127.356 8.255 127.319 8.212 

Q28 116.412 7.551 116.395 7.536 

A29 119.405 7.987 119.269 7.99 

T30 104.04 8.002 103.712 7.931 

G31 110.159 7.687 110.244 7.667 

K32 121.278 7.627   

Q35 114.239 8.467 114.538 8.498 

Y36 113.643 7.39 113.262 7.42 

I37 121.725 7.707   

V39 116.95 8.775 117.5 8.854 

H40 126.936 8.642 126.856 8.604 

V41 126.378 8.695 126.595 8.697 

V42 129.319 9.265 129.235 9.241 

D44 112.497 8.677 112.485 8.683 

Q45 115.279 8.677 115.207 8.656 

M47 122.451 7.709 122.522 7.75 

A48 121.942 8.986 121.729 8.96 

F49 121.322 8.388   

G50 120.08 9.077   
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(Table 3.S4 Continued) 

 
G51 106.413 9.604 106.259 9.543 

S52 114.105 7.554 113.962 7.534 

E54 119.94 7.644 119.927 7.642 

C56 122.506 9.619 122.415 9.591 

A57 120.045 8.842 120.046 8.808 

L58 119.451 8.653   

C59 121.85 9.147 121.755 9.132 

S63 115.112 8.574 115.637 8.648 

I64 128.61 7.954   

G65 118.147 7.968   

K66 110.402 8.376 111.231 8.406 

I67 117.642 7.335 117.681 7.362 

G68 114.045 7.64 114.008 7.648 

N72 117.034 8.099 117.119 8.057 

R73 122.125 7.477 121.969 7.47 

S74 115.87 7.162 115.835 7.165 

S76 116.015 8.156 116.137 8.186 

K77 124.252 7.568 124.254 7.578 

L78 120.047 7.561 120.021 7.559 

L79 118.139 9.034 118.137 9.02 

C80 115.965 8.621 115.988 8.648 

G81 107.824 7.723 107.888 7.733 

L82 122.95 7.843 122.95 7.838 

L83 118.975 8.375 118.863 8.362 

A84 122.929 8.164 122.95 8.16 

E85 117.513 8.181 117.46 8.14 

R86 111.61 8.49 111.529 8.482 

L87 113.69 7.087 113.76 7.1 

R88 113.011 7.01 113.055 7.019 

I89 119.206 6.889 119.163 6.863 

S90 124.469 8.999 124.417 8.992 

R93 123.899 8.094 124.004 8.127 

Y95 119.449 7.864   

I96 120.021 8.928   

N97 126.089 8.294 125.802 8.312 

Y99 119.515 8.72   

D100 124.525 8.643 124.661 8.66 

M101 125.758 9.025   

N102 122.989 8.76 122.62 8.749 

A103 130.598 9.101 130.562 9.101 

A104 114.508 8.291 114.595 8.282 

N105 114.332 8.226 114.387 8.207 
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(Table 3.S4 Continued) 

V106 119.768 7.308 119.83 7.331 

W108 sc** 129.213 9.827 129.393 9.928 

N109 126.389 7.135   

N110 104.769 7.141 104.805 7.141 

S111 113.94 7.6 113.929 7.596 

T112 111.177 8.571   

A114 127.091 7.336 126.827 7.327 
 

* Blank cell implies that the chemical shift could not be determined due to either signal overlap or broadening. ** sc denotes side 

chain. 

 

Table 3.S5.   

Michaelis-Menten parameters of wild-type MIF and D-DT using 4-HPP from different 

manufacturers  

 
                                                                         MIF*                                                    D-DT * 

 Lot number KM (mM) Vmax (M s-1) KM (mM) Vmax (M s-1) 
 

 

Chemodex 

 

 

X8048 

 

 

3.9 ± 0.1 

 

 

2.9 ± 0.1 

 

 

4.1 ± 0.6 

 

 

0.6 ± 0.1 
 

 

TCI 

 

 

6TM4L-YH 

 

 

1.0 ± 0.0 

 

 

0.8 ± 0.1 

 

 

2.1 ± 0.5 

 

 

0.3 ± 0.1 

 

* Overlay of the MIF and D-DT Michaelis-Menten plots is shown in Figure 2. The experiments were carried out in triplicate (n=3) 

and the error values are shown as standard deviations.  
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Figure 3.S1  

Michaelis-Menten plots of MIF using 4-HPP from different manufacturers. 
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(Figure 3.S1 Continued) 

Note. The 4-HPP samples were obtained from (A) Aldrich (lot number: BCBW9189), (B) Ambeed 

(lot number: A632541-002), (C) ChemCruz (lot number: F1917), (D) Chemodex (lot numbers: 

P4006), and (E) TCI (lot numbers: UJNCJ-SA). 

 

Figure 3.S2.  

Michaelis-Menten (left) and Lineweaver-Burk (right) plots of ISO-1, an MIF inhibitor. 
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(Figure 3.S2 Continued) 

Note. The tautomerase activity of MIF was measured using 4-HPP from different vendors; A: TCI, 

B: ChemCruz, and C: Chemodex, respectively. Both non-linear and linear plots demonstrate a 

competitive type of inhibition for ISO-1. Differences in the inhibition constant, suggest 4-HPP 

contains impurities that interfere with the assay.  
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Figure 3.S3.  

NMR analysis of 4-HPP samples from different commercially available sources. 

 

 
Note. The upper right panel (zoom out) shows the 1H-NMR spectrum of 4-HPP in DMSO-d6. The 

enol hydroxyl proton was observed at 12.9 ppm. Deuterium-exchanged water and solvent residual 

peak were labeled. There was < 0.5 % of the keto-form present. Conjugation with the enol resulted 

in a remarkable chemical shift of 8.8 ppm for the carboxylic acid proton, different from typical  
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(Figure 3.S3 Continued) 

values around 12 ppm. Main panel (zoon in): from the top to the bottom, the spectra represent 4-

HPP samples obtained from A: Aldrich, B: Ambeed, C: ChemCruz, D: Chemodex, E: TCI, 

respectively. Unique impurities that are found only in particular samples are indicated with red 

arrows. The dotted rectangles mark the regions where the impurities are found.    
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Figure 3.S4.  

Details of 4-HPP 1H-NMR spectra. 

 

 

4-HPP was obtained from A: Aldrich, B: Ambeed, C: ChemCruz, D: Chemodex, E: TCI and 

dissolved in DMSO-d6. Impurities found in the regions of 7.9-6.1 ppm (left) and 4.1-0.9 ppm 

(right) were labeled with x. The asterisks denote 13C-satellites of the pure compound. Some 

impurities were present in all samples, whereas other impurities were unique to some samples. It 

must be clearly stated that NMR is inadequate as an instrumental technique for trace analysis. 

Additional impurities might be present in the baseline. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



99 

 

Figure 3.S5.  

Comparison of the five 4-HPP powders. 

 

Note. Visual inspection of the five powders demonstrates a clear difference between the color of 

TCI powder and the remaining four. Of note, the TCI 4-HPP was the one which most accurately 

reproduced the previously published turnover and inhibition data for 4-HPP and ISO-1, 

respectively. 
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Figure 3.S6.  

Positive ion mode analysis of 4-HPP samples obtained from Chemodex and TCI. 

 

Note. The protonated 4-HPP and the key precursor molecule 4-hydroxybenzaldehyde were 

detected at m/z 181.0 and 122.8, respectively. A unique contamination peak for Chemodex was 

detected at m/z 85.9. BK stands for background peaks. 
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Figure 3.S7.  

Negative ion mode analysis of 4-HPP samples obtained from Chemodex and TCI.  

 

Note. The negatively charged 4-HPP was detected at m/z 178.9. A unique contamination peak for 

Chemodex was detected at m/z 276.9. 
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Figure 3.S8.  

Impact of 4-HPP lot number on the reproducibility of Michaelis-Menten plots. 

 

Note. The Michaelis-Menten plot of MIF was examined using 4-HPP from TCI (A and B) and 

Chemodex (C and D). from each manufacturer, we purchased and tested two different batches of 

4-HPP. The outcome of this experiment demonstrates reproducible kinetic findings that are 

independent to the compound’s Lot number.  
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Figure 3.S9.  

Impact of metal ions on the reproducibility of Michaelis-Menten plots. 

 

Note. The Michaelis-Menten plot of MIF was examined in the presence or absence of EDTA. 

(A)The TCI 4-HPP (Lot # 6TM4L-YH) was used as a control. (B-C) In the presence of EDTA,  
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(Figure 3.S9 Continued) 

the Chemodex 4-HPPs (Lots # P4006 and X8048) do not demonstrate improvement of the kinetic 

parameters. Such findings show that metal ions are not responsible for the kinetic inconsistencies 

observed between TCI and Chemodex samples. 

 

Figure 3.S10.  

Backbone amide 1H-15N chemical shift assignment of MIF. 

 

Note. 2D-[1H-15N]- HSQC spectrum of 15N uniformly labeled MIF at 200 M in 20 mM phosphate 

buffer, 1 mM EDTA, pH 7.0, 7.5% D2O acquired at 30 ºC. 
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Figure 3.S11.  

Chemical shift perturbations indicate differential binding between MIF and 4-HPP from 

different manufacturers.  

 

 

Note. (A-E) Selected regions of 2D-[1H-15N]-SOFAST-HMQC spectra of MIF in the presence 

(blue) and absence (red) of 4-HPP from different manufacturers (Chemodex and TCI) at two pH 

values 6.2 and 7.0 as indicated. Pertinent amino acids are labeled. 
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Figure 3.S12.  

Chemical shift perturbation mapping onto the three-dimensional structure of MIF. 

 

Note. Each monomer in the three-dimensional structure of MIF trimer bound to 4-HPP (PDB: 

1CA7) is shown in different shades of blue. Only one 4-HPP molecule is depicted (green). Amino 

acids with chemical shift perturbations larger than 1SD for the binding of MIF with 4-HPP are 

highlighted in (A) purple for 4-HPP from Chemodex, pH 7.0; and (B) orange for 4-HPP from TCI, 

pH 7.0. (C) Mapping of residues that undergo differential chemical shift perturbation or broaden 

due to the binding of 4-HPP from TCI and Chemodex. 
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Figure 3.S13.  

Control experiments to confirm the accuracy of HPPD assay. 

 

Note. (A-B) In the absence of borate (A) or 4-HPP (B), the absorbance of the reaction mixture 

remains constant over time. This finding clearly shows that the substance absorbing at 306 nm is 

the enol-HPP-borate complex. (C) The absorbance reduction noted for the reaction mixture 

containing HPPD versus the one without HPPD, is associated with the catalytic conversion of 4-

HPP to HGA. HPPD is more active in the case of TCI sample, demonstrating at the same time that 

impurities found in the Chemodex sample inhibit the enzyme.  
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CHAPTER 4: LIGAND-INDUCED CONFORMATIONAL CHANGES ENABLE 

INTERSUBUNIT COMMUNICATIONS IN D-DOPACHROME TAUTOMERASE 

 

Published as: Parkins A, Chen E, Rangel VM, Singh M, Xue L, Lisi GP, Pantouris G. Ligand-

induced conformational changes enable intersubunit communications in D-dopachrome 

tautomerase. Biophys J. 2023 Apr 4;122(7):1268-1276. doi: 10.1016/j.bpj.2023.02.019. Epub 

2023 Feb 17. PMID: 36804669; PMCID: PMC10111345. 

 

Abstract 

D-Dopachrome tautomerase (D-DT or MIF-2) is a multifunctional protein with 

immunomodulatory properties and a documented pathogenic role in inflammation and cancer that 

is associated with activation of the cell surface receptor CD74. Alongside D-DT, macrophage 

migration inhibitory factor (MIF) is also known to activate CD74, promoting pathogenesis. While 

the role of the MIF/CD74 axis has been extensively studied in various disease models, the late 

discovery of the D-DT/CD74 axis has led to a poor investigation into the D-DT-induced activation 

mechanism of CD74. A previous study has identified 4-CPPC as the first selective and reversible 

inhibitor of D-DT and reported its potency to block the D-DT induced activation of CD74 in a 

cell-based model. In this study, we employ molecular dynamics (MD) simulations and nuclear 

magnetic resonance (NMR) experiments to study 4-CPPC induced changes to the dynamic profile 

of D-DT. We found that binding of the inhibitor remarkably promotes the conformational 

flexibility of C-terminal without impacting the structural stability of the biological assembly. 

Consequently, long-range intrasubunit (>11 Å) and intersubunit (>30 Å) communications are 

enabled between distal regions. Communication across the three subunits is accomplished via 4-
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CPPC, which serves as a communication bridge after Val113 is displaced from its hydrophobic 

pocket. This previously unrecognized structural property of D-DT is not shared with its human 

homolog MIF, which exhibits an impressive C-terminal rigidity, even in the presence of an 

inhibitor. Considering the previously reported role of MIF’s C-terminal in the activation of CD74, 

our results break new ground for understanding the functionality of D-DT in health and disease. 

Introduction 

Ligand binding often prompts conformational changes that inform the biological activity 

of a protein. Depending on the ligand, these structural events may have either a salutary or 

deleterious functional effect, providing, at the same time, mechanistic insight into the 

development of novel modulators 109, 110. for transmembrane proteins, binding of an agonist 

triggers conformational changes that are essential for signaling cascades inside the cell 111. On 

the other hand, binding of an antagonist promotes structural changes that induce an inactive 

receptor state 112. Ligand-induced conformational changes have also been observed in soluble 

proteins, such as enzymes, and are coupled to their activities 113. These protein motions have 

been studied over a broad timescale range by a variety of methods, including NMR, cryogenic 

electron microscopy (cryo-EM), protein crystallography, spectrophotometry, and MD 

simulations 66, 114. 

While several proteins undergo loop and large domain conformational changes to 

perform biological activities, others accomplish their tasks with minimal flexibility. A 

representative example of the latter is MIF. MIF is a well-known immunomodulatory protein that 

was first described in the 1960s 11, 115. The MIF trimer possesses several non-overlapping 

biological activities, including cytokine 27, chemokine 12, endonuclease 13, and catalytic 7. 

Considering the homotrimeric biological assembly is only ∼37 kDa, it is of great interest to 



110 

 

understand how a small protein like MIF coordinates multiple biological activities. Recent 

studies exploring the dynamic features of MIF have shown that its central -sheet is responsible 

for regulating dynamic signal transmission between distal functional sites 53, 91. While no major 

conformational changes have been observed, dynamic regulation of these activities occur 

through correlated backbone and sidechain motions on the fast timescale. 

D-DT is a homolog of MIF and the second human member of the MIF superfamily.  D-DT was 

originally isolated from rat liver and named after its ability to catalyze tautomerization of D-

dopachrome 116. Despite the 34% sequence identity, MIF and D-DT share endonuclease, 

tautomerase, and certain cytokine activities. The cytokine activity is the most notable as it is 

related to activation of the CD74/CD44 co-receptor complex 9, 27. Activation of the receptor 

complex is associated with a cascade of MAP kinase signaling events resulting in various 

downstream effects, such as cell proliferation and inhibition of apoptosis 36.  

The shared keto/enol tautomerase activity is of great interest as it is responsible for the 

identification of all reported small molecule MIF and D-DT modulators 21, 48, 57-59, 63, 117. The 

enzymatic pocket is formed between two subunits and is controlled by the preserved N-terminus 

Proline. In the absence of a defined biological substrate, various naturally occurring (4-

hydroxyphenylpyruvate (4-HPP) and phenylpyruvate (PP)) and synthetic (D-dopachrome) model 

substrates have been used. The MIF and D-DT active sites share several key residues important 

for the binding and tautomerization of these substrates, though overall, the catalytic site of MIF 

is appreciably more hydrophobic than that of D-DT and contains several aromatic residues that 

D-DT lacks 57. These differences have culminated in numerous selective inhibitors for the better 

studied MIF and a shared covalent inhibitor with D-DT, known as 4-iodo-6-phenylpyrimidine 

(4-IPP). Meanwhile, only two reversible D-DT inhibitors have been described thus far, with the 
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first, 4-(3-Carboxyphenyl)-2,5-pyridinedicarboxylic acid (4-CPPC), being reported recently 15, 49, 

59. Crystallographic analysis of the D-DT/4-CPPC structure shows the ligand binds via an 

induced fit mechanism, forcing the C-terminal to adopt an open conformation. Consequently, the 

C-terminal becomes highly flexible, which explains the lack of electron density for its last four 

residues, Met114-Leu117 49. Considering the previously reported rigidity of the MIF trimer 51, 

the role of C-terminal residues in the MIF-induced activation of CD74 48, and the similar 

structural topology between MIF and D-DT, it is of great importance to understand the potential 

biological significance of D-DT’s enhanced C-terminal flexibility. 

In this study, we investigate the effect of 4-CPPC binding on the dynamic profile of D-

DT. MD simulations confirmed the previously reported crystallographic findings and exposed 

mechanistic insights into the role of C-terminal flexibility. After we experimentally excluded the 

scenario of structural instability, we showed the effect on the C-terminal to be clearly dynamic, 

enabling long-range intersubunit communications across the D-DT trimer. These exciting 

findings offer a new avenue for understanding the vastly unexplored biological functionality of 

D-DT, with focus on the CD74 activation mechanism. At the same time, our analysis provides 

key information, which aids the efforts made thus far to explain the divergent functional profiles 

of MIF and D-DT. 

Materials and Methods 

Materials and General Methods.  

All chemicals used for buffers and synthesis were purchased from Sigma-Aldrich or Fisher 

Scientific and used without further purification. 1H NMR and 13C NMR spectra of 4-CPPC were 

collected on a JEOL ECA 600 MHz FT-NMR spectrometer. Protein NMR experiments were 

performed on a Bruker Avance NEO 600 MHz spectrometer at 30 oC.  Mass spectrometry (MS) 
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spectra for small molecules were recorded on a JEOL Accu TOF LCTM time-of-flight (TOF) mass 

spectrometer equipped with a Direct Analysis in Real Time (DART) ion source. Isothermal 

microcalorimetric measurements were performed on an affinity isothermal titration calorimetry 

(ITC) instrument (TA instruments). 

Synthesis of 2,5-Dimethyl-4-(3-methylphenyl)pyridine (1).  

In a 25 mL round-bottomed flask, m-Tolylboronic acid (219 mg, 1.61 mmol) and 4-bromo-

2,5-dimethylpyridine (200 mg, 1.08 mmol) were dissolved in a mixture of 1:1 iPrOH: water (4 

mL). After adding Na3PO4,12H2O (1.43 g, 3.76 mmol), and 10 % Pd/C (40 mg, 3.5 mol %) to the 

flask, the reaction mixture was stirred for 12 h at 80 oC under Argon. The reaction mixture was 

diluted with water (10 mL) and Et2O (10 mL) and filtered through celite. The filtrate was separated 

into two layers and the aqueous layer was extracted with Et2O (2 x 10 mL). The combined organic 

layers were washed with brine (10 mL), dried over anhydrous Na2SO4, and concentrated under 

vacuum. Gradient chromatography of the residue (silica gel) with 0-2% MeOH in dichloromethane 

yielded compound 1 (115 mg, 54%). 1H NMR (600 MHz, CDCl3) δ 8.39 (s, 1H), 7.31 (m, 1H), 

7.18-7.21p (m, 1H), 7.08-7.12 (m, 2H), 7.01 (s, 1H). 2.55 (s, 3H), 2.40 (s, 3H), 2.22 (s, 3H). 13C 

NMR (150 MHz, CDCl3) δ 155.61, 150.24, 149.96, 139.27, 139.10, 129.21, 128.64, 

128.29,127.63, 123.77, 125.6, 23.79, 21.50, 16.90. HRMS (DART) calcd 198.1277 for C14H16N 

[M+H]+, found 198.1266.  

Synthesis of 4-(3-Carboxyphenyl)-2,5-pyridinedicarboxylic acid (4-CPPC).  

In a 25 mL round-bottomed flask, compound 1 (115 mg, 0.583 mmol) and KMnO4 (507 

mg, 3.21 mmol) were added to water (5 mL). After the reaction mixture was refluxed for 4 h, the 

excess of KMnO4 was reduced with Na2SO3 (74.0 mg, 0.587 mmol), filtered through celite, and 

washed with hot water (95 oC). The volume of the filtrate was reduced to 7 mL under vacuum. The 
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filtrate was then acidified with 6M HCl in an ice-water bath to yield white precipitates. The 

precipitates were collected under vacuum filtration, washed with ice-cold water (25 mL), dried 

under vacuum overnight to yield 4-CPPC (70 mg, 42 %). 1H NMR (600 MHz, deuterated dimethyl 

sulfoxide (DMSO-d6)) δ 9.10 (s, 1H), 8.07 (dt, J = 6.0 Hz, 1.8, 1H), 8.05 (s, 1H), 8.01 (t, J = 1.8 

Hz, 1H), 7.77 (m, 1H), 7.67 (t, J = 6 Hz, 1H). 13C NMR (150 MHz, DMSO-d6) δ 167.27, 166.91, 

165.48, 150.19, 149.96, 148.61, 137.87, 132.59, 131.04, 129.97, 129.61, 129.03, 128.93, 125.51. 

HRMS (DART) calcd 288.0503 for C14H10NO6 [M+H]+: found 288.0486. 

Protein expression and purification.  

Wild-type (WT) D-DT for kinetic experiments, ITC and NMR studies was expressed and 

purified as previously described 49, 52. for kinetic assays and ITC, a pET-22b plasmid encoding D-

DT was transformed into BL21-Gold (DE3) E. coli cells and grown in Luria-Bertani (LB) medium 

at 37 oC to an OD600 0.6 - 0.8. The 15N-labeled D-DT was expressed in a similar way but instead 

of LB, the cells were grown in M9 minimal medium with 15NH4Cl to an OD600 0.8 - 1.0. Protein 

expression was induced with 1 mM IPTG and incubated at 37 oC for 4 h (kinetics and ITC) or 20 

oC for 18 h (NMR). The cell culture was harvested by centrifugation and resuspended in 20 mM 

Tris, 20 mM NaCl, pH 8.5 supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF). Cells 

were lysed on ice by sonication and then centrifuged to remove cell debris. The supernatant was 

filtered through a 0.22-μm filter, loaded onto a Q-Sepharose (anion-exchange) column, washed 

with 20 mM Tris, 20 mM NaCl, pH 8.5 and eluted with 5% of 20 mM Tris, 1 M NaCl, pH 8.5. 

Additional contaminants were removed by size-exclusion chromatography (HiLoad 16/600 

Superdex 75 pg). Protein purity was assessed by sodium dodecyl-sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). The concentration of D-DT was determined by ultraviolet–visible 
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spectroscopy (UV-Vis) utilizing ε280 = 5500 M−1cm-1 and Pierce Bicinchoninic Acid (BCA) 

Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). 

Isothermal Titration Calorimetry.  

Before the ITC experiment, all samples were degassed for 5 min, at room temperature. The 

titration experiment was carried out with the ligand (4-CPPC) in a 264 L rotating syringe and 

WT D-DT in the isothermal sample cell. The final concentrations of ligand and protein were 500 

M and 100 M, respectively. 4-CPPC was injected into the sample cell as 50 aliquots of 3.5 µL. 

The control run was carried out under identical conditions with the D-DT/4-CPPC titration 

experiment but instead of protein, the sample cell contained buffer (20mM Tris, 20 mM NaCl, pH 

8.50). The syringe rotational speed was 125 rpm, each injection lasted 4 s, and the delay between 

injections was 300 s. Before the first injection, the instrument equilibrated for 1800 s. Data 

generated for ligand-to-buffer and ligand-to-protein experiments were processed in the 

NanoAnalyze software (version 3.11.0). The corrected heat plot of D-DT/4-CPPC was fitted in the 

independent model. 

Tautomerase Inhibition Assay. 

 Tautomerase inhibition assay was carried out in a similar manner as previously described 

49. A 30 mM stock solution of 4-HPP was prepared in 0.5 M ammonium acetate pH 6.20 and 

incubated overnight, under rocking, to favor the formation of the keto isoform. Serial dilutions of 

4-HPP were then made yielding a final concentration range between 0-2 mM. Following 4-HPP, 

borate was added at a final concentration of 0.420 M. The inhibitor (4-CPPC) was dissolved in 

100% DMSO and added to the mixture providing a final concentration range of 0-75M. In all 

wells, the final concentration of DMSO was 1%. D-DT was then added at a final concentration of 

250 nM. The reaction was measured in a Tecan Infinite M-Plex microplate reader at 306 nm for 
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300 s using 10 s intervals (ε306 = 11400 M−1 cm−1). The kinetic experiments were performed in 

triplicate. 

NMR titrations.  

All NMR data were processed using NMRPipe 74 and analyzed in Sparky 75. The DMSO tolerance 

of the D-DT protein was tested in a buffer of 20 mM Tris, 20 mM NaCl at pH 7.4. DMSO-d6 

(Sigma-Aldrich) was titrated into the D-DT sample to final (v/v) percentages of 3.2, 10, 18.9, and 

26.8%, after which the integrity of the structure was monitored through 1H-1D and 2D 

experiments. Based on this analysis, 1H15N transverse relaxation optimized spectroscopy 

(TROSY)- heteronuclear single quantum coherence (HSQC) spectra of D-DT were subsequently 

collected in a buffer of 20 mM Tris, 20 mM NaCl and 15% DMSO-d6 at pH 7.4. 4-CPPC was 

dissolved in 100% DMSO-d6 to create a stock solution at a concentration of 50 mM. Titrations 

were performed by adding small aliquots of 4-CPPC to the sample with gentle mixing by pipette 

before the acquisition of spectra. 

MD Simulations and Analysis.  

The starting models for our 1 µs simulations were obtained from the crystal structures of 

apo D-DT (Protein Data Bank (PDB): 1DPT) and D-DT/4-CPPC (PDB: 6C5F). The biological 

assembly of D-DT was generated in PyMOL 73 and the missing residues were added with Chimera 

67. Protein structure files (PSF) with hydrogens were generated using the Visual Molecular 

Dynamics (VMD) plugin, psfgen 69. The PSF for D-DT was produced using the CHARMM36 

topology 118, meanwhile a separate topology for 4-CPPC was generated using the CGENFF 

webserver. The resulting PSF and PDB pair were then used to generate a new set of PSF/PDB pair 

that placed the protein in a TIP3P water box. TIP3P waters and the system’s net-charge were set 

to 0 by the addition of sodium and chloride ions. Minimization, heating to 300 K, and equilibration 
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processes were carried out with a 2 fs timestep, analogous to what has been previously described 

91. Simulations were then run using NAMD 2.12 119. Generalized cross-correlation analysis was 

performed for the α-carbons using g_correlation 70, a GROMACS 71 plug-in. Root mean square 

fluctuation (RMSF) analysis was performed in GROMACS. Analysis of the simulations was 

carried out in PyMOL. All simulations and subsequent analyses were completed in triplicate. 

Results and Discussion 

Apo and 4-CPPC bound D-DT demonstrate distinct dynamic profiles at the C-terminal.  

In a previous study, we reported the co-crystal structure of D-DT in complex with 4-CPPC 

and showed that ligand binding is associated with conformational changes of the C-terminal 49. 

The ligand-induced displacement of the C-terminal drastically increased the flexibility of the last 

four amino acids, Met114-Leu117, which in protein crystallography is expressed as lack of 

electron density. It is of great interest to note that increased flexibility of the C-terminal is an 

uncommon feature of the MIF superfamily members. Besides D-DT, only Plasmodium falciparum 

(Pf) MIF has previously revealed a flexible C-terminal upon ligand binding 117.   

To explore the significance of this finding, we performed 1s MD simulations of the apo 

D-DT and 4-CPPC bound structures. The length of these trajectories was within the timescale of 

loop motion and thus appropriate to examine the dynamic profile of the C-terminal 114. In 

agreement with the crystallographic observations, RMSF analyses of the apo D-DT and D-DT/4-

CPPC structures showed noticeable differences, which are associated with 4-CPPC binding. Upon 

ligand binding, the C-terminal residues Lys109-Val113 are moderately affected whilst Met114-

Leu117 demonstrate a sharp increase of their dynamic activity (Fig. 1). A careful examination of 

the RMSF plots reveals that 4-CPPC has only a local dynamic effect, perturbing the C-terminal 

and to a lesser extent the 2/4 loop (Val66-Gly68). Both regions are proximal to the 4-CPPC 
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binding site. The average RMSF values of 0.70±0.3 Å and 0.76±0.6 Å for the corresponding 

structures of apo D-DT (black dash line) and D-DT/4-CPPC, further support that 4-CPPC does not 

alter the global dynamic profile of D-DT (Fig. 1). Interestingly, the previously reported RMSF 

value of apo MIF, which was determined at 0.90 Å by 1s MD simulations, is similar with the 

RMSF value of apo D-DT, reported herein 51.  

 

Figure 4.1.  

Root mean square fluctuation (RMSF) of apo D-DT and D-DT/4-CPPC. 

 

Note. The average RMSF values of apo D-DT (0.70±0.3 Å) and D-DT/4-CPPC (0.76±0.6 Å) are 

shown as black and red dashed lines, respectively. Snapshots of the D-DT/4-CPPC structure, at 

100 ns intervals, demonstrate the intense dynamic activity (black dashed circles) of the C-terminal. 

The C-terminal residues Met114-Leu117 are highlighted in red. 

 

4-CPPC binding enables novel correlations across the D-DT trimer.  

Correlation analysis is a tool employed to study physical motions of atoms within a protein, 

under different stimuli such as mutations, protein-protein interactions, or ligand binding. Through 
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this method, the dynamic characteristics of a protein are analyzed and information about correlated 

motions are extracted 120.  In the case of D-DT, the cross-correlation analyses of C fluctuations 

for apo D-DT and D-DT/4-CPPC were plotted and compared (Fig. 2A, B). Correlation values 

range between 0 - 1, with 0 and 1 indicating no correlation and absolute correlation, respectively. 

Absolute correlation is only observed when comparing a residue with itself. Large correlation 

values are expected when analyzing adjacent residues. However, such values are not useful for 

understanding protein dynamics because fluctuations of residue “X” are expected to influence the 

adjacent residues (X-1 and X+1). In contrast, the large correlation values between distal D-DT 

residues provide important structural and functional insights.  
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Figure 4.2  

Correlation Analyses of Apo D-DT and D-DT/4-CPPC Structures. 

 

Note. (A-B) Correlation of C atoms was derived from 1 s MD simulations using the apo (PDB: 

1DPT) and 4-CPPC bound (PDB: 6C5F) crystal structures of D-DT. Each black box (A, B, and C) 

represents the three monomers of D-DT. Correlation values vary between 0 - 1, indicating no 

correlation and absolute correlation, respectively. The Y and X axes show the 351 amino acids of 

the D-DT trimer (Pro1-Leu117). The correlation plots of (A) apo D-DT and (B) D-DT/4-CPPC 

demonstrate noticeable differences, which are associated with binding of 4-CPPC. Correlations 

within a single monomer (intrasubunit) or between monomers (intersubunit) are marked in ellipses  
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(Figure 4.2 Continued) 

and boxes, respectively. The apo D-DT correlation plot shows the intra- and intersubunit 

correlations found in both structures. These correlations are marked in yellow (A) and called  

“independent” because they are not influenced by 4-CPPC binding. The intra- and intersubunit 

correlations associated with 4-CPPC binding (B) are shown in red. (C) The independent 

correlations (yellow) are illustrated on the D-DT monomer. (D) The ligand-induced correlations 

(red) are presented on the D-DT trimer. 

The D-DT correlations within a single monomer (intrasubunit) or between monomers 

(intersubunit) are marked in ellipses and boxes, respectively (Fig. 2A, B). for clarity, independent 

and ligand-induced correlations are shown on different plots. The independent intra- and 

intersubunit correlations are marked in yellow, on the apo D-DT plot (Fig. 2A). Such correlations 

are called “independent” because they are formed in both apo D-DT and D-DT/4-CPPC structures, 

and thus are not influenced by 4-CPPC binding. On the other hand, the ligand-induced intra- and 

intersubunit correlations are enabled by 4-CPPC binding. These correlations are presented on the 

D-DT/4-CPPC plot (Fig. 2B). 

Analysis of the independent correlations highlights the importance of the core -sheet in 

coordinating communications across the D-DT trimer (Fig. 2C). The N-terminal residues 1-3 form 

strong correlations with residues 37-39 and 61-63. At the same time, residues 61-63 are correlated 

with residues 99-101.  A similar pattern of correlated motion was previously reported for MIF 51. 

While the two proteins also possess similar global flexibility, D-DTRMSF= 0.70 Å (reported herein) 

and MIFRMSF= 0.90 Å 51, our findings demonstrate common dynamic features that can be utilized 

for further elucidating their functionalities. Additional correlations within the D-DT monomer 

involve the following: residues 6-8 with 56-57, 7-10 with 43-45, 55-57 with 93-95 and 63-64 with 
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101-103. All the reported intrasubunit correlations are illustrated on the D-DT monomer (Fig. 2C). 

As expected, the intersubunit correlations, which are marked in yellow boxes (Fig. 2A), are located 

at the three dimeric interfaces and are responsible for subunit-subunit communications.   

Binding of 4-CPPC in the active site of D-DT enables new intra- and intersubunit 

communications, which are highlighted on the D-DT/4-CPPC plot (Fig. 2B). The ligand-induced 

intrasubunit correlation, marked in the ellipse, associates residues 64-68 with 115-117. Residues 

64-68 are located on the 2/4 loop, whilst residues 115-117 are found at the C-terminal (Fig. 

2D).  Intersubunit correlations between these two regions were noted across the D-DT trimer. At 

the same time, the C-terminal residues 115-117 of subunit A form strong correlations with the C-

terminal residues 115-117 from subunits B and C. These intra- and intersubunit communications 

are all shown in the biological assembly of D-DT (Fig. 2D).  

Interactions between the C-terminal and 4-CPPC trigger the formation of new intra- and 

intersubunit communications.  

Structural analysis of D-DT demonstrates the ligand-induced correlated regions are found 

at distances beyond the physical limits of direct communication. for example, the C-terminal 

residues 115-117 of chain A are found >30 Å away from the corresponding C-terminal segments 

of chains B and C. Similarly, residues 64-68 and 115-117 of subunit A, are located >11 Å apart.  

To explain these findings, we closely examined the MD simulations of D-DT/4-CPPC. At the 

beginning of the simulations, the C-terminal is largely flexible and Thr115-Leu117 are extended 

out into the solvent unable to form interactions with either the protein or 4-CPPC (Fig. 3A). At the 

same time, Val113 is hidden in a hydrophobic pocket formed between 2-helix and 5/C-terminal 

3.6 helix. In that pocket, Val113 possesses the same orientation as seen in the crystal structures of 

apo D-DT and D-DT/4-CPPC (Fig. 3A). As the simulations progress and the C-terminal retains 
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its high flexibility, Val113 is displaced from the hydrophobic pocket (Fig. 3B). This leads to a C-

terminal conformational change that favors the formation of an aromatic-aromatic interaction 

between Phe116 and the benzoic moiety of 4-CPPC (Fig. 3C). This interaction enables 

communication between the C-terminal and 2/4 loop of the same monomer. In turn, intersubunit 

communications between the three C-termini are enabled via the adjacent 2-helix. Residues 64-

68 of the 2/4 loop, as well as the 2-helix, play a key role in the intersubunit correlations. Via 

this pathway, the ligand induces novel intra- and intersubunit communications across the 

biological assembly of D-DT. 
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Figure 4.3.   

Intra- and cross-subunit communication are triggered via interactions between the C-terminal 

and 4-CPPC.  

 

 
Note. (A) Upon binding of 4-CPPC (yellow sticks) the C-terminal adopts a conformation that 

exposes The115-Leu117 (blue) into the solvent. Val113 (grey sticks) is hidden in a hydrophobic 

pocket, formed between the 2-helix and 5/C-terminal 3.6 helix. (B) As the simulations progress, 

Val113 is displaced from the hydrophobic pocket, allowing C-terminal residues Thr115-Leu117 

to adopt a new conformation. (C) Due to the new conformation of the C-terminal, 4-CPPC forms  
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(Figure 4.3 Continued) 

aromatic-aromatic interactions with Phe116 (blue sticks) and enables several long-range 

communications across the D-DT trimer.  

 

Experimental interrogation of the D-DT/4-CPPC complex confirms the computational 

findings.  

To experimentally verify the computational findings, we employed solution NMR; a 

method that is regularly paired with MD simulations to examine protein dynamics under various 

stimuli. As part of this effort, we first synthesized 4-CPPC via a two-step pathway (Scheme S1). 

The structures o 4-CPPC and its biaryl precursor 1 were confirmed by 1H and 13C NMR (Fig. S1).  

We performed ITC and kinetic experiments to confirm that the newly synthesized molecule 

binds D-DT as a competitive inhibitor. for the ITC experiments, the heat emitted from the ligand-

to-buffer titration was used to correct our calorimetric data. The corrected data points of 4-CPPC-

to-protein titration were fitted in the independent model, providing a KD of 51 M (Fig. S2).  The 

binding mode of 4-CPPC was then examined using the keto/enol enzymatic assay of D-DT. Our 

kinetic findings were in agreement with the previously published data, providing a competitive 

type of inhibition with an inhibition constant (Ki) of 38 M (Fig. S3) 49. 

To assist solubility of 4-CPPC and minimize NMR spectral artifacts during titration of D-

DT with 4-CPPC, a background of 15% (v/v) DMSO-d6 was used without significantly altering 

the D-DT structure (Fig. S4). 1H 15N TROSY-HSQC spectral overlays of apo D-DT with 0% vs 

15% DMSO-d6 showed only modest chemical shift perturbations in a consistent spectral pattern 

and direction, localized mainly to flexible loop regions. At first glance, the structural stability of 

D-DT in 15% DMSO-d6 may be unexpected. However, precipitation of a macromolecule in 
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various organic solvents is highly influenced by the protein’s amino acid composition, pH, and 

polarity 121. In the case of D-DT, at low concentrations of DMSO, the protein has a higher affinity 

for water than DMSO, supporting its retention of natural structure. Protein precipitation and 

denaturation analyses of ribonuclease, lysozyme, β-lactoglobulin, and chymotrypsinogen have 

shown that these proteins retain their natural structures at DMSO concentrations higher than 15% 

121. 

 

Figure 4.4.  

Solution interactions of 4-CPPC with D-DT. 

 

Note. (A) 1H-15N HSQC NMR spectral overlay of apo D-DT (black) with 4-CPPC-bound D-DT 

(red). Sample conditions were 0.5 mM D-DT in 20 mM Tris, 20 mM NaCl and 15% (v/v) DMSO-

d6 at pH 7.4. (B) NMR chemical shift perturbations caused by 4-CPCC. Gray vertical bars highlight 

sites of NMR line broadening. Blue and red dashed lines denote the 10% trimmed mean +1.5 of 

all shifts, respectively. Green triangles correspond to the 4-CPPC-interacting residues, while blue 

triangles correspond to residues that lack electron density in the 4-CPPC-bound X-ray crystal  
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(Figure 4.4 Continued) 

structure 49. (C) Chemical shifts greater than 1.5 of the 10% trimmed mean (green spheres) are 

mapped onto the D-DT trimer and monomer structures (PDB: 7MSE), while blue spheres indicate 

sites of line broadening. The 4-CPPC ligand is also shown with the D-DT monomer, using PDB: 

6C5F as the reference for alignment. 

 

According to the KD value of 4-CPPC for D-DT (Fig. S2), we designed two titration 

experiments. The first experiment was performed with the ligand and protein at 1:1 molar ratio 

(Fig. 4A) and the second with the ligand in a five-fold excess (Fig. S5A). for the first titration 

experiment, we noticed that 4-CPPC induced many changes in the C-terminal face of the protein, 

including moderate chemical shift perturbations and a large number of line broadened peaks, 

which is a qualitative signature of millisecond dynamics (Fig. 4B, 4C). Chemical shift 

perturbations map to both α-helices and loop regions, while line broadening localizes mostly 

around the α2 helix, residues spanning the opening of the solvent cavity, and the C-terminal 

residues 111 and 112, which immediately precede the site involved in the induced fit of 4-CPPC 

49. Residues known to be involved in the D-DT/4-CPPC interaction, or that become flexible upon 

binding of D-DT to 4-CPPC, are structurally or dynamically affected in the NMR experiments. 

Most notably, residues surrounding the 4-CPPC binding pocket become highly flexible, consistent 

with the MD simulations. 

 The second titration experiment was performed having the ligand in a high excess. Under 

these conditions, 4-CPPC has a drastic impact on the global flexibility of D-DT (Fig. S5A, S5B). 

Regions located distant from the binding site of 4-CPPC demonstrate elevated dynamic activity, 

which is consistent with the formation of intersubunit communications. While it is difficult to 
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distinguish intra- and intersubunit communication in a symmetric molecule by NMR, the locations 

and types of the NMR-detectable perturbations provide some clues. NMR revealed chemical shift 

perturbations and extensive line broadening around the α2 helix and 4 sheet at the monomer-

monomer interface, suggestive of intersubunit crosstalk. Likewise, most of the line broadened 

resonances surround the D-DT solvent channel, which prior studies of both MIF and D-DT 

demonstrated to facilitate intermonomer communication 52, 53. Other portions of D-DT, namely the 

α1 helix and loops decorating the periphery of the structure, display minimal evidence of line 

broadening and local chemical shift perturbations. These sites are also distal to the subunit 

interfaces, suggesting only intrasubunit effects. Given the low binding affinity of 4-CPPC, the 

chemical shift perturbation differences between the two titration experiments are attributed to the 

saturation level of D-DT. At stoichiometric quantities (1:1 molar ratio), the three active sites are 

not fully occupied and thus the ligand has a moderate impact on the dynamics of the trimer. On 

the other hand, at a five-fold excess all active sites are occupied to enable displacement of all three 

C-termini, which in turn enables the global communication between the three subunits. The limited 

solubility of 4-CPPC at NMR-level concentrations in >80% aqueous buffer precluded longer spin 

relaxation experiments to quantitate rates of conformational exchange and altered structural 

populations. Future work will focus on optimizing 4-CPPC solubility, perhaps through chemical 

modification, to facilitate further NMR studies. 

Conclusions 

In the absence of large-amplitude collective displacements, such as domain movements, 

proteins mediate fundamental biochemical processes via correlated motions of residues. Correlated 

motion is a fundamental property of the MIF -sheet 122 that is used to finely tune at least two of 

the protein’s biological activities 51, 53, 91. Computational and experimental evidence demonstrate 
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that MIF can execute a fascinating variety of functions without undergoing any major 

conformational changes. Instead, local flexibility is sufficient to modulate its functionality 51, 53. 

 In contrast to MIF, D-DT reveals an unexpected mobility of its C-terminal. Conformational 

changes of the C-terminal resulting from phosphorylation 123, ion 124 or ligand 125 binding, or 

protein-protein interactions 126, are known to regulate a variety of biological tasks, the most notable 

being channel gating 127, signaling 128 and catalysis 125. for D-DT, the biological significance of C-

terminal flexibility is enigmatic. A previous study comparing the D-DT/CD74 and MIF/CD74 

interaction features, showed that D-DT has a higher binding rate to CD74 but also a faster 

dissociation, in comparison to MIF 9. These findings suggest that the D-DT-induced activation 

mechanism of CD74 may be noticeably different from the corresponding mechanism of MIF, 

involving distinct binding surfaces and/or conformations. Further studies on D-DT’s C-terminal 

are required to elucidate the potential functionality of this site. Such studies may include 

deletion(s) and/or single point mutation(s) of the residues (Met114-Leu117) previously shown to 

have enhanced flexibility upon 4-CPPC binding. The structural alterations to the C-terminal as a 

consequence of these modifications may increase or reduce the affinity to a substrate/inhibitor or 

even point the importance of C-terminal for activation of CD74. Collectively, the findings 

presented herein offer a fresh perspective for exploring and understanding the D-DT-induced 

activation mechanism of CD74.  
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Supporting Information 

Scheme 4.S1.  

The synthetic pathway of 4-CPPC.  

 

Note. Reagents and conditions: a) 10% Pd/C, Na3PO4•12H2O, 55% iPrOH in water, 80 C, 12 h, 

under Argon, 53%; b) KMnO4, H2O, reflux, 4 h followed by Na2SO3, 42%. 

 

Figure 4.S1.  

NMR analysis of 1 and 4-CPPC. 
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(Figure 4.S1 Continued) 

Note. The structures of (A) 1 and (B) 4-CPPC were confirmed by the recorded  1H-NMR (top) 

and 13C-NMR (bottom) spectra. 
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Figure 4.S2.   

Representative ITC profiles for the titration of (A) 4-CPPC to buffer, and (B) 4-CPPC to D-DT. 

 

Note. Both experiments were carried out at 25oC. A detailed analysis of the experimental 

conditions is provided in methods. 
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Figure 4.S3.   

Dixon plot for competitive inhibition of D-DT by 4-CPPC 
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Figure 4.S4.  

1H-15N HSQC NMR spectral overlay of apo D-DT in the absence (red) and presence (blue) of 

15% DMSO.  

Note. The addition of DMSO to the NMR sample buffer, which significantly aided the solubility 

of the 4-CPPC ligand, did not affect the overall distribution of chemical shifts in the NMR 

fingerprint. 
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Figure 4.S5.  

Solution interactions of 4-CPPC with D-DT at 5:1 molar ratio 

 

Note. (A) 1H-15N HSQC NMR spectral overlay of apo D-DT (red) with D-DT/4-CPPC (blue). 

Sample conditions were 0.5 mM D-DT in 20 mM Tris, 20 mM NaCl, 15% (v/v) DMSO-d6, pH 

7.4. Large chemical shift perturbations (dashed circles) and high degrees of line broadening are 

observed. (B) NMR chemical shift perturbations caused by a larger excess of 4-CPCC. Gray 

vertical bars highlight sites of NMR line broadening. Blue and red dashed lines denote the 10% 

trimmed mean +1.5 of all shifts, respectively. Green triangles correspond to the 4-CPPC- 
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(Figure 4.S5 Continued) 

interacting residues, while blue triangles correspond to residues that are missing electron density 

in the 4-CPPC-bound X-ray structure.   
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CHAPTER 5: 2,5-PYRIDINEDICARBOXYLIC ACID IS A BIOACTIVE AND HIGHLY 

SELECTIVE INHIBITOR OF D-DOPACHROME TAUTOMERASE 

 

Published as: Parkins A, Das P, Prahaladan V, Rangel VM, Xue L, Sankaran B, Bhandari V, 

Pantouris G. 2,5-Pyridinedicarboxylic acid is a bioactive and highly selective inhibitor of D-

dopachrome tautomerase. Structure. 2023 Mar 2;31(3):355-367.e4. doi: 

10.1016/j.str.2023.01.008. Epub 2023 Feb 17. PMID: 36805127. 

 

Abstract 

Macrophage migration inhibitory factor (MIF) and D-dopachrome tautomerase (D-DT) are 

two pleotropic cytokines, which are coexpressed in various cell types to activate the cell surface 

receptor CD74. Via the MIF/CD74 and D-DT/CD74 axes, the two proteins exhibit either beneficial 

or deleterious effect on human diseases. In this study, we report the identification of 2,5-

pyridinedicarboxylic acid (a.k.a. 1) that effectively blocks the D-DT induced activation of CD74 

and demonstrates an impressive 79-fold selectivity for D-DT over MIF. Crystallographic 

characterization of D-DT-1 elucidates the binding features of 1 and reveals previously 

unrecognized differences between the MIF and D-DT active sites that explain the ligand’s 

functional selectivity. The commercial availability, low cost, and high selectivity make 1 the ideal 

tool for studying the pathophysiological functionality of D-DT in disease models. At the same 

time, our comprehensive biochemical, computational, and crystallographic analyses serve as a 

guide for generating highly potent and selective D-DT inhibitors. 
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Introduction 

Understanding the correlation between protein expression and disease progression is 

laborious as it requires in depth investigation of mechanistic pathway(s) using a well-designed 

experimental study. If the same activity is shared among multiple proteins, then the task is even 

more challenging and demands the use of selective modulators. A representative example of such 

proteins is MIF and D-DT; the two human members of the MIF superfamily that are coexpressed 

in various cell types and tissues and share a cytokine 9, 27,  tautomerase 85, 129, and endonuclease 13, 

15 activity.   

MIF was originally reported in the 1960s as an “inhibitory factor” of random macrophage 

migration produced by T-cells 11, but was later on also detected in a variety of immune cells and 

nearly every tissue 130. The MIF signal transduction network is complicated and involves 

biological partners found on the cell surface as well as intracellularly. The most well-studied 

protein partners  are the CD74/CD44 complex 27, 36, which serves as the canonical MIF receptor, 

and non-canonical chemokine receptors CXCR2, CXCR4, and CXCR7 12, 131. The MIF induced 

activation of CD74/CD44, chemokine receptors, or the CD74/CXCR heterogenic complexes 

(CD74/CXCR2 12, CD74/CXCR4 132, and CD74/CXCR4/CXCR7 131) occurs in either an autocrine 

or paracrine fashion, depending on the stimulus and cell type. Subsequently, the mitogen-activated 

protein kinase (MAPK)/extracellular signal-regulated kinase (ERK), phosphoinositide 3-kinase 

(PI3K)-protein kinase B (AKT), and/or AMP-activated protein kinase (AMPK) signaling 

pathways are activated with downstream effects that regulate cell growth, proliferation, and 

inhibition of apoptosis. Under pathological conditions, these signal transduction events will 

advance a variety of disorders, including inflammatory diseases 82 and cancer 133. The expression 

level of MIF in these conditions is highly influenced by the gene’s promoter polymorphisms. for 
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example, a 5-8 repeated sequence of CATT tetranucleotide at position -794 of the human MIF 

gene has been associated with disease severity for patients with rheumatoid arthritis 134.  Besides 

the expression levels of MIF, recent clinical findings obtained from patients with  inflammatory 

diseases 135 and cancer 136 have shown that the pathogenic action of MIF is also related to a unique 

structural isoform of the protein found only in oxidized environment. The oxidized structural 

isoform of MIF 88, also known as oxMIF, is exclusively detected in inflammation and cancer and 

serves as an attractive molecular target and diagnostic tool for these pathological conditions. 

Structurally, MIF is composed of only 114 amino acids forming a homotrimeric biological 

assembly. The MIF trimer possesses a solvent channel at the center, and an enzymatic pocket in 

the interface of two monomers 17. Pro1, which is located at the edge of this pocket, is responsible 

for the tautomerase activity of MIF. Via this activity, a large number of MIF modulators have been 

discovered and characterized including competitive 50, non-competitive 21, and covalent inhibitors 

48. Among the numerous MIF inhibitors reported thus far, only 4-iodo-6-phenylpyrimidine (4-IPP) 

is known to inhibit the activity of D-DT, by creating a covalent adduct with the catalytic residue 

Pro1 57.   

D-DT is the second human member of the MIF superfamily that shares a high structural 

homology 90 yet a low sequence identity (only 34%) with MIF 9. Although D-DT was cloned and 

crystallized in the 1990s 90, its functionality has not been extensively studied due to the belief that 

it is the product of MIF gene duplication 19. Nevertheless, growing evidence has shown that D-DT 

expression has a non-redundant functionality in inflammation, autoimmune diseases, 

cardiovascular disorders, and cancer 137.  In some pathological conditions D-DT may act 

cooperatively/synergistically with MIF, while in others the two proteins have different or even 

oppositional activities. Cooperative action of MIF and D-DT has been reported in various types of 
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cancer 138, inflammatory disorders including sepsis 9 and chronic obstructive pulmonary disease 

139, and heart conditions such as cardiac ischemia/reperfusion injury 140, 141. In contrast, studies on 

adipose tissue inflammation 142  and systemic sclerosis 143 demonstrate that the expression of D-

DT and MIF serve two distinct functional roles. 

Whereas the MIF functionality is associated with activation of multiple receptors and 

receptor complexes, D-DT is mainly mediated by the CD74/CD44 receptor complex 9. The D-

DT/CD74 interface has yet to be defined, but previous results have shown that a D-DT tautomerase 

inhibitor can effectively block activation of the receptor 59. Upon the formation of the 

homotrimeric assembly, the active site pocket of D-DT is positioned in the interface of two 

monomers, similar to MIF 90.  Despite sharing the tautomerase activity, MIF and D-DT have 

noticeable differences in the amino acid composition of their active sites. Consequently, the large 

number of MIF inhibitors are ineffective on D-DT and only two reversible inhibitors are so far 

known for the latter protein 44, 59. The first inhibitor, called 4-(3-carboxyphenyl)-2,5-

pyridinedicarboxylic acid (4-CPPC), was identified recently by an in-silico screen of 1.6 million 

compounds 59. The second D-DT inhibitor, (R)-5-Methyl-3-(1-(naphthalen-1-yl)ethyl)-6-(3-

(trifluoromethyl)phenyl)thieno[2,3-d]pyrimidine-2,4(1H,3H)-dione  was discovered via the 

screening of 305 compounds from an in house collection 15. In both cases, the inhibitors revealed 

micromolar inhibition potencies and low to moderate selectivity for D-DT over MIF. 

In this study, we describe the identification and characterization of 2,5-

pyridinedicarboxylic acid (1) as a commercially available, bioactive, and highly selective inhibitor 

of D-DT.  Enzymatic assays demonstrate that 1 has a 79-fold inhibition selectivity for D-DT over 

MIF. Notably, this compound has the highest selectivity among the known D-DT inhibitors. 

Crystallographic analysis of D-DT-1 and side-by-side comparison with known MIF crystal 
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structures expose key structural differences between the MIF and D-DT active sites that were 

previously unseen. These new findings provide insights into the regulation of ligand binding by 

MIF and D-DT and clarify the inhibition selectivity criteria.  The identification of 1 would aid the 

efforts towards understanding the biological activity of D-DT in disease models and clinical 

samples as well as the development of new generation D-DT modulators that target activation of 

CD74. 

Materials and Methods 

 
Table 5.1 

Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER  
Bacterial and Virus Strains 

BL21 (DE3) E. coli/pET-11b (human WT MIF) This study N/A 

BL21 (DE3) E. coli/pET-22b (human WT D-DT) This study N/A 

Chemicals, Peptides, and Recombinant Proteins   

2,5-Pyridinedicarboxcylic acid (>98% purity) Acros Organics Cat# 131870050 

4-CPPC (99.4% purity) Axon Medchem Cat# 3189 

4-hydroxyphenylatepyruvate (>95% purity) TCI Cat# H0294 

4-Phenylpyridine (>98% purity) TCI Cat# P0162 

Ammonium Acetate (97.0 % purity) VWR Cat# BDH9204 

Ampicillin Sodium Salt VWR Cat# 97061-442  

Boric Acid (≥99.5% purity) VWR Cat# BDH9222 

DMSO (≥99.9% purity) VWR Cat# 97061-250  

Isopropyl b-D-1-thiogalactopyranoside (IPTG) Bioland Scientific Cat# CI01 

Luria Broth (LB) VWR Cat# 97064-114 

Pyridine-2-carboxylic acid (>99% purity) TCI Cat# P0421 

Nicotinic acid (99.5% purity) Acros Organics Cat# 128290050 

Terephthalic acid (>99% purity) TCI Cat# T0166 

Triton X-114 (proteomics grade) VWR Cat#M144-1L 

WT D-DT This study N/A 

WT MIF This study N/A 

Critical Commercial Assays 

Pierce BCA Protein Assay Kit Thermo-Fisher Cat# 23225 

Hema III Staining Solutions Thermo-Fischer Cat# 122911 
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(Table 5.1 Continued) 

Deposited Data 

WT MIF Crichlow et al., 2009 PDB: 3DJH 

WT DDT Sugimoto et al., 1999 PDB: 1DPT 

D-DT-1 This Paper PDB: 8DBB 

Recombinant DNA 

pET11b- WT MIF This study N/A 

pET22b-WT D-DT This study N/A 

Experimental Models: Cell Lines 

BL21(DE3) Competent Cells Agilent Technologies Cat# 200131 

Experimental Models: Organisms 

C57BL6/J male mice Jackson Laboratory RRID: 

IMSR_JAX:000664 

Software and Algorithms 

Aimless CCP4 https://www.ccp4.ac.uk

/html/aimless.html  

CHARMM36 Force Field University of Maryland School 

of Pharmacy 

http://mackerell.umaryl

and.edu/charmm_ff.sht

ml 

COOT MRC Laboratory of Molecular 

Biology (LMB) 

https://www2.mrc-

lmb.cam.ac.uk/personal

/pemsley/coot/  

CHARMM General Force Field (CGenFF) University of Maryland https://cgenff.umarylan

d.edu/  

GROMACS  Abraham et al. (2015) https://www.gromacs.or

g/index.html  

G_Correlation O. Lange et al. (2005) https://www.mpinat.mp

g.de/grubmueller/g_cor

relation  

MATLAB MathWorks https://www.mathworks

.com/products/matlab.h

tml 

MolGpKa Xundrug https://xundrug.cn/molg

pka  

Molrep CCP4 https://www.ccp4.ac.uk

/html/molrep.html  

Nanoanalyze 3.11.0 TA Instruments https://www.tainstrume

nts.com/  

Nanoscale Molecular Dynamics University of Illinois at Urbana-

Champaign 

http://www.ks.uiuc.edu/

Research/namd/ 

PRODRG CCP4 https://www.ccp4.ac.uk

/html/cprodrg.html  

Prism Graphpad https://www.graphpad.c

om/scientific-

software/prism/ 

PyMOL DeLano Scientific LLC http://www.pymol.org/ 

 

  

http://www.rcsb.org/pdb/explore.do?structureId=3DJH
https://www.rcsb.org/structure/1DPT
https://www.ccp4.ac.uk/html/aimless.html
https://www.ccp4.ac.uk/html/aimless.html
http://mackerell.umaryland.edu/charmm_ff.shtml
http://mackerell.umaryland.edu/charmm_ff.shtml
http://mackerell.umaryland.edu/charmm_ff.shtml
https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/
https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/
https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/
https://cgenff.umaryland.edu/
https://cgenff.umaryland.edu/
https://www.sciencedirect.com/science/article/pii/S2352711015000059
https://www.gromacs.org/index.html
https://www.gromacs.org/index.html
https://www.mpinat.mpg.de/grubmueller/g_correlation
https://www.mpinat.mpg.de/grubmueller/g_correlation
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https://www.pymol.org/
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(Table 5.1 Continued) 

PyVOL Smith et al. (2019) https://schlessinger-

lab.github.io/pyvol/inde

x.html  

Refmac5 CCP4 https://www.ccp4.ac.uk/

html/refmac5/descriptio

n.html  

SUPERPOSE CCP4 http://www.ccp4.ac.uk/

html/superpose.html 

Visual Molecular Dynamics University of Illinois at Urbana-

Champaign 

http://www.ks.uiuc.edu/

Research/vmd/ 
Origin 2019b OriginLab https://www.originlab.c

om/ 

XDS Kabsch (2010) https://xds.mr.mpg.de/  

Other 

Advanced Light Source  

beamline 8.2.1 

Lawrence Livermore National 

Labs 

https://als.lbl.gov/   

Circular dichroism spectropolarimeter Jasco Inc. Model# J-810 

Affinity ITC calorimeter TA Instruments Model# Affinity ITC 

Microplate reader TECAN Model# Infinite M-Plex 

 

Experimental Model and Subject Details 

Cell lines 

Recombinant MIF and D-DT proteins were produced and purified from bacterial cells, E. coli 

strain BL21-(DE3) (Agilent Technologies). 

Organisms 

Activation of CD74 by D-DT or D-DT-1 complex was evaluated in vivo using 10–12 weeks old 

C57BL6/J male mice (Jackson Laboratory - Bar Harbor, ME). The mice were housed in a 

pathogen-free animal facility, at Cooper University Hospital, Camden, NJ, USA (IACUC protocol 

approved by Cooper University Hospital, Camden, NJ, USA). 

Method Details 

Protein Expression and Purification.  

MIF and D-DT were expressed and purified as previously described 49, 66. Briefly, pET11b 

and pET22b plasmids expressing MIF and D-DT, respectively, were transformed into BL21 (DE3) 

https://schlessinger-lab.github.io/pyvol/index.html
https://schlessinger-lab.github.io/pyvol/index.html
https://schlessinger-lab.github.io/pyvol/index.html
https://www.ccp4.ac.uk/html/refmac5/description.html
https://www.ccp4.ac.uk/html/refmac5/description.html
https://www.ccp4.ac.uk/html/refmac5/description.html
http://www.ccp4.ac.uk/html/superpose.html
http://www.ccp4.ac.uk/html/superpose.html
http://www.ks.uiuc.edu/Research/vmd/
http://www.ks.uiuc.edu/Research/vmd/
https://www.originlab.com/
https://www.originlab.com/
https://xds.mr.mpg.de/
https://als.lbl.gov/
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competent cells according to the heat shock method. The cells were grown in LB broth enriched 

with 100 g/mL ampicillin, at the optimal temperature of 37°C. When the solution’s optical 

density at 600 nm became 0.6-0.8, the cell cultures were induced with 1 mM IPTG for 4 hours at 

37°C. Following, the cells were collected by centrifugation, washed with the corresponding MIF 

or D-DT lysis buffer (20 mM Tris.HCl, 20 mM NaCl, pH 7.4 for MIF and 20 mM Tris.HCl, 20 

mM NaCl, pH 8.5 for D-DT), and stored at -80°C. for protein purification, the cells were lysed via 

sonication, centrifuged to remove cell debris, and filtered with a 0.22 µm PES syringe filter 

(Bioland Scientific LLC). The MIF lysate was loaded onto a 5 ml Q-Sepharose column connected 

in series with a second 120 ml Q-Sepharose column. MIF did not bind to either column and eluted 

in the flow through with a ∼95% purity. for D-DT purification, the lysate was loaded onto a 5mL 

Q-Sepharose column and eluted with 5% of 20 mM Tris.HCl, 1 M NaCl, pH 8.5. The two proteins 

were further purified by size exclusion chromatography using a 16/60 Superdex 75 column 

(Cytiva, Marlborough, MA). for this step, the lysis buffers of MIF and D-DT were used as 

corresponding running buffers. Protein purity and concentration were determined by sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-Page) and bicinchoninic acid (BCA) 

protein assay, respectively. 

Kinetic Experiments.  

The multipoint kinetic experiments were carried out in a 96-well microplate according to 

previously published protocols 49, 53. A 30 mM stock solution of 4-HPP was prepared in 0.5 M 

ammonium acetate pH 6.2 and the keto tautomer was formed after an overnight incubation at room 

temperature. This stock was used to create a working concentration gradient of 0 to 2 mM. 

Compound 1 was prepared in 100% DMSO and used at final concentration ranges of 0-50 M and 

0-3000 M for D-DT and MIF, respectively. In all experiments, the final concentration of DMSO 
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was 1%. for the MIF assays, EDTA was also added at a final concentration of 1 mM. Borate was 

added at a final concentration of 0.420 M and the reaction was initiated by adding MIF or D-DT 

at a final concentration of 50 nM or 250 nM, respectively. The formation of enol-borate complex 

was monitored at 306 nm (ε306 = 11400 M−1 cm−1) in a Tecan Infinite M-Plex microplate reader 

(TECAN). Each experiment was conducted for either 180 seconds (MIF) or 300 seconds (D-DT) 

and the data was analyzed in GraphPad Prism 9.4.1. for the single point kinetic experiments, 4-

HPP and 1-5 were used at final concentrations of 1 mM and 100 M, respectively, while the 

procedure was similar to what we described above. All kinetic experiments were performed in 

triplicate.  

Isothermal calorimetry.  

The ITC experiments were carried out in an affinity ITC calorimeter (TA instruments) with 

all samples being prepared in 20 mM phosphate buffer, pH 6.2 and 1% DMSO and degassed prior 

to each experiment. for the titration experiment, 1 was deposited into a 264 µL rotating syringe, 

while D-DT was placed in the isothermal sample cell. D-DT and 1 were tested at a final 

concentration of 500 µM and 100 µM, respectively.  The control run utilized 20 mM phosphate 

buffer, pH 6.2 and 1% DMSO in the sample cell rather than protein. The contents of the syringe 

were then injected into the sample cell over 50 steps, each step releasing 3.5 µL. Each injection 

took place over 4 seconds with a 300-second delay. The syringe speed was set to 125 revolutions 

per minute (RPM) to ensure proper mixing of the samples. Before the first injection and subsequent 

data collection, the calorimeter was equilibrated for 1800 s. Data were analyzed using the 

NanoAnalyze software (version 3.11.0). The heat plot for D-DT-1 was corrected against the 

Buffer-1 heat plot and fitted in the independent model.  
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Circular dichroism spectroscopy.  

Thermal denaturation experiments were performed in a Jasco J-810 circular dichroism 

spectropolarimeter following the protocol described before 91. D-DT and 1 were prepared in 20 

mM Tris.HCl, 20 mM NaCl, pH 7.4 at final concentrations of 20 M and 0-200 M, respectively. 

Before each experiment, all solutions were degassed with ultra-high purity grade nitrogen. The CD 

spectra of apo D-DT or D-DT-1 were recorded from 20°C to 90°C at a rate of 0.5°C/min. The 

fraction of unfolded D-DT over temperature was analyzed in Origin 2019b. 

Protein crystallography and data analysis.  

Crystallization of D-DT-1 was performed in a 24-well plate (Hampton research) using the 

hanging drop method. D-DT was concentrated to 12 mg/ml and mixed at 1:1 (v/v) ratio with well 

solutions containing 24-30% (w/v) PEG 4000, 0.1 M sodium citrate (pH 5.2-6.2), and 0.2 M 

ammonium sulfate. The triangular shaped crystals of apo D-DT were formed within 1-2 weeks and 

soaked into equilibrated drops of the mother liquor enriched with 100 mM of 1. Due to the high 

concentration of PEG 4000, the crystals were flash frozen without a cryoprotectant. Single 

wavelength (1.00004 Å) diffraction trials were performed at Lawrence Berkeley National 

Laboratory using the Advanced Light Source (ALS) beamline 8.2.1. All diffraction trials were 

performed at 100 K and a complete data set was collected to 1.30 Å. Data reduction, including 

integration and scaling was accomplished using XDS 144 while  final merging was achieved with 

aimless 145. The crystal structure of D-DT-1 was solved by molecular replacement using Molrep, 

a CCP4-supported program 72. Apo D-DT (PDB entry: 1DPT) was used as the search structure, 

producing an initial model in a P3 space group. The model was further refined using Refmac5 146 

and COOT 147 and visualized in PyMOL 73. Finally, the electron density of 1 was clearly seen in 

all active sites. The coordinates and crystallographic information files of 1 were generated by 
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PRODRG (CCP4-supported program). Structural alignment was accomplished using Superpose 

72. The final model has been deposited in worldwide Protein Data Bank with the identification 

number 8DBB. 

Molecular Dynamics Simulations.  

MD simulations of apo D-DT and D-DT-1 were performed as previously reported 91. The 

models used for the simulations were obtained from the crystal structures of apo D-DT (PDB entry: 

1DPT) and D-DT-1 (PDB entry: 8DBB).  Using PyMOL, the protein’s biological assembly was 

generated, and non-protein atoms were removed. A protein structure file (PSF) and PDB pair that 

included the missing hydrogens was generated utilizing the autoPSF plug-in of Visual Molecular 

Dynamics (VMD) program 69. The PSF/PDB pair for D-DT was produced from CHARMM36 

forcefield topology 68. The ionization state of 1 was assigned using MolGpka 109, while its topology 

file was generated using CHARMM general force field (CGenFF) 118. Solvated PSF and PDB were 

produced by the VMD solvate plugin with TIP3P waters. The system was then minimized and 

heated to 300K in a stepwise fashion. Before initiating the 200 ns run, the system was equilibrated 

at 300K for 1ns. Generalized cross-correlation analysis of Cα-atoms was performed using 

g_correlation 70, a GROMACS plug-in 71, 148. RMSF analysis was performed by GROMACS. All 

simulations were run in triplicate.   

Removal of bacterial lipopolysaccharides (LPS).  

Prior the neutrophil recruitment assay, D-DT was treated for removal of bacterial LPS 

following a previously established protocol 149. The procedure was initiated by mixing 30 mL of 

ice-cold LPS-free phosphate buffered saline (PBS) pH 7.40, with 200 L D-DT, and 1% Triton 

X-114 (VWR life science). The mixture of PBS/D-DT/triton X-114 was subsequently incubated 

at 4oC and 37oC for 30 and 10 minutes, respectively. The first incubation step was performed under 
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gentle mixing while second incubation step was undisrupted. At the end of the 10-minute 

incubation, the mixture was transferred to eppendorf tubes and centrifuged to form two phases. 

The lower phase, which contained triton X-114 and LPS were disposed, while the upper phase (D-

DT) was used for two additional rounds of purification. At the end of the third purification, D-DT 

was dialyzed for 16 hours in a 4 L LPS-free PBS (pH 7.40) solution. The next day, protein 

concentration was determined by the BCA assay and D-DT aliquots were stored in -80oC. 

Neutrophil Recruitment Assay.  

Wild-type male mice (10–12 weeks old) of C57BL6/J genetic background were purchased 

from Jackson Laboratory (Bar Harbor, ME) and housed in a pathogen-free animal facility, at 

Cooper University Hospital, Camden, NJ, USA. Mice were administered a one-time intratracheal 

instillation of 50 µl PBS (vehicle) with or without LPS-free D-DT and/or 1. The final concentration 

of D-DT and 1 was 20 g/ml and 0-40 µM, respectively. Intratracheal instillation was performed 

following the methodology previously described 51 with some modifications. Six hours after the 

administration of experimental solutions, the mice were sacrificed to collect BAL fluid. The total 

protein content in the BAL fluid was measured by BCA assay. Approximately 1ml of the BAL 

fluid was pelleted by centrifugation at 1000 rpm for 10 min at 4°C. Following, the cell pellet was 

resuspended in 200 µl 1x PBS and centrifugation was repeated one more time at room temperature. 

The slides were air dried and stained with Hema III Differential Quick Stain. Neutrophils were 

counted manually in the smears to calculate their total percentage. Briefly, the cytosmear was 

randomly divided into 4-5 arbitrary areas that housed the maximum number of neutrophils. Two 

hundred different inflammatory cell types, including neutrophils, were counted in these areas from 

which the percentage of neutrophils was calculated. At least 4 mice were used for each 

experimental group. The animal study protocol was approved by the Institutional Animal Care and 
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Use Committee (IACUC) of Cooper University Hospital, Camden, NJ, USA. Statistical analysis 

was done with GraphPad Prism 9.4.1 by one-way ANOVA with Tukey’s post-hoc correction. 

Quantification and Statistical Analysis 

All single point and kinetic experiments were carried out in triplicate (n=3) with the data 

being analyzed in ORIGIN 2019b. for both Figures 1 and 2, the error is represented as standard 

deviation. The D-DT-1 crystal structure was refined using the Rfree value along with a 

Ramachandran plot to fix angle outliers before submission to PDB/RCSB (https://www.rcsb.org). 

All statistics for the structure are present in Table 1 and the “Full wwPDB X-ray Structure 

Validation Report”, which contains a variety of structure metrics, is available in the RCSB 

database. All MD data was obtained in triplicate (n=3), root mean square fluctuation (RMSF) was 

averaged, presented with an error value obtained from the standard deviation, and plotted (Figure 

S5) using ORIGIN 2019b. In vivo studies utilizing mice had a minimum group size of 4 (n=4), the 

data was analyzed using GraphPad Prism 9.4.1 by one-way ANOVA with Tukey’s post-hoc 

correction. The data is presented in Figure 8 as the mean with standard error of the mean (SEM). 

Results and Discussion 

Identification of 1 as a highly selective inhibitor of D-DT.  

Analysis of the D-DT-4-CPPC co-crystal structure suggested the benzoic acid moiety was 

redundant due to the lack of stabilizing interactions with active site residues 49. To experimentally 

verify this structural observation and gain mechanistic insights into inhibition of D-DT, we 

purchased selected 4-CPPC derivatives and performed single point kinetic assays on both D-DT 

and MIF (Figs. 1A, 1B). 1 was generated by deletion of the m-Toluic acid group in 4-CPPC, while 

a nitrogen to carbon substitution in the pyridine ring produced 2 (terephthalic acid) (Fig. 1C). 

Removal of either 2- or 5-carboxylate group produced 3 (pyridine-2-carboxylic acid) and 4 

(nicotinic acid), respectively. Finally, 5 (4-phenylpyridine) was produced by elimination of the 

https://www.rcsb.org/
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three carboxylate groups in 4-CPPC. We projected that these structural modifications of 4-CPPC, 

would provide key information for the development of new D-DT inhibitors. The single point 

screening strategy, at a testing concentration of 100 M, was chosen over a multipoint kinetic 

assay due to the moderate inhibition potency of 4-CPPC 49, 59. At the same time, we anticipated 

that the stepwise removal of functional groups from 4-CPPC (Fig. 1C) would only have a negative 

impact on the inhibition potency of the produced molecule, thus a high testing concentration of 

each compound would be required.  
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Figure 5.1.  

Percent activity of D-DT and MIF by 4-CPPC derivatives. 

 

(Figure 5.1 Continued) 

Note. The tautomerase activities of (A) D-DT and (B) MIF were tested in the presence of 4-CPPC 

derivatives (C) at the single concentrations of 100 M and 1 mM for the 4-CPPC derivatives and 

4-HPP, respectively. 100% activity corresponds to the average value of the non-inhibited reaction. 

The experiments were carried out in triplicate (n=3) and the error values are shown as standard 

deviations (SD).  
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The five compounds along with 4-CPPC were tested against D-DT (Fig. 1A) and MIF (Fig. 

1B) to determine inhibition potency and selectivity. for our experiments 4-CPPC, with a previously 

reported Ki of 33 ± 0.7 μM 49, served as a reference D-DT inhibitor (positive control). As a negative 

control, we used dimethyl sulfoxide (DMSO) at a final concentration of 1%. In comparison to 4-

CPPC, 1 had an improved inhibition potency and retained selectivity for D-DT (Figs. 1A, 1B). At 

the single concentration of 100 M, 4-CPPC and 1 inhibit the activity of D-DT by 53% and 77%, 

respectively. The negligible inhibition potencies of 2-5 against D-DT, demonstrate that the 

nitrogen atom and two carboxylate groups of the pyridine ring serve a key role in the inhibition 

potency of 1 (Fig. 1A). Similar to 4-CPPC and 1, compounds 2-5 are inactive against MIF (Fig. 

1B). 

We carried out multipoint kinetic experiments against D-DT and MIF to quantitatively 

determine the inhibition potency and selectivity of 1 (Fig. 2). The single point kinetic data (Fig. 

1A, B) guided the design of these experiments and determine the appropriate concentration ranges 

of 1. for D-DT, 1 was tested at a concentration range of 0-50 M. In the case of MIF, we had to 

do several preliminary kinetic trials before we finalized the concentration range between 0-3000 

M. We noticed absorbance inconsistencies, when 1 tested at concentrations >600 M. This 

finding aligns with the previously described property of 1 to form complexes with solution ions 

(e.g. Zn, Ni, Cu, and Fe) 150, and it was resolved by the use of 1 mM ethylenediaminetetraacetic 

acid (EDTA). The Ki values of 17.2±0.9 M and 1360±297 M were obtained for D-DT and 

MIF, respectively (Fig. 2). 1 demonstrates an impressive 79-fold selectivity for D-DT over MIF. 

In contrast to 4-CPPC 49, the inhibition potency and selectivity of 1 for D-DT was improved by 2- 

and 6-fold, respectively. 
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Figure 5.2.  

Kinetic characterization of 1 against D-DT and MIF. 

 

Note. The inhibition activity of 1 against D-DT and MIF was examined at the concentration ranges 

of 0-50 M and 0-3000 M, respectively. The experiments were carried out in triplicate (n=3) and 

the error values are shown as standard deviations (SD).  

 

Structural characterization of D-DT-1.  

We probed crystallographic characterization of the D-DT-1 complex, to provide structural 

evidence of the compound’s inhibition activity and selectivity.  We employed isothermal titration 
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calorimetry (ITC) and circular dichroism (CD) spectroscopy, prior to setting up crystallization 

trays, in order to determine the binding affinity of 1 and thermal stability of D-DT-1, respectively. 

Our ITC findings demonstrate a 1:1 protein to ligand stoichiometry with a dissociation constant 

(KD) of 36 M (Fig. S1). Next, we ran thermal denaturation experiments of apo D-DT and D-DT-

1. To ensure all active sites were fully occupied, we recorded the melting profile of D-DT-1 three 

times at ligand concentrations multiple folds above the KD value (Fig. S1). The melting 

temperature of apo D-DT was determined at 71 oC, whereas the ligand did not have a noticeable 

effect on the stability of the protein (Fig. S2). 

Given the modest KD value, we did not attempt co-crystallization of D-DT with 1. Instead, 

we produced apo D-DT crystals and soaked them in 100 mM of 1. Through this approach, the D-

DT-1 crystal structure was obtained (Table 1) and the electron density of 1 was clearly detected 

in all three active sites (Fig. 3A, Fig. S3). The structural impact of D-DT-1 complex formation 

was examined at a global (trimeric D-DT) and local (active site) level with the known structure 

apo D-DT (Protein Data Bank (PDB) entry: 1DPT 90) as the point of reference. At a global level, 

D-DT-1 and apo D-DT demonstrated negligible structural differences, with a root-mean-square 

deviation (RMSD) value of 0.33 Å (Fig. 3B).  
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Table 5.2.  

Data collection and refinement statistics for D-DT-1 

 

 D-DT-1 

Data collection 

Space group P 3 

Cell dimensions 

 a, b, c (Å) 83.72, 83.72, 40.63 

 α, β, γ (°) 90.00, 90.00, 120.00 

Resolution (Å) 41.90–1.30 (1.33–1.30)a 

Rsym or Rmerge 0.094 (0.173) 

I/σI 20.3 (8.6) 

Completeness (%) 95.8 (93.7) 

Redundancy 6.7 (6.2) 

Refinement 

Resolution (Å) 41.90–1.30 

No. reflections 71,400 

Rwork/Rfree 0.12/0.16 

No. atoms 

 Protein 2,638 

 Ligand/ion 49 

 Water 505 

B-factors (Å2) 

 Protein 8.6 

 Ligand/ion 13.9 

 Water 26.6 

RMS deviations 

 Bond lengths (Å) 0.012 

 Bond angles (°) 1.766 

a 

Values in parentheses are for highest-resolution shell. 

https://www.sciencedirect.com/science/article/pii/S0969212623000291?via%3Dihub#tblfn1
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Figure 5.3.  

Crystallographic characterization of D-DT-1. 

 

Note. (A) The 2Fo-Fc electron density of 1 was clearly observed in the three active sites of D-DT. 

The electron density of 1 is shown in yellow, while the inhibitor is illustrated as blue sticks. (B) 

The D-DT-1 crystal structure (blue) demonstrated high superposition agreement to the 

corresponding structure of apo D-DT (grey). Binding of 1 does not induce any major 

conformational changes in the active site environment of D-DT, including the C-terminus. The 

catalytic residue Pro1 and 1 are shown as blue sticks. (C) The inhibitor forms a number of 

hydrogen bonding and electrostatic interactions with active site residues. The D-DT-1 hydrogen 

bonds are shown as black dotted lines and the bond’s distance is measured in Å. The three residues  
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(Figure 5.3 Continued) 

participating in electrostatic interactions with the carboxylate groups of 1 are presented as 

transparent spheres. Hydrophobic interactions play a minor but supporting role in stabilizing D-

DT-1 complex. 

 

Binding of 1 did not trigger any major conformational changes in the active site as we have 

previously seen with 4-CPPC 49 and the C-terminal adopted a structural orientation similar to that 

of apo D-DT (Fig. 3B). Upon comparison with apo D-DT (Fig. S4A), we found that the active site 

opening of D-DT-1 was noticeably enlarged (Fig. S4B). Our observation agrees with previous 

crystallographic findings 59 and is associated with the ligand-induced conformational change of 

Arg36. This gating residue is located at the opening of the active site, positioned in two distinct 

conformations depending on the protein’s state. The “closed” conformation of Arg36 was noted 

in the apo D-DT structure and resulted in a narrow active site opening that does not physically 

allow any molecules to enter the pocket (Fig. S4A). However, in the presence of an active site 

binder such as 1, the side chain of Arg36 adopts a different conformation that increases the opening 

of the pocket and permits ligand binding (Fig. S4B).  

Hydrogen bonding and electrostatic interactions are the main stabilizing forces of D-DT-1 

(Fig. 3C). Hydrophobic interactions also contribute to the stability of the complex albeit to a lesser 

extent. The two carboxylate groups of 1 form hydrogen bonds with Pro1, Lys32, Ser63, Ile64, and 

Lys109 and electrostatic interactions with Lys32, Arg36 and Lys109 (Fig. 3C). The carboxylate 

group, at position two, plays a central role in binding by forming four hydrogen bonding 

interactions with active site residues. The second carboxylate group, at position five, promotes 

binding of 1 due to electrostatic interactions for the most part (Fig. 3C). Our crystallographic 
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analysis and single point kinetic results support that neither of the carboxylate groups would be 

able to orient correctly in the active site of D-DT if the pyridine nitrogen is missing (Figs. 1A, 

3C). Hydrophobic interactions involving Pro1, Ser63 and Ile64, play a weak but supportive role 

in stabilizing D-DT-1.  

Analysis of D-DT-1 profile by MD simulations.  

Along with the conformational change of Arg36, which controls ligand binding via 

regulation of the active site opening, we have previously brought to light an induced-fit mechanism 

that involved C-terminal conformational changes upon 4-CPPC binding 49. Consequently, the 

residues M114-L117 became unusually flexible resulting in elimination of their electron densities. 

These findings uncover structural features of D-DT that noticeably differ from what we know for 

MIF and aid the efforts towards understanding the structure-function aspects of the MIF 

superfamily members.  

We employed MD simulations to examine how 1 influences the intra- (within monomer 

A) and intersubunit (monomer A with monomers B and C) communications of D-DT. The duration 

of each calculation was 200 ns and the produced correlation plots of apo D-DT and D-DT-1 were 

compared side-by-side (Figs. 4A, 4B). The extent of correlation between two given regions is 

graphically measured on a scale of 0 to 1. Green, blue, orange, and red colors represent regions 

with none too low, low to moderate, moderate to strong, and strong to absolute correlation, 

respectively (Figs. 4A, 4B). The absolute correlation value equates to 1 and is obtained only when 

a residue is compared to itself. Distal correlated regions, illustrated in orange, are the most 

interesting for further assessment. from this analysis, we found 1 has an overall negative impact 

on the intra- and intersubunit correlations of D-DT. Graphically, this is illustrated in the apo D-

DT (before binding) and D-DT-1 (after binding) correlation plots as a color change from either 
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orange to blue (white circle and boxes) or blue to green (yellow circle and boxes) (Figs. 4A, 4B). 

Moderate to low correlation changes (yellow circle and boxes) have only a qualitative value of 

global reduction of communications, thus, these regions would not undergo further analysis. In 

contrast, the strong to moderate correlation changes (white circle and boxes) highlight interruption 

of key intra- and intersubunit communications. Such correlation changes would be analyzed in 

detail because they serve as a tool to understand the inhibition features of 1.  

 

Figure 5.4.  

Correlation analysis of apo D-DT and D-DT-1. 
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(Figure 5.4 Continued) 

Note. The C correlation analyses were obtained from 200 ns MD simulations using the high-

resolution crystal structures of apo D-DT (PDB entry: 1DPT) and D-DT-1 (PDB entry: 8DBB). 

Side-by-side examination of the (A) apo D-DT and (B) D-DT-1 correlation plots demonstrate that 

binding of the ligand resulted in reduction of intra- and intersubunit communications. The white 

circle and boxes, shown vertically, highlight the strong to moderate correlation changes occurring 

within monomer A (circle) or between monomer A and the other two monomers (boxes), as a 

consequence of ligand binding. The yellow circle and boxes, shown horizontally, highlight the 

moderate to low correlation changes occurring within monomer A (circle) or between monomer 

A and the other two monomers (boxes), as a consequence of ligand binding.  (C) The strong to 

moderate correlation changes are also mapped on the structure of D-DT. 

 

One intrasubunit (55-64 A with 93-103 A) and two intersubunit (66-77 A with 112-117 B 

and 111-117 A with 66-76 C) correlations were significantly affected by the formation of D-DT-

1 complex (Figs. 4A, 4B).  After mapping these regions on the crystal structure of D-DT-1 (Fig. 

4C), we probed for crystallographic evidence to explain the correlation results. We found that 

Ser63, Ile64, and Lys109, which form hydrogen bonding interactions with 1 (Fig. 3C), possess 

key positions on the affected segments. Ser63 and Ile64 are located on 4 strand and 2/4 loop, 

respectively. Restriction in their molecular motions, due to hydrogen bonding with 1, has a direct 

impact on the conformational flexibility of 4 strand. Consequently, the intrasubunit correlation 

between segments 55-64 and 93-103 of subunit A, is also affected (Fig. 3C).  Lys109 is located 

on a key position of the C-terminal, like Ser63 and Ile64. Hindering the mobility of Lys109 due to 
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hydrogen bonding with the ligand, influences the ability of the C-terminal to effectively 

communicate with the 2 helix from the adjacent monomer. 

To assess the impact of ligand binding in protein dynamics, we calculated root mean square 

fluctuation (RMSF) of apo D-DT and D-DT-1 and overlaid the two plots (Fig. S5). At a global 

level (D-DT trimer), we noted negligible differences with an average RMSF value of 0.62±0.2 Å 

and 0.58±0.2 Å for D-DT and D-DT-1, respectively. At a local level (active site pocket), we 

detected noticeable shifting in the fluctuation activity of two regions. After structural mapping, we 

found that the two affected segments, 24-36 and 64-69, are located proximal to the binding site of 

1. Upon complex formation, Lys32, Arg36, and Ile64 establish electrostatic (Lys32 and Arg36) 

and hydrogen bonding (Il64) interactions with 1 (Fig. 3C), leading to reduction of 24-36 and 64-

69 segments’ flexibility.  

Structural basis of ligand recognition and functional selectivity.   

The multipoint kinetic results showed an impressive selectivity of 1 for D-DT (Fig. 2). To 

clarify the parameters of this selectivity, we performed a structural analysis focusing on the ligand 

recognition features of D-DT and MIF. The active site volumes of apo MIF (magenta), apo D-DT 

(grey), and D-DT-1 (blue) (Fig. 5) were calculated and compared using pyVOL, a PyMOL plugin 

for visualization, comparison, and volume calculation of ligand binding sites 151. Numerically, the 

active site volume of apo MIF is the smallest of all three, with an average value of 175±4 Å3. In 

the absence of a ligand, the average volume of D-DT was calculated at 203±1 Å3, while in the 

presence of 1, it increased to 210±0 Å3 due to the conformational change of Met114 (Fig. S6). 

Conformational changes of Lys32 and Arg36 enabled stabilizing interactions with 1 (Fig. 3), but 

they are not accountable for the increase of volume. 
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Figure 5.5.  

Illustration MIF and D-DT active site volumes. 

 

Note. PyVOL, a PyMOL plugin, was used to visualize, compare, and calculate the active site 

volumes of apo MIF (magenta), apo D-DT (grey), and D-DT-1 (blue). for this analysis, the crystal 

structures of apo MIF (PDB entry: 3DJH), apo D-DT (PDB entry: 1DPT), and D-DT-1 (PDB 

entry: 8DBB) were utilized. The active site volumes are shown as blobs and Pro1 as stick.    

 

Structural alignment of apo MIF and D-DT displayed a perpendicular orientation of the 

two active site pockets (Fig. S7). This finding shows that the structural basis of ligand recognition 

for each protein is significantly different. The significance of this discovery is better understood 
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by comparing the binding orientations of 1 and 4,5-Dihydro-3-(4-hydroxyphenyl)-5-

isoxazoleacetic acid methyl ester (ISO-1) in the corresponding active site pockets of D-DT and 

MIF (Fig. 6). ISO-1 is widely used for in vitro and in vivo experiments as a proof-of-concept MIF 

therapeutic 152.  In this study, ISO-1 was chosen as a representative MIF inhibitor based on our 

crystallographic analysis, which showed this molecule accurately represents the binding 

orientation of MIF ligands with diverse chemical scaffolds (Fig. S8).  

 

Figure 5.6.  

Side-by-side comparison of the D-DT and MIF active site pockets. 
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(Figure 5.6 Continued) 

Note. In reference to Pro1, the active site pockets of D-DT (grey) and MIF (magenta) have a 

perpendicular and parallel orientation, respectively. This explains why 1 is able to bind D-DT but 

not MIF. MIF active site favors binding of compounds that adopt orientations similar to that of 

ISO-1. 

 

Upon comparing the binding features of 1 and ISO-1 (Fig. 7), we found key structural 

differences that explain the high selectivity of 1 for D-DT; the first being the conformational 

flexibility of residue two. for MIF and D-DT, residue two is a Met and Phe, respectively (Fig. 7A). 

The crystal structures of apo MIF 46 and MIF-ligands 53 demonstrate that the side chain of Met2 is 

highly flexible and adopts multiple conformations. The enhanced flexibility of this residue allows 

MIF to accommodate ligands in binding orientations like that of ISO-1 (Fig. 6, Fig S8). for D-DT, 

this is excluded due to the presence of Phe2 (Fig. 7A). The conformational flexibility of residue 

36 is another regulatory point, which provides mechanistic evidence in relation to MIF and D-DT 

ligand selectivity (Fig. 7B). This residue possesses a dual functional role of ligand recognition and 

stabilization. for MIF, the conformational changes of Tyr36 do not have a noticeable impact on 

ligand binding (Fig S8). Instead, the primary role of such movements is to enable interactions with 

the ligand and promote stabilization of the MIF-ligand complex 153.  Arg36 also contributes to 

ligand stability in D-DT (Fig. 3C), however, the predominant functional role of its conformational 

change is to enable ligand binding by enlarging the size of the active site opening (Fig. S2). The 

MIF pocket contains multiple aromatic residues that not only increase the hydrophobicity of the 

pocket, but also define the shape of the pocket (Fig. 7C). Thus, in relation to Pro1, a ligand like 1 

would clash due to the requirement of binding in a vertical geometry.  



164 

 

Figure 5.7.  

Structural basis of ligand recognition and functional selectivity for MIF and D-DT. 

 

Note. A side-by-side comparison of D-DT-1 (blue) and MIF-ISO-1 (yellow) crystal structures 

illustrates the structural differences associated with the functional selectivity of 1. (A) Residue 2 

plays a key role in orienting the ligand in the active sites of MIF and D-DT. (B) Residue 36 has a 

dual functional role, which includes ligand recognition and stabilization. for D-DT, ligand 

recognition is the primary functional role for Arg36, while Tyr36 of MIF serves as stabilizing  
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(Figure 5.7 Continued) 

factor of ISO-1 after ligand binding. (C) The hydrophobic amino acids found in the active site of 

MIF, but not in D-DT, define the topology of the active site pocket, which drastically differs from 

that of D-DT (Fig. 5.S7).    

 

Inhibition of D-DT induced activation of CD74 by 1.  

Following the biochemical, computational, and structural characterization of D-DT-1, we 

probed whether 1 inhibits the D-DT induced activation of CD74.  To avoid in vitro complications 

related to the stability of the receptor 41, we utilized a previously established in vivo assay that 

accurately measures the MIF or D-DT induced activation of CD74 29, 48, 51, 52, 57, 58, 88. The principle 

of this neutrophil recruitment assay is based on the ability of lipopolysaccharides (LPS)-free MIF 

or D-DT to activate CD74 on the cell surface of bronchoalveolar lavage (BAL) macrophages. 

Upon activation of CD74, the proinflammatory proteins macrophage-inflammatory protein 2 

(MIP-2) and keratinocyte chemoattractant (KC) are recruited, which in turn trigger accumulation 

of neutrophils within the period of 4-6 hours 29. The number of neutrophils found in the alveolar 

space determines the extent of CD74 activation.  

 For this assay, 1 was intratracheally installed in the lungs of mice at a concentration range 

of 10-40 M. This range was chosen considering the Ki (Fig. 2) and KD (Fig. S1) values of D-DT-

1, as well as the potential lethality risk in the case of using higher concentrations of 1. The inhibitor 

was installed in the presence or absence of D-DT, having saline as a negative and apo D-DT as a 

positive control. Testing 1 in the absence of D-DT, would determine if the compound itself has 

inflammatory properties. Intratracheal installation of apo D-DT resulted in an increase of BAL 

proteins that is significantly different from the remaining experimental groups (Fig. 8A). In 
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contrast, the saline group did not have a noticeable impact on recruiting BAL proteins. Together, 

these findings show the experiment followed the anticipated mechanistic pathway 29, which was 

the accumulation of proinflammatory proteins upon the D-DT-induced activation of CD74. While 

the concentration of BAL proteins is not an accurate measurement of CD74 activation, we also 

calculated neutrophils (Fig. 8B). As shown by the saline group, neutrophils are not present in the 

alveolar space; instead, they are recruited upon installation of D-DT.  The significant elevation of 

neutrophils, noted in the case of apo D-DT (Fig. 8B), was blocked in the presence of 10-40 M of 

1. At the same time, the compound itself has minor inflammatory properties. 

 

Figure 5.8.  

Neutrophil recruitment assay monitoring the D-DT induced activation of CD74. 

 

Note. (A)  Intratracheal installation of LPS free D-DT triggered recruitment of proinflammatory 

proteins in the bronchoalveolar lavage fluid of mice. In contrast, saline had not a noticeable effect. 

These findings agree with a previously established mechanism in which it was shown the action 

of D-DT is associated with activation of macrophage CD74 29. The inflammatory effect of D-DT 

is suppressed when adding 1, showing that the compound blocks the D-DT-induced activation of 

CD74. (B) Upon activation of macrophage CD74 by D-DT, neutrophils are recruited in the  
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(Figure 5.8 Continued) 

alveolar space. This action is blocked when 1 is added at a concentration range of 10-40 M. Data 

were plotted using four replicates and expressed as mean ± SEM. 

 

Highly promising protein modulators with impressive therapeutic results at preclinical 

models, often hit a roadblock in clinical trials 154. Among the reasons contributing to the negative 

outcome are the incomplete understanding of the protein’s molecular mechanisms and the 

compensatory expression of homologs that share the same biological activity 117. The two human 

members of the MIF superfamily, D-DT and MIF, share the most notably cytokine activity 9, 27 as 

well as endonuclease 13, 15 and tautomerase 85, 129 activities. The early identification of MIF as an 

immunomodulatory protein garnered much interest towards resolving its biological activity, 

ignoring at the same time the existence of D-DT. Several studies have shown D-DT has a 

regulatory function in immunity 9, 155, though an in-depth understanding of its functionality, in 

human physiology and pathology, is still missing. One could attribute that this is partially due to 

the lack of highly selective D-DT modulators that can be utilized alongside the abundant MIF 

inhibitors.  

In this study, we report the identification and characterization of 1 as a highly selective 

inhibitor of D-DT, providing at the same time the structural basis of this selectivity. Kinetic 

experiments revealed a 79-fold selectivity of 1 for D-DT over its human homolog MIF, while a 

neutrophil recruitment assay demonstrated that the compound is an effective in vivo inhibitor of 

the CD74 activation. The micromolar inhibition potency (17.2±0.9 M) of 1 for D-DT leaves 

room for improvement, but without shadowing its importance as the D-DT inhibitor with the 

highest selectivity reported thus far. A careful examination of the literature shows that ISO-1, 
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which is the most utilized MIF inhibitor for in vitro/in vivo MIF studies, has inhibition (Ki) and 

dissociation constants (KD) equal to 24.1±1.7 M and 14.4±2.3 M, respectively 21. ISO-1 and 1 

may concurrently be used to elucidate the precise biological functionality of MIF and D-DT, in 

cell types and tissues that the two proteins are coexpressed.  

A side-by-side comparison of 1 with the two previously reported, selective inhibitors of D-

DT demonstrate the clear advantages of this compound. Starting with 4-CPPC, 1 has a 2- and 6-

fold improved inhibition potency and selectivity, respectively 49. While neither the inhibition 

constant of 4-CPPC (33±0.7 μM) nor 1 (17.2±0.9 M) make the two molecules drug candidates, 

the improved D-DT/MIF selectivity of the latter (4-CPPC:13-fold selectivity versus 1:79-fold 

selectivity), make it more suitable for mechanistic studies. The conformational changes observed 

at the C-terminal of D-DT as a consequence of 4-CPPC binding are of unknown significance, but 

it is important to note that in the case of 1, the C-terminal remains unaffected.  Besides the 

functional aspects, 1 has additional advantages related to its cost and availability. 1 is broadly 

available in the market at a much lower price than 4-CPPC, which is offered only by selected 

manufacturers. In regards to the second known inhibitor of D-DT 44, (R-5-Methyl-3-(1-

(naphthalen-1-yl)ethyl)-6-(3-(trifluoromethyl)phenyl)thieno[2,3-d]pyrimidine-2,4(1H,3H)-

dione), 1 also has multiple advantages. Besides the fact that the compound is not commercially 

available, it has also a much lower selectivity for D-DT (>50-fold selectivity). Unfortunately, the 

inhibition potency of this inhibitor cannot be directly compared to the corresponding value of 1 

due to usage of different substrates. Collectively, our findings demonstrate that 1 is an attractive 

tool for interrogating the biological activity of D-DT in various disease models and clinical 

samples.  
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Supplemental Information 

 

Figure 5.S1.  

Characterization of D-DT-1 interactions by isothermal titration calorimetry, Related to Figure 

5.1. 

 
Note. The dissociation constant (KD) and binding stoichiometry (n) between D-DT and 1 were 

determined at 36 M and 1.19, respectively.  
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Figure 5.S2.  

Thermal stability profiles of D-DT in the presence or absence of 1, Related to Figure 2.  

 

Note. The impact of compound’s binding on the structural stability of D-DT was measured by 

circular dichroism (CD), using 1 at a concentration range of 0-200 M. The melting temperature 

of apo D-DT was determined at 71oC. The ligand has negligible effect on altering the thermal 

stability of D-DT.  
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Figure 5.S3.  

Electron density of 1 in the three active sites of D-DT, Related to Table 1. 

 

Note. The 2mFo-DFc map (grey) of 1 was measured at 0.7 rmsd. The mFo-DFc map was measured 

at 3 rmsd with the negative and positive electron density to be illustrated in purple and green, 

respectively. 
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Figure 5.S4.  

Gating role of Arg36, Related to Figure 3. 

 

 

Note. Arg36 serves as a gating residue for the active site opening of D-DT. (A) In the absence of 

a ligand (apo D-DT), the side chain of Arg36 adopts a “closed” conformation that makes the active 

site non-accessible. (B) In the presence of an active site binder (D-DT-1), Arg36 adopts an “open” 

conformation that leads to expansion of the active site opening.  
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Figure 5.S5.  

Root mean square fluctuation (RMSF) plots of apo D-DT and D-DT-1, Related to Figure 4. 

 

 

Note. Binding of 1 reduced the flexibility of two regions found in close proximity to the ligand. 

These regions are highlighted (red) in the structure of D-DT. The average flexibility of D-DT 

trimer, before and after ligand’s binding is shown as black and red dotted lines, respectively. 

Binding of 1 dropped the average RMSF value from 0.62 ±0.2Å (apo D-DT) to 0.58 ±0.2Å (D-

DT-1).     
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Figure 5.S6.  

Conformational change of Met114 affects the active site volume of D-DT, Related to Figure 5. 

 

 

Note. Upon binding of 1, Lys32 and Arg36 undergo side chain conformational changes in order to 

form stabilizing interactions with the ligand. The conformational change of Met114 is responsible 

for increasing the active site volume from 203±1 Å3 (apo D-DT) to 210±0 Å3 (D-DT-1). The 

active site volumes of apo D-DT and D-DT-1 are illustrated as grey and blue blobs, respectively. 

Pro1 is used as an orientation point. All residues are shown as sticks.  
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Figure 5.S7.  

Topology and side-by-side comparison of the apo MIF and apo D-DT active site pockets, 

Related to Figure 6.  

 

 

 

Note. Structural alignment of apo MIF (magenta) and apo D-DT (grey) demonstrates the two 

pockets are perpendicular to each other. Residues 1, 32, and 36, shown as sticks, are used as 

orientation points. 
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Figure 5.S8.  

Binding orientation of MIF ligands with diverse chemical scaffolds, Related to Figure 7. 

 

 
Note. (A-F) Having MIF-ISO-1 crystal structure as the reference point, we compared the binding 

orientation of six MIF ligands with diverse chemical scaffolds. Each ligand is illustrated with the 

three-letter code assigned to it by protein data bank (PDB). The MIF active site pocket is shown 

as a grey cavity. ISO-1(PDB entry: 1LJT, 50), EWG (PDB entry: 6CBG, 156), 9CY (PDB entry:  
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(Figure 5.S8 Continued) 

6B2C, 157), 1Q2 (PDB entry: 4K9G, 158), EWJ (PDB entry: 6CBH, 156), 3TW (PDB entry: 4WRB, 

95), 6UV (PDB entry: 5XEJ, 159) and Pro1 are shown as sticks.  
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Abstract 

Systematic analysis of molecular recognition is critical for understanding the biological 

function of macromolecules. for the immunomodulatory protein D-dopachrome tautomerase (D-

DT), the mechanism of protein-ligand interactions is poorly understood. Here, seventeen 

carefully designed protein variants and wild type (WT) D-DT were interrogated with an array of 

complementary techniques to elucidate the structural basis of ligand recognition. Utilization of a 

substrate and two selective inhibitors with distinct binding profiles offered previously unseen 

mechanistic insights into D-DT – ligand interactions. Our results demonstrate that the C-terminal 

region serves a key role in molecular recognition via regulation of the active site opening, 

protein-ligand interactions, and conformational flexibility of the pocket’s environment. While 

our study is the first comprehensive analysis of molecular recognition for D-DT, the findings 

reported herein promote understanding of protein functionality and enable the design of new 

structure-based drug discovery projects.    
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Introduction 

D-DT, also known as MIF-2, is a small proinflammatory cytokine9 and enzyme129 that 

regulates immune system responses. Encoded by chromosome 22, D-DT is primarily localized in 

the cytosol of several tissues and cells,14, 137 however in response to stimulation, it is trafficked to 

the extracellular space or nucleus.9, 15 The protein was originally described in 1993 as a 

tautomerase enzyme that converts D-dopachrome into 5,6-dihydroxyindole (DHI).116 

Crystallographic studies performed a few years later showed that D-DT shares structural 

homology with the previously identified tautomerase enzyme called macrophage migration 

inhibitory factor (MIF).90 The structural and functional overlap between MIF and D-DT, as well 

as their adjacent gene localization, led to the premature conclusion that D-DT was a redundant 

protein. for this reason, all the attention of the community was given to MIF for almost two 

decades. However, the accumulating evidence collected over the last decade suggests a 

distinctive role of D-DT in human pathophysiology82, 83, 137, 138 and promotes the need for novel 

mechanistic studies to understand molecular recognition of D-DT complexes. 

 Similar to MIF,27, 36, 131 D-DT binds and activates the chemokine receptor CXCR7 

(ACKR3)139 and the type II cell surface receptor CD74.9 Activation of CXCR2 by MIF, is shown 

to be associated with the pseudo Glu-Leu-Arg (ELR) motif of the protein,12, 23 which in the case 

of D-DT is missing. Experimental findings also showed MIF to activate CXCR412, 24, 81 but such 

knowledge is missing in the case of D-DT. Depending on the cell type, D-DT-induced signaling 

is associated with multiple pathways including MAPK/ERK,9, 160 NF-κB,161 COX2/PGE2,162 and 

AMPK.141 Activation of these pathways has a downstream effect on inflammation, 

cardiovascular disorders, autoimmune diseases, and cancer. While neither the structure of MIF – 

CD74 nor D-DT – CD74 complexes are available, structure-activity, protein dynamics, and 
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mutational studies performed on MIF have provided key information on the MIF-induced 

activation of CD74.48, 51, 53, 88, 91 In contrast, D-DT experimental and computational findings 

related to CD74 activation are limited, and obtained in consideration of the protein’s homology 

with MIF.20, 52, 163  

Omission of the initial methionine results in a D-DT monomer that is composed of only 

117 amino acids. The secondary structure of D-DT forms a four stranded b-sheet packed against 

two a helices.90 Two additional, identical subunits come together to form a globular homotrimer 

as the biological assembly. A pocket between adjacent monomers makes up the active site of this 

enzyme. The tautomerase activity of D-DT is controlled by the N-terminus Proline (Pro1).116, 129 

While the biological substrate of D-DT remains unknown, D-dopachrome and 4-

hydroxyphenylpyruvate (4-HPP) have been primarily used as model substrates.44, 116, 129, 164, 165 

Via this enzymatic activity, four tautomerase inhibitors of D-DT have been identified thus far. 

The suicide inhibitor 4-iodo-6-phenylpyrimidine (4-IPP) was the first reported inhibitor of D-DT 

that also inhibits MIF.57, 166 4-IPP covalently binds to Pro1, forming a 6-phenylpyrimidine (6-PP) 

adduct. The first selective and reversible inhibitor of D-DT, known as 4-(3-carboxyphenyl)-2,5-

pyridinedicarboxylic acid (4-CPPC), was published a few years later.59 4-CPPC binds via an 

induced fit mechanism that displaces the C-terminal residues Met114-Leu117, whilst increasing 

their conformational flexibility.49 The conformational flexibility of this region was further 

investigated with molecular dynamics (MD) simulations and nuclear magnetic resonance (NMR) 

spectroscopy revealing structural features of D-DT that had never been observed in any prior 

MIF studies.167 While the enhanced conformational flexibility of the C-terminal residues does 

not destabilize the biological assembly of D-DT, 4-CPPC may have a mechanistic value for 

studying the potential functional role of the C-terminal tail.  Another selective and reversible 



181 

 

inhibitor of D-DT, a derivative of thieno[2,3-d]pyrimidine-2,4(1H,3H)-dione, was reported to 

have higher potency and selectivity than 4-CPPC and was shown to inhibit the proliferation of 

non-small cell lung cancer (NSCLC) cells.44 Pyridine-2,5-dicarboxylate is the most recently 

reported inhibitor of D-DT, and similar to the previous two, reversibly binds the active site of the 

protein.165 Besides the fact that this molecule inhibits the D-DT-induced activation of CD74 in 

vivo, it also demonstrates the highest reported inhibition selectivity, 79-fold, for D-DT over MIF. 

The high selectivity, micromolar potency, and bioactivity make pyridine-2,5-dicarboxylate a 

suitable molecule for D-DT functional studies. 

In this study, we utilized high resolution protein crystallography along with several 

complementary biophysical, biochemical, and computational methods to provide the structural 

basis of D-DT – ligand complex formation. Towards this goal, we generated seventeen D-DT 

variants and via their unique structural properties, investigated the mechanistic details that 

control ligand binding. As ligands, we employed the most commonly reported substrate, 4-HPP, 

and two selective inhibitors (4-CPPC and pyridine-2,5-dicarboxylate) that bind to D-DT in a 

distinct fashion. Our study provides the first comprehensive analysis of the structural parameters 

that control formation of D-DT – ligand complexes and demonstrates that the C-terminal region 

is a key regulator of molecular recognition via a multi-tier control mechanism.   

Materials and Methods 

General procedures.  

Production of D-DT variants was accomplished following the QuikChange site-directed 

mutagenesis protocol (Agilent Technologies, Santa Clara, CA). The DNA oligos used for 

mutagenesis are described in supporting information (Table S9). with the exception of 

L117G/F116G/T115G/M114G, all the remaining variants were synthesized using pET-22b(+)-
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WT D-DT as a template. The quadruple glycine mutant was produced, utilizing pET-22b(+)-

L117G/F116G/T115G as a template. The polymerase chain reaction (PCR) products were 

digested with Dpn I (New England Biolabs) and transformed into XL10-Gold ultracompetent 

cells (Agilent Technologies, Santa Clara, CA). All D-DT variants were confirmed by 

sequencing. Protein purity was analyzed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-Page). Protein concentration was determined by the Pierce BCA Protein 

Assay Kit (Thermo Fisher Scientific) following the manufacturer’s protocol. CD experiments 

were carried out in a JASCO J-815 spectropolarimeter. The mass spectrometry experiments were 

performed in a Kratos-Shimadzu Axima-CFR MALDI-TOF mass spectrometer. Kinetic assays 

were carried out in a Tecan Infinite M-Plex microplate reader.  

Materials.  

All solvents and chemicals were of the highest analytical grade and used without further 

purification. 4-HPP (>95% purity) was purchased from TCI America. 4-CPPC (99% purity) was 

obtained from Axon Medchem. Sinapinic acid (>99% purity) was bought from Fluka. Dimethyl 

sulfoxide (DMSO) and Luria Broth (LB) media were purchased from VWR. Polyethylene glycol 

(PEG) 3350 and 4000 were obtained from Sigma-Aldrich and TCI America, respectively. 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) and ampicillin sodium salt were purchased from 

Gold Biotechnology. All tools and consumables required for protein crystallography were 

purchased from Hampton Research. 

Protein expression and purification.  

The D-DT variants were expressed and purified in a similar manner as previously 

described.165, 168 The plasmid encoding the protein of interest was transformed into BL21(DE3) 

competent E. coli cells (Agilent Technologies). The cells were then grown in 1 L of LB media 
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enriched with 100 µg/mL of ampicillin, under shaking at 37 ˚C, until they reached an optical 

density at 600 nm (OD600) of 0.6-0.8. At this point, protein expression was induced by the 

addition of 1 mM IPTG, and the cells were incubated for an additional 4 hours at the same 

temperature. The cells were then collected by centrifugation, washed with the lysis buffer (20 

mM Tris.HCl pH 8.5, 20 mM NaCl), and stored in 50 mL centrifuge tubes. Cell pellets of the 

poly-glycine mutants were lysed in the lysis buffer adjusted to pH 8.0, while all the remaining 

variants, including WT D-DT, were lysed in the regular lysis buffer (20 mM Tris.HCl pH 8.5, 20 

mM NaCl). WT D-DT, single-point alanine mutants, V113 mutants, and poly-glycine variants 

were loaded onto a 5 mL Q-Sepharose column that was equilibrated in their respective lysis 

buffers. The poly-glycine variants came off in the flow-through after the lysate peak, meanwhile 

WT D-DT and the other variants bound to the column and eluted with 5% of the elution buffer 

(20 mM Tris.HCl pH 8.5, 1 M NaCl). The truncation variants were loaded onto a 5 mL Q-

Sepharose column connected in series to a 120 mL Q-Sepharose column. Once the protein was 

loaded, 10% of the elution buffer was introduced, and the protein came off in the flow though. In 

all cases, fractions containing the protein of interest were collected, and concentrated for further 

purification by size exclusion chromatography (SEC) using a 16/60 Superdex 75 column 

(Cytiva, Marlborough, MA). for this step, 20 mM Tris.HCl pH 7.4, 20 mM NaCl was always 

used as a running buffer. Monodisperse fractions containing >95% pure protein were collected, 

concentrated, and stored at -80 ˚C for further use. 

Circular dichroism (CD) spectroscopy.  

All experiments were performed in a 1 mm quartz cuvette, while  the folding profiles of 

D-DT variants (20 mM) were recorded between 260 and 195 nm, as described before.91 Prior to 

each experiment, the running buffer composed of 20 mM sodium phosphate pH 7.0 and 1mM 



184 

 

EDTA was degassed with ultrahigh purity nitrogen. The triplicate data sets were analyzed in 

GraphPad Prism 10.  

Kinetic experiments.  

Keto-enol tautomerase assays were performed in a similar manner to what has been 

previously published.168 Briefly, a 30 mM stock of 4-HPP stock was prepared in 0.5 M 

ammonium acetate pH 6.2 (4-HPP buffer) and incubated overnight at room temperature while 

rocking. The stock was then diluted with the 4-HPP buffer to create a final concentration range 

of 0-2 mM. The substrate solution was added to a 96-well microplate and a borate solution with a 

working concentration of 0.42 M was introduced. The reaction was then initiated by the addition 

of protein at a final concentration of 250 nM. Formation of the enol-borate complex (ε306=11400 

M-1cm-1) was monitored at 306 nm, for 300 seconds and having 10 second intervals. The data 

was analyzed using GraphPad Prism 10. All experiments were performed in triplicate. 

Protein crystallization.  

Crystallization of D-DT variants was performed in 24-well hanging drop plates. All 

proteins were concentrated to 12 mg/mL except for T115A, which was concentrated to 10 

mg/mL. Proteins and mother liquor were mixed at a 1:1 (v/v) ratio. The crystallization conditions 

of D-DT variants is as follows: WT D-DT: 24-30% PEG 4000, 0.1 M sodium citrate pH 5.6-6.0, 

0.2 M ammonium acetate; V113N: 26-32% PEG 4000, 0.1 M sodium citrate pH 5.2-5.8, 0.2 M 

ammonium acetate; D114-117: 26-32% PEG 3350, 0.25-0.275 M ammonium acetate, D109-117: 

26-28 % PEG 4000, 0.1 M sodium citrate pH 6.0-6.2, 0.2 M ammonium acetate, T115A: 28-30% 

PEG 4000, 0.1 M sodium citrate pH 5.8-6.2, 0.2 M ammonium acetate. Crystals, which varied in 

shapes, were formed at different time points, and reached their full size within two weeks. Co-

crystal structures of D-DT variants with the selective inhibitor 4-CPPC were acquired by soaking 
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the apo crystals into pre-equilibrated drops of mother liquor enriched with 100 mM 4-CPPC. 

Similar to what had been previously used,49 the high concentration of PEG 4000 served as the 

cryoprotectant for the D-DT crystals.  

X-ray data collection and crystal structure determination.  

Single-crystal X-ray diffraction data was collected by the Advanced Light Source (ALS) 

beamline 8.3.1 (wavelength of 1.11583 Å) of the Lawrence Berkeley National Lab, which is 

equipped with a Dectris Pilatus3 S 6M detector. Data reduction was carried out using DIALS169 

as implemented via the xia2 software package.170 The crystal structures of D-DT variants were 

obtained via molecular replacement using the CCP4-supported program, Molrep.72 In all cases, 

WT D-DT (PDB entry: 1DPT) served as the search structure. After obtaining the initial model, 

each variant underwent further refinement using Refmac5146 and COOT,147 while the structures 

were visualized in PyMOL.73 4-CPPC coordinates and crystallographic information file (CIF) 

were generated by the CCP4-supported program, PRODRG.171 RMSD of finalized crystal 

structures were determined by Superpose (CCP4 supported). In the cases of V113N, 114-117, 

and 109-117, RMSD calculations were performed per monomer to obtain the most accurate 

alignment and averaged in order to obtain the final values for the homotrimeric assembly. The 

crystallographic tables are provided in the supplemental material. Ramachandran analyses 

showed 0% outliers and all residues in favored regions.  

MALDI-TOF MS analysis.  

All experiments were carried out in linear mode with a 120 cm flight tube in a turbo 

molecular vacuum of approximately 10-6 torr. for ionization, an N2-laser (l = 337 nm, 120 

mJ/pulse) was used along with manual X-Y-stage adjustment for optimal ion formation. The 

laser attenuator was adjusted to a threshold where ion formation was just beginning. Ions were 
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extracted with a 20 kV potential after a 350 ns collisional cooling delay. for instrument 

calibration, protein standards were used (ProteoMassTM, Sigma-Aldrich). The calibration sample 

(1 mL, 20 pmol of each protein) was crystallized on the plate with sinapinic acid (2 mg/mL in 

MeCN/0.1% TFA 1:1, 1 mL). The same matrix was used for analysis of D-DT protein samples 

whose concentrations were at 40 mg/mL (1 mL spotted = 40 ng of protein, approximately 3-5 

pmol on plate). Data files were processed with Shimadzu Biotech Launchpad software (ver. 

2.9.3.2011624). Both calibration spectra and experimental spectra were smoothed to show 

average m/z values of all ion peaks. 

MD Simulations.  

MD simulations were carried out similarly to what was previously described.91, 167 All 

structures for the simulations were prepared from the WT D-DT structure (PDB entry: 1DPT). 

The additional, non-protein atoms were first removed from the structure and the biological 

assembly was generated using PyMOL. Mutations and truncations were made using UCSF 

Chimera.67 The structures were used as inputs for psfgen, a VMD plug-in,69 to generate a new 

PDB/PSF pair containing hydrogens. The PSFs and PDBs for each structure were input into 

VMD’s solvate plug-in to create another PSF/PDB pair with the protein inside a water box. The 

charge of the system was checked and balanced using the autoionize plug-in. Each system was 

minimized, heated to 300K, and equilibrated before the 200 ns production run. The RMSF data 

of the -carbons was produced by GROMACS.71 The simulations and subsequent analyses were 

performed in duplicate.  

Statistics.  

The experiments shown in this study were performed in triplicates unless otherwise 

stated. Error is shown as ±SD (standard deviation) from the mean value. Statistical analysis was 
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performed using the unpaired t test (GraphPad Prism 10), while statistical significance is 

expressed as * p < 0.05, ** p < 0.01, *** p < 0.001.  

Results and Discussion 

Selection of Protein Variants.  

Our previous work, utilizing MD simulations and NMR, revealed an enhanced flexibility 

of D-DT’s C-terminal residues when bound to the selective and reversible inhibitor, 4-CPPC. As 

binding of this ligand did not compromise the biological assembly of D-DT, it raises the question 

whether C-terminal conformational changes are a key aspect for molecular recognition. Thus, 

various mutations were made on the C-terminal residues to understand the biological 

significance of this flexibility.  

Single point alanine (Ala) mutations were first considered. An overlay of WT D-DT 

(PDB entry: 1DPT) crystal structure onto the corresponding structure of D-DT – 4-CPPC (PDB 

entry: 6C5F) revealed that Val113 was the last C-terminal residue to be drastically affected by 4-

CPPC binding (Fig. S1). for this reason, the single point Ala mutations were extended from the 

C-terminus Leu117 to Val113 (L117A, F116A, T115A, M114A, and V113A). 

 While the Ala mutations would provide information about the potential functional role of 

side chains, the C-terminal glycine (Gly) mutations would aid in understanding how backbone 

flexibility affects ligand recognition and dynamic coupling of residues across the biological 

assembly. Our previously published correlation analysis of D-DT – 4-CPPC revealed that the 

structural flexibility of the C-terminal tail enables long-range intra-/intersubunit communications 

across D-DT.167 Whether these findings are associated with the functionality of D-DT, it remains 

unclear. Thus, the Gly variants would offer a valuable tool for exploring the relationship between 

protein dynamics and catalytic activity. Towards this goal, we produced four variants (L117G, 
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L117G/F116G, L117G/F116G/T115G, and L117G/F116G/T115G/M114G). Production of poly-

Gly variants stopped at Met114 considering the crystal structure of D-DT – 4-CPPC, which 

pointed that this was the last residue with enhanced flexibility (Fig. S1).49  

 In addition to Ala and Gly variants, which provide information on the functionality of 

side chains and backbone, respectively, we also produced three C-terminal truncations (114-

117, 109-117, and 104-117). These variants were carefully selected to avoid truncating any 

major secondary structure of D-DT (Fig. S2A). The rationale for producing these variants was 

that a stepwise deletion of C-terminal residues would gradually increase the size of the active site 

opening, allowing unrestricted accessibility to the catalytic pocket. Therefore, if conformational 

changes are required for ligand recognition, it would become apparent. We employed the crystal 

structure of WT D-DT to model the active site openings for 114-117, 109-117, and 104-117 

(Fig. S2B). A side-by-side comparison of WT D-DT, and the three modeled truncations, 

confirmed that the size of the active site opening progressively increases, from WT D-DT to 

104-117. Considering these alterations would not drastically impact the stability of the D-DT 

trimer, they would offer an alternative approach to explore the potential implementation of an 

induced-fit binding mechanism for D-DT.  

Characterization of Ala variants.  

Prior to the kinetic characterization of single point Ala mutants, we performed folding 

experiments using circular dichroism (CD) spectroscopy. The five variants (L117A, F116A, 

T115A, M114A, and V113A) and WT D-DT were analyzed side-by-side, demonstrating similar 

secondary structural profiles (Fig. 1A). Following, we employed the keto-enol tautomerization 

assay to assess the impact of these mutations on the enzymatic activity of D-DT. for our 

experiments, 4-HPP was used as a substrate.168 Three biological replicates were performed and 
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the Michaelis-Menten parameters were analyzed (Figs. 1B-D). Truncation of side chains for 

residues 113-117 did not have any drastic impact on the binding affinity of 4-HPP, as shown by 

the Michaelis constant (KM) values (Fig. 1B, Table S1). In contrast, the turnover numbers (also 

known as kcat) were noticeably impacted (Fig. 1C, Table S1). Having WT D-DT (kcat=1.880.20 

s-1) as the point of reference, we observed two trends. While L117A, F116A, and V113A 

demonstrated a reduction of their turnover numbers, T115A showed a surprising increase. for 

simplicity, we converted the kcat values to percent (%) change using the following formula: 

[(value variant - value WT D-DT) / value WT D-DT] × 100. L117A and F116A with corresponding kcat 

values of 0.930.14 s-1 and 0.950.26 s-1 exhibited a similar drop of ∼50%. V113A, with a kcat 

value of 0.580.04 s-1, was the variant being affected the most, as shown by the 69% reduction 

of its turnover value. In contrast, T115A (kcat=3.35±0.43 s-1) increased its ability to turnover 4-

HPP by 78% (Fig. 1C, Table S1). The catalytic efficiencies (kcat/KM) of WT D-DT (0.980.11 s-

1 mM-1) and the Ala variants were also investigated (Fig. 1D, Table S1). V113A (0.460.10 s-1 

mM-1) and T115A (2.180.48 s-1 mM-1) were the two mutants that demonstrated the highest 

deviation from the kcat/KM value of WT D-DT. The side chain mutation of residue 113 reduced 

the kcat/KM value of V113A by 53%, whereas in the case of T115A, mutagenesis created a more 

efficient enzyme yielding an impressive increase of 122%.  
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Figure 6.1.  

Biophysical, biochemical, and structural characterization of Ala variants. 

 

 
Note. A) The folding profiles of WT D-DT and the five Ala variants (L117A, F116A, T115A, 

M114A, and V113A) were monitored by CD spectroscopy. B-D) Steady-state kinetic parameters 

of D-DT variants using 4-HPP as a substrate. The experiments were carried out in triplicate 

(n=3) and the error values are shown as standard deviations. E) RMSF profiles of D-DT variants 

produced by 200 ns trajectories. The average RMSF value of WT D-DT (0.62±0.22 Å) is shown 

as a solid black line. The black dashed lines represent one standard deviation (±1) from the 

mean value of WT D-DT. F) Superposition analysis of WT D-DT (light grey) and T115A (light 

brown) crystal structures. The point mutation caused a 0.9 Å conformational shift of residue 115.  
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(Figure 6.1 Continued) 

Thr115 and Ala115 are shown as light grey and light brown sticks, respectively. G) Comparison 

of the active site openings for WT D-DT (light grey) and T115A (light brown).  The position of 

Thr115 and Ala115 in the corresponding crystal structures of WT D-DT and T115A are 

highlighted in red. H) Conformational changes, induced by the T115A mutation (red), alter the 

size of the active site opening. The surface area of Arg36, Lys109, and Met114 that contributes 

to defining the active site opening of WT D-DT is presented as light grey mesh. The surface area 

of T115A is shown in light brown. Affected residues are shown as sticks. The crystal structure of 

WT D-DT (PDB entry: 1DPT) served as the search model for T115A (PDB entry: 8VG7). 

 

We performed MD simulations to explore the effect of side chain truncations on the 

global (biological assembly) and local (around the point mutation) conformational flexibility of 

D-DT. Our analysis showed that the Ala mutants and WT D-DT have similar root-mean-square-

fluctuation (RMSF) values (Fig. 1E, Table S2). While the average RMSF value of WT D-DT 

was determined at 0.62±0.22 Å, the corresponding values of the five variants ranged from 

0.590.18 Å (T115A) to 0.670.31 Å (F116A) (Table S2). Upon inspection of the V113A (Avg. 

RMSF = 0.630.21 Å) and T115A (Avg. RMSF = 0.590.18 Å) fluctuation profiles, we did not 

notice any substantial differences that could potentially explain the kinetic findings for these 

proteins (Fig. 1D).  

Besides the global analysis, we also explored the local dynamic effect of these mutations. 

Noticeable changes in local dynamics were only observed for L117A and F116A (Fig. 1E). 

Specifically, the side chain truncations of Leu117 and Phe116 drastically increased the 

conformational flexibility of the C-terminal region, which was not surprising considering the 
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position of these residues. In the case of F116A, the point mutation had an additional effect on 

residues 66-76, which are located proximal to the C-terminal tail (Fig. 1E). Despite these 

differences, the kinetic findings show that L117A and F116A are two variants of low interest 

(Fig. 1D). Collectively, our findings support that alteration of protein dynamics, due to side 

chain truncation, did not have any drastic effect on the catalytic activities of Ala variants. 

Role of residue 115 in molecular recognition.  

T115A was crystallized and structurally inspected considering that it was the C-terminal 

variant with the most substantial impact on the catalytic activity of D-DT (Table S3). Overlay of 

T115A crystal structure onto WT D-DT (PDB entry: 1DPT) revealed a high superposition 

agreement with a root-mean-square deviation (RMSD) value of 0.33 Å (Fig. 1F, Table S4). 

Closer inspection of the mutated residue exposed a conformational change of 0.9 Å (Fig. 1F), 

which at first glance appears insignificant. However, surface analysis showed that this small shift 

of residue’s 115 position had a notable impact on the size and shape of active site’s opening (Fig. 

1G). In turn, this is explained by conformational changes of residues found surrounding Ala115 

(Fig. 1H). Upon Ala115 backbone movement, residues Arg36, Lys109, and Met114 adopt 

distinct side chain conformations that increase the size of the active site opening (Fig. 1H). 

Phe116 and Leu117 are also affected by the T115A mutation, but their conformational changes 

do not have any direct impact on the opening of the active site.  

To extend our understanding, we employed two selective D-DT inhibitors, 4-CPPC and 

pyridine-2,5-dicarboxylate, to carry out inhibition assays for WT D-DT and T115A. for 

reference, the previously reported inhibition constant (Ki) values of 4-CPPC and pyridine-2,5-

dicarboxylate for WT D-DT are 33±0.7 μM49 and 17.2±0.9 mM,165 respectively. Notably, 

pyridine-2,5-dicarboxylate is a derivative of 4-CPPC that demonstrates enhanced inhibition 
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selectivity and potency, over the maternal molecule.165 Despite their structural similarities, we 

anticipated that utilizing both inhibitors would be valuable for understanding the mechanism of 

recognition by D-DT, since they each have a distinct impact on the C-terminal residues. for 4-

CPPC, formation of the protein-inhibitor complex is associated with major conformational 

changes of the C-terminal region.49 Contrary to 4-CPPC, binding of pyridine-2,5-dicarboxylate 

does not affect the conformation of the C-terminal residues.165 In the presence of 4-CPPC, the 

corresponding Ki values of WT D-DT and T115A were determined at 37.7±5.6 μM and 36.4±3.3 

μM (Fig. S3). for pyridine-2,5-dicarboxylate, the Ki values of 17.1±0.2 μM and 18.5±1.2 μM 

were obtained for WT D-DT and T115A, respectively (Fig. S4). Our findings confirmed 

previously published Ki values of 4-CPPC49 and pyridine-2,5-dicarboxylate165 against WT D-DT 

and demonstrated that the single point mutation of Thr115 had neither a beneficial, nor 

detrimental, effect on the inhibition potencies of these two inhibitors. 

 We co-crystallized T115A – 4-CPPC (Table S3) to examine the structural details of these 

interactions. with the crystallographic findings of D-DT – 4-CPPC in mind,49 we considered this 

ligand as the best one to investigate the molecular recognition features of D-DT. Alignment of  

T115A – 4-CPPC onto the crystal structures of WT D-DT, T115A, and D-DT – 4-CPPC (PDB 

entry: 6C5F) demonstrated high superposition agreement with RMSD values of  0.17 Å, 0.29 Å, 

and 0.23 Å, respectively (Fig. 2A, Table S4). In the absence of global structural differences, we 

focused on the local impact that 4-CPPC had on the C-terminal residues and the opening of the 

active site. A close inspection of T115A – 4-CPPC C-terminal region revealed electron density 

up to Phe116. Upon binding of 4-CPPC, the C-terminal tail of T115A adopts a unique 

conformation that noticeably differs from those of WT D-DT, apo T115A, and D-DT – 4-CPPC 

(Fig. 2A). Surface analysis, with emphasis on the catalytic pocket, demonstrated similar active 



194 

 

site openings for D-DT – 4-CPPC and T115A – 4-CPPC yet remarkably different surface 

scaffolds (Fig. 2B). These differences are associated with the C-terminal residues 114-116, 

which are missing from the D-DT – 4-CPPC crystal structure but are present in the structure of 

T115A – 4-CPPC (Fig. 2A).   
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Figure 6.2.  

Crystallographic analyses of T115A and T115A – 4-CPPC. 

 

 
Note. A) Evaluation of the superposition agreement between WT D-DT (light grey), T115A 

(light brown), D-DT – 4-CPPC (dark grey), and T115A – 4-CPPC (dark brown). The C-terminal 

region illustrates differences in the conformational flexibility of the four proteins. The C-

terminus residues are pointed with solid lines. B) Side-by-side comparison of the active site  
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(Figure 6.2 Continued) 

openings (orange dashed circles), of the four D-DT variants. The C-terminal region of T115A – 

4-CPPC is pointed with a white arrow. C) Conformational changes of 4-CPPC’s benzoic ring 

(dashed circle) affect the conformation of the active site residue Arg36 (black arrow). Pro1, 

Arg36 and 4-CPPC from the crystal structures of D-DT – 4-CPPC (dark grey), and T115A – 4-

CPPC (dark brown) are shown as sticks. D) Hydrogen bonding interactions (dashed lines) 

between active site residues and 4-CPPC, as noted in the crystal structures of D-DT – 4-CPPC 

(left), and T115A – 4-CPPC (right). Hydrogen bonding distances are shown in angstrom (Å). 

The crystal structure of WT D-DT (PDB entry: 1DPT) served as the search model for T115A 

(PDB entry: 8VG7) and T115A – 4-CPPC (PDB entry: 8VG8). 

 

Analyzing the binding motif of 4-CPPC in the active sites of D-DT – 4-CPPC and T115A 

– 4-CPPC, we observed key differences that expose previously unseen molecular recognition 

features of D-DT. The C-terminal residues 114-116 (T115A – 4-CPPC) force the benzoic moiety 

of 4-CPPC to alter its conformation (Fig. 2C). Upon this movement, Arg36 undergoes a 

conformational shift to form a strong hydrogen bonding interaction (H-bond) with the 5-

carboxylate group of the molecule’s pyridine ring. Notably, the H-bond of 4-CPPC with Arg36 is 

not observed in the D-DT – 4-CPPC structure (Fig. 2D). Considering the role of Arg36 in 

regulating the size of the active site opening, we conclude that formation of a 2.6 Å H-bond 

“locks” 4-CPPC in the active site of D-DT. In addition to Arg36, Lys32 was also noted to form a 

3.3 Å H-bond with the 2-carboxylate group of the pyridine ring. While all the hydrogen bonding 

interactions observed in the crystal structure of D-DT – 4-CPPC are retained in T115A – 4-

CPPC, the additional H-bonds observed with Arg36 and Lys32 are clearly C-terminal induced.  
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Role of residue 113 in molecular recognition.  

Following up on the kinetic data of V113A, we probed answers regarding the poor 

turnover number and catalytic efficiency of this specific mutant (Figs. 1C-D). While Val113 is 

packed in a hydrophobic pocket formed between 2 helix and C-terminal 3.6 helix, we considered 

selective mutations that would potentially provide mechanistic insights. Firstly, we mutated 

valine to leucine (V113L), isoleucine (V113I), and asparagine (V113N). The rationale behind 

these mutations was that they would alter the packing properties of residue 113. Besides packing, 

V113N would also offer information regarding the role of side chain’s hydrophobicity. 

Following, we produced V113T. This variant would alter the hydrophobic character on the side 

chain, without altering the packing properties of the residue. Lastly, we produced V113G 

anticipating that this variant would provide information about the role of backbone flexibility. 
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Figure 6.3.  

Impact of Val113 mutation on the structure and function of D-DT. 

 

 

Note. A) The folding profiles of WT D-DT and the six Val113 variants (V113L, V113T, V113N, 

V113G, V113I, and V113A) were plotted and compared. B-D) Impact of Val113 mutagenesis on 

the Michaelis-Menten parameters of D-DT. The experiments were carried out in triplicate (n=3) 

and the error values are shown as standard deviations. E) Comparison of the RMSF profiles for 

WT D-DT and the three Val113 variants (V113A, V113N, and V113G) with the smallest kcat/KM 

values. The black dashed lines represent one standard deviation (±1) from the mean value of 

WT D-DT (black solid line). F) The crystal structures of WT D-DT (left - grey) and V113N 

(right - green) were examined, side-by-side, to evaluate the structural impact of V113N mutation.  

On the right, an overlay of WT D-DT (transparent grey) onto V113N demonstrates the original  
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(Figure 6.3 Continued) 

position of residue 113, C-terminal tail, and the surrounding environment before the mutation. 

Val113 and Asn113 are shown as sticks. G-I) The three subunits of WT D-DT (grey) and 

V113N (green) were superimposed and compared to observe structural differences associated 

with the V113N mutation. for each subunit of V113N, the terminus residue is highlighted in red. 

Leu117, which is the terminus amino acid of WT D-DT, is shown as sticks. The dashed ovals 

and boxes illustrate conformational differences noted, between WT D-DT and V113N crystal 

structures, in the 64-77 segment (4/2 loop and 2 helix) and C-terminal region, respectively. 

The crystal structure of WT D-DT (PDB entry: 1DPT) served as the search model for V113N 

(PDB entry: 8VFW).  

 

 The folding profiles of V113G, V113L, V113I, V113T, V113N, and V113A were 

examined side-by-side with WT D-DT (Fig. 3A). While this analysis did not demonstrate any 

outliers, we proceeded with the kinetic characterization of all variants. Side chain modifications 

of residue 113 had a noticeable impact on the affinity of D-DT for 4-HPP, as shown by the KM 

results (Fig. 3B, Table S1). Apart from V113A, all the remaining variants displayed an increase 

of their KM values. The highest deviation from the KM value of WT D-DT was noted with 

V113G, V113I, and V113N, which exhibited an increase in the range of 120-130% (Table S1). 

These results support that alterations of the packing, flexibility, and/or hydrophobicity of residue 

113 have a negative impact on the affinity of D-DT for its substrate. In contrast to the KM values, 

the turnover numbers of Val113 variants were not drastically affected except for V113G (26% 

decrease), V113I (78% increase), and V113A (69% decrease) (Fig. 3C, Table S1). Overall, the 

kcat/KM values of all variants reduced (Fig. 3D, Table S1). V113N and V113G demonstrated the 
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highest deviation from the kcat/KM value of WT D-DT with corresponding reductions of 64% and 

68%.  

Selecting the three variants with the smallest kcat/KM values (V113N, V113G, and 

V113A), we performed 200 ns MD simulations and plotted their RMSF profiles (Fig. 3E, Table 

S2). Our approach aimed to display dynamic features of these variants that would potentially 

explain the kinetic findings. While the average RMSF values of these variants were similar to 

that of WT D-DT (Table S2), we focused on the local environment of the C-terminal region. 

Mutation of Val113 to either asparagine or glycine enhanced the conformational flexibility of the 

C-terminal residues 108-117, while V113A did not display noticeable differences from WT D-

DT (Fig. 3E). In the case of V113N, we also observed an elevated fluctuation for residues 64-77. 

These residues are located on the 4/2 loop and 2 helix, which in turn are found in close 

proximity to the C-terminal region of the adjacent monomer.  

From the kinetic (Figs. 3B-D) and protein dynamics (Fig. 3E) analyses, V113N appears 

as the variant with the most interesting features. for this reason, we performed protein 

crystallography to obtain structural insights on this variant (Table S5). Superposition analysis of 

V113N onto the crystal structure of WT D-DT yielded an RMSD value of 0.54 Å (Table S4). 

Upon closer inspection, the Val113 to Asn mutation displaced the residue from its hydrophobic 

pocket (Figs. 3F-G) and increased the C-terminal flexibility (Figs. 3G-I). from a protein 

crystallography perspective, this statement is supported by either the lack of electron density for 

the affected region or a structural conformation that significantly differs from the corresponding 

conformation of WT D-DT. Conformational changes of the C-terminal region were observed in 

one of the three subunits of V113N (Fig. 3G). for this subunit, the electron density was clearly 

observed up to the C-terminus residue, Leu117. In contrast, the remaining two subunits 
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possessed incomplete electron densities of their C-terminal regions. for subunits two and three, 

Lys109 (Fig. 3H) and Ile107 (Fig. 3I) were the last amino acids with complete electron density. 

In agreement with the MD simulations, WT D-DT and V113N exhibited remarkable differences 

in the dynamic profile of residues 64-77 (Figs. 3G-I). In one of the subunits of V113N, the 

electron density of residues 65-72 was missing (Fig. 3I). 

To associate the crystallographic findings of V113N with functional insights, we 

performed inhibition studies of WT D-DT and V113N in the presence of either 4-CPPC or 

pyridine-2,5-dicarboxylate. As shown by the inhibition constants of 37.7±5.6 mM (WT D-DT) 

and 58.1±3.4 mM (V113N), the Val to Asn point mutation did not have a strong impact on the 

inhibition potency of 4-CPPC (Fig. S5). However, the inhibition studies of pyridine-2,5-

dicarboxylate led to an opposite conclusion. with reference to WT D-DT findings (17.1±0.2 

mM), the inhibition potency of pyridine-2,5-dicarboxylate against V113N essentially vanished at 

397±31 mM (Fig. S6).  

We crystallized V113N with 4-CPPC (Table S5) and aligned it onto the crystal structures 

of WT D-DT, V113N, and D-DT – 4-CPPC (Fig. 4A). Superposition agreement between the 

various structures ranged from 0.48 Å to 0.63 Å (Table S4). The highest superposition 

agreement of 0.48 Å was noted between the crystal structures of V113N – 4CPPC and V113N, 

while the lowest agreement of 0.63 Å was observed between V113N – 4CPPC and D-DT – 

4CPPC. Diverse dynamic profiles of the C-terminal tail were noted upon inspection of the four 

crystal structures with V113N, V113N – 4CPPC, and D-DT – 4CPPC being characterized by 

increased conformational flexibility in comparison to WT D-DT (Fig. 4A).  

This enhanced flexibility had a clear impact on the 1/2 (residues 30-36) and 4/2 

(residues 63-69) loops, which are located proximal to the C-terminal tail (Fig. 4B). Comparison 
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of the active site opening of the four proteins fully explains the inhibition findings obtained for 

4-CPPC and pyridine-2,5-dicarboxylate. The highly flexible C-terminal region, which is enabled 

by the V113N mutation, alters the surface scaffold around the active site and converts the 

binding pocket to a groove (Fig. 4C). Such architectural alteration cannot effectively retain 

pyridine-2,5-dicarboxylate bound to D-DT. In addition, the increased flexibility of Lys109 did 

not promote stabilization of the protein-ligand complex. As noted in the crystal structure of D-

DT – pyridine-2,5-dicarboxylate,165 Lys109 forms a 2.8 Å hydrogen bonding interaction with the 

5-carboxylate group of the molecule. This bond is likely abolished in the case of V113N variant.   

In-depth inspection of V113N – 4CPPC revealed previously unrecognized structural 

features of D-DT. When the inhibitor binds to V113N, Arg36 adopts a novel conformation that 

“locks” 4-CPPC in the active site pocket (Fig. 4D). This conformation of Arg36 enables 

hydrogen bonding interactions with two of the carboxylate groups of 4-CPPC and supports 

stabilization of protein-ligand complex (Fig. 4E). The 2.8 Å H-bond formed between the benzoic 

moiety of 4-CPPC and Arg36 has not been observed in any of the earlier analyzed protein-

inhibitor crystal structures and offers a fresh perspective of molecular recognition. 
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Figure 6.4.  

Crystallographic analyses of V113N and V113N – 4-CPPC. 

 

 
Note. A) The crystal structures of WT D-DT (light grey), D-DT – 4-CPPC (dark grey), V113N 

(green), and V113N – 4-CPPC (dark green) were superimposed and compared. Structural 

differences at the C-terminal region are illustrated. The terminus residue for each protein is 

pointed by solid lines. B) The increased conformational flexibility of the C-terminal tail has an 

impact on the 1/2 and 4/2 loops of D-DT (dashed ovals). C) Comparison of the active site  
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(Figure 6.4 Continued) 

opening (orange dashed circles) of WT D-DT, D-DT – 4-CPPC, V113N, and V113N – 4-CPPC. 

D) Upon binding of 4-CPPC, Arg36 adopts a new conformation that “locks” the ligand in the 

active site of V113N. Pro1, Arg36, and 4-CPPC are shown as sticks. E) Analysis of the hydrogen 

bonding interactions (dashed lines) between D-DT and 4-CPPC (sticks), as noted in the crystal 

structures of D-DT – 4-CPPC (left) and V113N – 4-CPPC (right). Hydrogen bonding distances 

are shown in angstrom (Å). The active site residues involved in hydrogen bonding interactions 

are shown as sticks. The crystal structure of WT D-DT (PDB entry: 1DPT) served as the search 

model for V113N (PDB entry: 8VFW) and V113N – 4-CPPC (8VG5). 

 

Characterization of Gly variants.  

To evaluate the role of backbone flexibility in molecular recognition, we first examined 

whether any regions of D-DT, including the C-terminal tail, are inherently flexible. The crystal 

structures of WT D-DT, obtained at 290 K and 310 K (Table S6), were aligned onto the 

previously published, cryo structure of WT D-DT (PDB entry: 7MSE - 100 K). The RMSD 

values of 0.21 Å (WT D-DT – 290 K) and 0.24 Å (WT D-DT – 310 K) demonstrate high 

superposition agreement with WT D-DT (Fig. S7, Table S4). Neither the C-terminal tail nor any 

other region of D-DT revealed spontaneous flexibility at higher temperatures. In light of these 

findings, we induced backbone flexibility by introducing Gly mutations. Single (L117G), double 

(L117G/F116G), triple (L117G/F116G/T115G) and quadruple (L117G/F116G/T115G/M114G) 

Gly variants were produced, keeping the crystallographic findings of D-DT – 4-CPPC in mind.49  
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Figure 6.5.  

Characterization of Gly variants. 

 

Note. A) Folding profiles of WT D-DT and the four Gly variants (L117G, L117G/F116G, 

L117G/F116G/T115G, and L117G/F116G/T115G/M114G). B-D) Michaelis-Menten parameters 

of WT D-DT and the Gly variants. The experiments were carried out in triplicate (n=3) and the 

error values are shown as standard deviations. E) RMSF profiles of WT D-DT and the Gly 

variants. The black dashed lines represent one standard deviation (±1) from the mean value of 

WT D-DT (black solid line). F) Superposition analysis of the crystal structures of WT D-DT 

(light grey) and L117G (blue). The C-terminus of WT D-DT and L117G are shown as sticks. 

The crystal structure of WT D-DT (PDB entry: 1DPT) served as the search model for L117G 

(PDB entry: 8VFO). 

 

CD experiments for WT D-DT and the four Gly variants produced consistent profiles 

(Fig. 5A). Kinetic analyses showed that the enhanced backbone flexibility of the C-terminal 
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region did not significantly impact the KM values of Gly variants, something that cannot be said 

for the kcat and kcat/KM values (Figs. 5B-D, Table S1). To couple the kinetic findings with 

structural insights, we performed MD simulations and analyzed the dynamic profile of these 

variants. from the single (L117G) to quadruple (L117G/F116G/T115G/M114G) variant, we 

noted a gradual increase of the C-terminal’s flexibility (Fig. 5E). The extent (number of residues 

being affected) and magnitude (RMSF value) of this flexibility are directly correlated with the 

number of Gly residues being introduced. for example, in the case of L117G, high 

conformational flexibility was noted for the C-terminal residues Met114-Leu117. When three 

additional amino acids are mutated to Gly, the number of residues drastically affected increases 

to eleven (Ile107-Leu117). Interestingly, this enhanced flexibility of the C-terminal region does 

not have a noticeable effect on the 1/2 and 4/2 loops, which are found in proximity (Fig. 

5E). This can only be explained by accepting that the flexible segment of the C-terminal residues 

spans outwards from the biological assembly of D-DT to the solvent.  

L117G was also crystallized, and its structural features analyzed (Table S7).  The RMSD 

value of 0.46 Å (Table S4), which was obtained by superposing L117G onto WT D-DT, shows 

that the two crystal structures have an overall satisfactory agreement with an exception to the C-

terminal region (Fig. 5F). In agreement with the MD simulations, the single point mutation of 

Leu117 to Gly amplified the flexibility of residues 114-117 (Fig. 5E). Phe116 and the C-

terminus Leu117 lacked electron density, while Met114 and Thr115 adopted a distinctively 

structural conformation from the corresponding amino acids of WT D-DT (Fig. 5F). Of great 

interest is the effect of L117G on Val113. According to the crystallographic findings, the side 

chain of Val113 remains “locked” in the hydrophobic pocket formed between the 2 helix and 

C-terminal 3.6 helix (Fig. 5F). This finding evidently shows that the conformational flexibility of 
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the C-terminal region, which is induced by the Gly mutation, extends towards the solvent 

without affecting the biological assembly of D-DT.   

 

Figure 6.6.  

Structural and functional analysis of C-terminal truncation variants.  

 

 
 

Note. A) The folding profiles of WT D-DT, 114-117, 109-117, and 104-117 were examined 

by CD spectroscopy. B-D) Bar-chat analysis of the Michaelis-Menten parameters for WT D-DT 

and the C-terminal truncation variants. The experiments were carried out in triplicate (n=3) and 

the error values are shown as standard deviations. E) RMSF profiles of WT D-DT, D114-117, 

D109-117, and 104-117. The black dashed lines represent one standard deviation (±1) from 

the mean value of WT D-DT (black solid line). F) The crystal structures of 114-117 (left –  
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(Figure 6.6 Continued) 

magenta) and 109-117 (right - yellow) were superposed onto the corresponding structure of 

WT D-DT (transparent light grey). Structural differences at the 2 helix, 4/2 loop, 4 and 5 

strands, and C-terminal region are highlighted. The C-terminus residues of WT D-DT, 114-117, 

109-117 are pointed with filled circles. G) Conformational changes of the 4 and 5 strands 

alter the opening of the solvent channel (black dashed circles). H) The C-terminal truncations 

modify the active site opening and volume, impacting to some extent the accessibility of the 

catalytic residue Pro1 (sticks). The crystal structure of WT D-DT (PDB entry: 1DPT) served as 

the search model for 114-117 (PDB entry: 8VDY) and 109-117 (8VFK). 

 

Characterization of the C-terminal truncation variants.  

To complete our investigation, we designed, expressed, and purified three C-terminal 

truncation variants of D-DT: 114-117, 109-117, and 104-117. Considering the potentially 

detrimental effect of truncations on protein folding, we first performed CD experiments and 

analyzed the data side-by-side with WT D-DT. Our findings demonstrated negligible differences 

across the four samples (Fig. 6A). Similar to the Ala and Gly mutants, we then carried out 

kinetic experiments to explore the impact of C-terminal truncation on the KM, kcat, and kcat/KM 

values of D-DT.  Based on our findings, the KM values of 114-117, 109-117, and 104-117 

did not show a significant deviation from the corresponding value of WT D-DT (Fig. 6B, Table 

S1). In contrast, the turnover number displayed a clear reduction, with 109-117 and 104-117 

being affected the most. While 114-117 reduced its kcat value by only 19%, 109-117 and 

104-117 exhibited the corresponding drops of 65% and 77% (Fig. 6C, Table S1). On the same 

trend with the kcat values, the catalytic efficiency reduced from WT D-DT to D104-117. with WT 
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D-DT as the point of reference, 109-117 and 104-117 revealed a sharp decline of their kcat/KM 

values by 81% and 85%, respectively (Fig. 6D, Table S1). RMSF analysis of WT D-DT and the 

three truncation variants, showed diverse dynamic profiles on the C-terminal region and residues 

63-79, which are located on the 4/2 loop (residues 63-69) and 2 helix (residues 70-79) (Fig. 

6E, Table S2). As shown by our data, the conformational flexibility at this region is variant 

dependent. Residues 70-79 were affected due to their proximity to the C-terminal tail of the 

adjacent monomer. An increase in the conformational flexibility of residues 70-79, in turn, 

promotes the conformational flexibility of the 4/2 loop. Due to the low catalytic efficiency of 

the truncation variants, inhibition studies were not an option. for this reason, we utilized matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) to 

probe pyridine-2,5-dicarboxylate binding. Of note, MALDI-TOF MS has been successfully used 

in protein-ligand studies and it is applicable even for high-throughput screening projects.172 

Following this approach, WT D-DT, 114-117, and 109-117 were experimentally analyzed 

showing that only WT D-DT and 114-117 bind the inhibitor (Fig. S8).    

 Upon crystallization of 114-117 and D109-117, we examined their structural features 

(Table S8). Superposition analyses of 114-117 and 109-117 onto WT D-DT yielded the 

corresponding RMSD values of 1.11 Å and 0.54 Å (Table S4). Between them, 114-117 and 

109-117 yielded an RMSD value of 0.96 Å. The corresponding electron densities of 114-117 

and 109-117 C-termini were clearly observed up to Lys109 (two out of three subunits) and 

Gly108 (all three subunits), respectively (Fig. 6F). The structural disagreement, noted on 

superposing the two truncation variants onto WT D-DT, was mainly associated with 

conformational changes (observed in 114-117 and 109-117) and/or lack of electron density 

(observed only in 109-117) at three regions: the 2 helix, 4/2 loop, and C-terminal (Fig. 6F). 
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Due to the increased flexibility of the C-terminal tail, two out of the three subunits of 109-117 

lacked the electron density of residues found on the 2 helix and/or 4/2 loop. The enhanced 

mobility of the 4/2 loop and C-terminal region, also impacted portions of the 4 and 5 

strands, changing their conformations (Fig. 6F). The conformational changes observed on the 5 

strand altered the opening of the solvent channel, as shown by the comparison of WT D-DT with 

the two variants (Fig. 6G). To associate the crystallography findings of 114-117 and 109-117 

with our original hypothesis (Fig. S2), we also examined the surface surrounding the active site. 

114-117 and 109-117 revealed noticeable differences from WT D-DT, as well as distinctions 

between them (Fig. 6H). These differences are evident in the opening and volume of active site 

as well as the accessibility of the catalytic residue Pro1. Although both 114-117 and 109-117 

increased their active site openings, the volume of the cavity was altered in a distinct way 

impacting the accessibility of Pro1 (Fig. 6H). In 114-117, Pro1 appears accessible comparable 

to WT D-DT. In contrast, 109-117 presents Pro1 in a conformation that does not favor 

catalysis. Together these observations explain the catalytic findings of 114-117 and 109-117 

(Figs. 6B-D) 

Conclusion 

Previous studies focused on MIF 60 reported that the C-terminal region has a key role in 

stabilizing the protein’s tertiary structure as well as modulating the enzymatic activity. These 

conclusions were attributed to the ability of C-terminal residues to form intersubunit interactions 

that are important for stabilizing the biological assembly of MIF. More recent studies have 

shown that this region also has a functional role in the MIF-induced activation of CD74. 48, 51  

While these studies enriched our understanding on MIF’s structure and function, the 

corresponding analyses on its human homolog, D-DT, are yet to be reported. 
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Using a systematic approach, we probed understanding of the role of C-terminal region in D-DT 

functionality. Seventeen protein variants were interrogated with high-resolution protein 

crystallography, biophysical assays, turnover and inhibition experiments, MD simulations, and 

mass spectrometry yielding previously unseen structural features of D-DT that control protein-

ligand recognition. Conformational changes of Thr115 serve a key role in the catalytic 

tautomerization of 4-HPP. Although the binding affinity of 4-HPP is not influenced, threonine-

induced movements of the C-terminal region assign distinct conformations to residues that 

control the opening of the active site; primarily to Arg36. Upon altering the opening of the active 

site, accommodation of substrate and product release becomes more effective, something that is 

evident by the impressive kcat and kcat/KM values of T115A.  

for the first time, Arg36 was observed to have multiple functional tasks. Besides 

regulating ligand admission in the pocket, it is capable of adopting diverse conformations in 

order to stabilize the protein-ligand complex. This was experimentally observed twice in the 

crystal structures of T115A – 4-CPPC and V113N – 4-CPPC. Conformational changes of Arg36, 

as viewed by the crystal structure of V113N – 4-CPPC, protect the protein-ligand complex from 

the harsh dynamic events occurring proximal to the binding site. Notably, the diverse 

functionality of Arg36 is regulated by the conformational flexibility of the C-terminal region.   

Val113, found in the hydrophobic pocket formed between the 2 helix and C-terminal 3.6 helix, 

appears to be a key residue for controlling the mobility of the C-terminal region. Mutation of Val 

to Asn displaces residue 113 from its hydrophobic pocket and increases the flexibility of C-

terminal residues. Although this region is not inherently flexible, the induced flexibility of the C-

terminal by Asn113 can negatively affect catalysis via altering the conformational flexibility of 

the 2 helix and 4/2 loop. A highly dynamic C-terminal tail primarily affects the 2 helix of 
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the adjacent monomer due to their proximity. Consequently, the 4/2 loop elevates its dynamic 

activity, influencing ligand binding and/or catalysis (e.g., active site opening/volume and 

accessibility of Pro1). Future studies focused on elucidating the catalytic mechanism of 4-HPP 

tautomerization would further explain the effect of C-terminal variants in the kcat and KM values, 

while QM/MM calculations may add value by exposing any potential transition states. 173 

Collectively, our work offers the first comprehensive analysis of the structural features that 

regulate molecular recognition in D-DT and may be used to better understand the catalytic 

mechanism of this protein as well as to promote drug discovery efforts. 
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Supplemental Information 

 

Table 6.S1.  

Steady-state kinetic parameters of D-DT variants*. 

 Variant KM (mM)  kcat (s
-1)  kcat/KM (s-1 mM-1) 

 WT D-DT 1.950.43  1.880.20  0.980.11 

 L117A 1.330.18  0.930.14  0.700.01 

 F116A 1.210.33  0.950.26  0.790.17 

 T115A 1.620.57  3.350.43  2.180.48 

 M114A 1.480.35  2.240.25  1.580.42 

 V113A 1.290.27  0.580.04  0.460.10 

 V113N 4.270.77  1.500.28  0.350.01 

 V113L 3.640.73  2.170.43  0.600.05 

 V113I 4.470.64  3.340.56  0.750.05 

 V113T 3.270.38  1.860.15  0.570.02 

 V113G 4.530.81  1.390.13  0.310.02 

 114-117 2.110.12  1.520.11  0.720.02 

 109-117 3.471.39  0.650.24  0.190.01 

 104-117 2.960.51  0.430.06  0.150.03 

 L117G 1.470.20  1.060.10  0.720.03 

 L117G/F116G 1.880.39  1.270.12  0.690.07 

 L117G/F116G/T115G 1.240.23  0.990.03  0.810.12 

 L117G/F116G/T115G/M114G 2.881.24  1.520.37  0.570.14 

* Experiments were carried out in biological triplicate (n=3) and the error values are shown as standard deviations. 
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Table 6.S2.  

Root-mean-square-fluctuation (RMSF) analysis of D-DT variants*. 

Variant RMSF (Å) 

WT D-DT 0.620.22 

L117A 0.640.25 

F116A 0.670.31 

T115A 0.590.18 

M114A 0.610.20 

V113A 0.630.21 

V113N 0.700.34 

V113G 0.680.41 

114-117 0.720.35 

109-117 0.690.32 

104-117 0.780.46 

L117G 0.640.35 

L117G/F116G 0.740.61 

L117G/F116G/T115G 0.730.66 

L117G/F116G/T115G/M114G 0.790.60 

* The 200 ns MD simulations were carried out in duplicates (n=2). Error is expressed as standard deviations. 

 
 
 
 
 

 

  



215 

 

Table 6.S3.  

Crystallographic data collection and refinement statistics for T115A and T115A – 4-CPPC. 
 

 T115A T115A – 4-CPPC 

Data collection   

Space group H 3 H 3 

Cell dimensions   

a, b, c (Å) 82.28, 82.28, 40.73 81.95, 81.95, 40.81 

        () 90.00, 90.00, 120.00 90.00, 90.00, 120.00 

Resolution (Å) 41.14-1.24 (1.26-1.24)* 40.98-1.33 (1.35-1.33)* 

Rsym or Rmerge 0.070 (0.269) 0.046 (0.265) 

I / I 14.2 (3.1) 22.4 (5.7) 

Completeness (%) 99.8 (96.5) 97.2 (93.9) 

Redundancy 4.7 (2.6) 5.1 (5.1) 

   

Refinement   

Resolution (Å) 41.14-1.24 (1.27-1.24) 40.98-1.33 (1.37-1.33) 

No. reflections 27635 21599 

Rwork / Rfree 0.10/0.12 0.11/0.14 

No. atoms   

Protein 883 874 

Ligand/ion 0 21 

Water 99 83 

B-factors   

Protein 12.66 13.43 

Ligand/ion - 26.66 

Water 31.61 31.08 

R.m.s. deviations   

Bond lengths (Å) 0.020 0.016 

Bond angles () 1.948 1.729 

   
* Values in parentheses are for highest-resolution shell. 
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       * PDB entry: 7MSE, ** PDB entry: 1DPT 

 

 

 

Table 6.S4.  

Root-mean-square-deviation (RMSD) analysis of D-DT variants. 

 Moving Structure Fixed Structure RMSD (Å) 

WT D-DT at multi-temperature WT D-DT at 290 K  WT D-DT* at 100 K  0.21 

WT D-DT at 310 K WT D-DT* at 100 K  0.24 

    

Ala mutations T115A – 4CPPC WT D-DT** 0.17 

T115A – 4CPPC D-DT – 4CPPC 0.23 

T115A – 4CPPC T115A 0.29 

T115A WT D-DT** 0.33 

    

Val113 mutations V113N – 4CPPC V113N 0.48 

WT D-DT** V113N – 4CPPC 0.52 

V113N WT D-DT** 0.54 

V113N – 4CPPC D-DT – 4CPPC 0.63 

    

Gly mutation L117G WT D-DT** 0.46 

    

C-terminal truncations 109-117 WT D-DT** 0.54 

109-117 114-117 0.96 

114-117 WT D-DT** 1.11 
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Table 6.S5.  

 
Crystallographic data collection and refinement statistics for V113N and V113N – 4-CPPC. 

 
 V113N V113N – 4-CPPC  

Data collection   

Space group P 63 P 63 

Cell dimensions   

    a, b, c (Å) 111.24, 111.24, 65.97 111.10, 111.10, 66.10 

        ()  90.00, 90.00, 120.00 90.00, 90.00, 120.00 

Resolution (Å) 96.34-1.31 (1.33-1.31)* 55.6-1.50 (1.53-1.50)* 

Rsym or Rmerge 0.073 (0.881) 0.233 (1.974) 

I / I 12.4 (0.2) 6.5 (0.1) 

Completeness (%) 99.9 (98.9) 99.1 (95.2) 

Redundancy 17.1 (7.7) 17.0 (9.1) 

   

Refinement   

Resolution (Å) 96.34-1.31(1.34-1.31) 55.61-1.50 (1.54-1.50) 

No. reflections 105609 69924 

Rwork / Rfree 0.19/0.22 0.23/0.26 

No. atoms   

    Protein 3240 3304 

    Ligand/ion 13 34 

    Water 554 539 

B-factors   

    Protein 23.30 26.49 

    Ligand/ion 31.30 46.14 

    Water 36.51 37.57 

R.m.s. deviations   

    Bond lengths (Å) 0.011 0.009 

    Bond angles () 1.511 1.450 

   
* Values in parentheses are for highest-resolution shell. 
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Table 6.S6.  

Crystallographic data collection and refinement statistics for WT D-DT (290K) and WT D-DT 

(310K). 
 

 WT D-DT (290K) WT D-DT (310K) 

Data collection   

Space group P 3 P 3 

Cell dimensions   

    a, b, c (Å) 84.35, 84.35, 41.03 84.29, 84.29, 49.06 

        ()  90.00, 90.00, 120.00 90.00, 90.00, 120.00 

Resolution (Å) 73.05-1.23 (1.25-1.23)* 73.00-1.29 (1.31-1.29)* 

Rsym or Rmerge 0.086 (0.879) 0.091 (1.423) 

I / I 8.1 (0.4) 11.4 (0.5) 

Completeness (%) 92.1 (44.0) 97.9 (78.8) 

Redundancy 4.3 (1.8) 9.1 (4.5) 

   

Refinement   

Resolution (Å) 73.05 -1.23 (1.26-1.23) 73.00 -1.29 (1.32-1.29) 

No. reflections 83207 76386 

Rwork / Rfree 0.14/0.18 0.16/0.17 

No. atoms   

    Protein 2669 2660 

    Ligand/ion 0 0 

    Water 293 234 

B-factors   

    Protein 14.94 16.67 

    Ligand/ion - - 

    Water 34.00 34.08 

R.m.s. deviations   

    Bond lengths (Å) 0.015 0.013 

    Bond angles () 1.851 1.682 

   
* Values in parentheses are for highest-resolution shell. 
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Table 6.S7.  

 
Crystallographic data collection and refinement statistics for L117G. 
 

 L117G 

Data collection H 3 

Space group  

Cell dimensions  

    a, b, c (Å) 80.59, 80.59, 40.12 

        ()  90.00, 90.00, 120.00 

Resolution (Å) 40.29-1.35 (1.37-1.35)* 

Rsym or Rmerge 0.056 (0.252) 

I / I 20.4 (3.0) 

Completeness (%) 99.6 (94.8) 

Redundancy 4.5 (2.8) 

  

Refinement  

Resolution (Å) 40.29-1.35 (1.39-1.35) 

No. reflections 20211 

Rwork / Rfree 0.17/0.19 

No. atoms  

    Protein 856 

    Ligand/ion 13 

    Water 171 

B-factors  

    Protein 9.33 

    Ligand/ion 14.70 

    Water 28.86 

R.m.s. deviations  

    Bond lengths (Å) 0.013 

    Bond angles () 1.801 

  
* Values in parentheses are for highest-resolution shell. 
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Table 6.S8.  

 

Crystallographic data collection and refinement statistics for 114-117 and 109-117. 
 

 114-117 109-117 

Data collection   

Space group P 1 21 1 P 61 

Cell dimensions   

    a, b, c (Å) 99.53, 59.53, 129.98 75.50, 75.50, 96.72 

        ()  90.00, 107.93, 90.00 90.00, 90.00, 120.00 

Resolution (Å) 89.84-2.44 (2.48-2.44)* 65.38-1.59 (1.62-1.59)* 

Rsym or Rmerge 0.267 (1.363) 0.247 (1.879) 

I / I 4.5 (1.0) 4.9 (0.7) 

Completeness (%) 99.8 (99.7) 98.5 (97.2) 

Redundancy 3.4 (3.5) 11.6 (11.8) 

   

Refinement   

Resolution (Å) 89.84-2.44 (2.50-2.44) 65.38-1.59 (1.63-1.59) 

No. reflections 51582 39321 

Rwork / Rfree 0.25/0.30 0.18/0.18 

No. atoms   

    Protein 9383 2374 

    Ligand/ion 0 27 

    Water 7 212 

B-factors   

    Protein 29.90 20.20 

    Ligand/ion - 48.76 

    Water 15.12 36.49 

R.m.s. deviations   

    Bond lengths (Å) 0.008 0.013 

    Bond angles () 1.567 1.569 

   
* Values in parentheses are for highest-resolution shell. 
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Table 6.S9.  

DNA oligos used for mutagenesis*. 

Variant Primer Primer sequence (5′ to 3′) 

 

L117A 

Forward GTCATGACTTTTGCCTAGTAGCTCGAG 

Reverse CTCGAGCTACTAGGCAAAAGTCATGAC 

 

 

F116A 

Forward ACGGTCATGACTGCCTTATAGTAGCTC 

Reverse GAGCTACTATAAGGCAGTCATGACCGT    

 

 

T115A 

Forward GGGACGGTCATGGCCTTTTTATAGTAG     

Reverse CTACTATAAAAAGGCCATGACCGTCCC    

 

 

M114A 

Forward ATAGGGACGGTCGCCACTTTTTTATAG 

Reverse CTATAAAAAAGTGGCGACCGTCCCTAT 

 

 

V113A 

Forward AAGATAGGGACGGCCATGACTTTTTTA 

Reverse TAAAAAAGTCATGGCCGTCCCTATCTT 

 

 

V113N 

Forward GGCAAGATAGGGACGAACATGACTTTTTTATAG 

Reverse CTATAAAAAAGTCATGTTCGTCCCTATCTTGCC 

 

 

V113L 

Forward GGCAAGATAGGGACGCTCATGACTTTTTTATAG 

Reverse CTATAAAAAAGTCATGAGCGTCCCTATCTTGCC 

 

 

V113I 

Forward GGCAAGATAGGGACGATCATGACTTTTTTATAG 

Reverse CTATAAAAAAGTCATGATCGTCCCTATCTTGCC 

 

 

V113T 

Forward GGCAAGATAGGGACGACCATGACTTTTTTATAG 

Reverse CTATAAAAAAGTCATGGTCGTCCCTATCTTGCC 

 

 

V113G 

 

 

 

 

Forward GGCAAGATAGGGACGGGCATGACTTTTTTATAG 

Reverse CTATAAAAAAGTCATGCCCGTCCCTATCTTGCC 
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(Table 6.S9 Continued) 

 
 

114-117 

Forward AAGATAGGGACGGTCTAGTAGCTCGAGCAC 

Reverse GTGCTCGAGCTACTAGACCGTCCCTATCTT 

 

109-117 

Forward TCCTGGCAGATTGGCTAGTAGCTCGAGCAC 

Reverse GTGCTCGAGCTACTAGCCAATCTGCCAGGA 

 

 

104-117 

Forward TTTTTCCCCTTGGAGTAGTAGCTCGAGCAC 

Reverse GTGCTCGAGCTACTACTCCAAGGGGAAAAA 

 

 

L117G 

Forward GTCATGACTTTTGGGTAGTAGCTCGAG 

Reverse CTCGAGCTACTACCCAAAAGTCATGAC 

 

 

L117G/F116G 

Forward ACGGTCATGACTGGAGGGTAGTAGCTCGAG 

Reverse CTCGAGCTACTACCCTCCAGTCATGACCGT 

 

 

L117G/F116G/T115G 

Forward GGGACGGTCATGGGTGGAGGGTAGTAGCTCGAG 

Reverse CTCGAGCTACTACCCTCCACCCATGACCGTCCC 

 

 

L117G/F116G/T115G/M114G** 

Forward AAGATAGGGACGGTCGGAGGTGGAGGGTAGTAG 

Reverse CTACTACCCTCCACCTCCGACCGTCCCTATCTT 

* WT D-DT was used as a template for PCR with exception of **  

** The confirmed plasmid of L117G/F116G/T115G was used as a template for PCR 
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Figure 6.S1.  

Conformational changes at the C-terminal region of D-DT due to 4-CPPC binding. 

 

Note. Superposition of WT D-DT (light grey - PDB entry: 1DPT) onto D-DT – 4-CPPC (dark grey 

- PDB entry: 6C5F) demonstrates that 4-CPPC (dark grey lines) binding increases the mobility of 

the C-terminal residues.  Val113, shown as sticks, was the last residue affected.  

 

 

 



224 

 

Figure 6.S2.  

Modeling the effect of C-terminal truncations on the structure of D-DT. 

 
 

Note. (A) Using monomeric D-DT, which was obtained from the crystal structure of WT D-DT 

(PDB entry: 1DPT), the desired truncation variants were modeled. for each truncation, the 

terminus amino acid is marked on the structure. In red, the entire C-terminal segment that was 

gradually removed is shown. Glu103, the terminus residue of 104-117, is shown in blue. (B) 

Projection of the impact of C-terminal truncations on the active site opening of D-DT. The opening 

is marked within the orange dashed circles.  
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Figure 6.S3.  

Kinetic analysis of WT D-DT (left column) and T115A (right column) in the presence of 4-CPPC. 

 

 

Note. The Michaelis-Menten and Lineweaver-Burk plots are shown on the top and bottom panels, 

respectively. The tautomerase activity of D-DT was measured using 4-HPP as a substrate. The 

error values are shown as standard deviations. Each experiment was repeated in triplicate. 
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Figure 6.S4.  

Kinetic analysis of WT D-DT (left column) and T115A (right column) in the presence of 

pyridine-2,5-dicarboxylate.  

 

 

 

Note. The Michaelis-Menten and Lineweaver-Burk plots are shown on the top and bottom panels, 

respectively. The tautomerase activity of D-DT was measured using 4-HPP as a substrate. The 

error values are shown as standard deviations. Each experiment was repeated in triplicate. 
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Figure 6.S5.  

Kinetic analysis of WT D-DT (left column) and V113N (right column) in the presence of 4-

CPPC.  

 

 

 

Note. The Michaelis-Menten and Lineweaver-Burk plots are shown on the top and bottom panels, 

respectively. The tautomerase activity of D-DT was measured using 4-HPP as a substrate. The 

error values are shown as standard deviations. Each experiment was repeated in triplicate. 
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Figure 6.S6.  

Kinetic analysis of WT D-DT (left column) and V113N (right column) in the presence of 

pyridine-2,5-dicarboxylate.  

 

 

 

Note. The Michaelis-Menten and Lineweaver-Burk plots are shown on the top and bottom panels, 

respectively. The tautomerase activity of D-DT was measured using 4-HPP as a substrate. The 

error values are shown as standard deviations. Each experiment was repeated in triplicate. 
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Figure 6.S7.  

Superposition analysis of the crystal structure of WT D-DT at different temperatures. 

 

Note. The crystal structures of WT D-DT at 290K (orange) and 310 K (red) were obtained in this 

study. The crystal structure of WT D-DT at 100 K was previously published (PDB entry: 7MSE). 

Pro1 is shown as sticks while the C-terminal region is pointed with a black solid line. 

 

 

 

 

 

 



230 

 

Figure 6.S8.  

MALDI-TOF MS analysis of A) WT D-DT, B) 114-117, and C) 109-117. 

 

 

Note. On the left, the MS spectra of D-DT - pyridine-2,5-dicarboxylate complex (Zoom in) and 

apo D-DT (Zoom out) are presented. The monomeric structure of D-DT variant under study along 

with its theoretical molecular weight (MW) are shown on the right.  Detection of the D-DT - 

pyridine-2,5-dicarboxylate complex was noted only in the cases of WT D-DT and 114-117  
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(Figure 6.S8 Continued) 

(dashed lines in panels A and B). The experimental molecular weights of WT D-DT, 114-117, 

and 109-117 are pointed with solid lines. 
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CONCLUSION 

 

 MIF has been the main focus of the scientific community and as a result, is thoroughly 

characterized, even being used to teach scientific methodology to high-school students174. By 

comparison, until our work, D-DT was missing in-depth structural investigations as well as the 

proper tool for investigation of its disease pathology. Overall, our findings enhance the 

understanding of the complex protein dynamics and structure of MIF and D-DT while also 

elucidating key differences between the two cytokines. These data will be used to guide the 

design of new specific and bioactive inhibitors of the proteins. 

 Through detailed analysis, we found that specific amino acid correlations in MIF proteins 

determine their function as CD74 agonists or antagonists. CD74 agonists require enhanced 

correlations among amino acids critical for the binding of CD74 either directly or indirectly, 

while antagonists show reduced correlations. This enhanced provides a foundation for 

developing potent CD74 modulators. 

In a separate study, we examined how impurities in 4-HPP influence results from kinetic 

assays that are used for characterization of inhibitors and protein variants with MIF. By sourcing 

4-HPP from different suppliers and analyzing enzymatic activity, we linked inconsistent results 

to impurities under 5%, confirmed by NMR and MS. This underscores the importance of 

substrate purity for the in enzymatic assays. 

Additionally, we explored the unique C-terminal flexibility of D-DT, brought to light by 

the conformational change induced upon the binding of 4-CPPC49. Although the current role of 

this flexibility is unknown, it may affects its interaction with CD74, resulting in a different 

binding affinity than MIF 9. The mobility of the C-terminal and its potential roles in biological 
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functions such as signaling 128 and catalysis 175 warrant further investigation through targeted 

mutations. 

We also identified and characterized 1, as a highly selective inhibitor of D-DT that does 

not cause significant changes to the conformational of the C-terminal, with in vivo efficacy. Its 

superior 79-fold selectivity for D-DT over MIF sets a new benchmark for D-DT inhibitors. To 

explain this high selectivity, crystallographic analysis of MIF and D-DT were performed and 

revealed key differences between the catalytic sites of the two proteins, providing key insight for 

the generation of new specific inhibitors. Further in vivo and in vitro studies utilizing 1 and ISO-

1, a well-studied specific MIF inhibitor 21, will help elucidate the distinct biological roles of MIF 

and D-DT. 

Finally, interrogation of C-terminal region of D-DT utilizing 17 unique variants and WT 

revealed that the C-terminal is key for ligand recognition. One of the key residues for this 

function was found to be Thr115. Through conformational changes, this residue influences the 

conformations changes of active site residues which are critical for ligand binding. This was 

demonstrated by the enhanced kinetics of a T115A variant, whose truncated sidechain allows for 

easier conformational changes of catalytic site residues, most notably Arg36, which is 

responsible for the opening and closing of the active site.  
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