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Chapter 5 

Inhibition and Labeling of Macrophage Migration Inhibitory 
Factor (MIF) 
 

 

 

 

 

Dynamic combinatorial chemistry (DCC) is a powerful tool for the identification of 

new inhibitors and binders of proteins. In the first part of this chapter, we applied 

DCC to find inhibitors of MIF. After designing a small library, we explored the 

possibility to use MIF as template in DCC. The DCC results were inconclusive, after 

which we synthesized and evaluated several acylhydrazones. In the second part of 

the chapter, we used the fluorinated phenol moiety as targeting group for MIF 

labeling.   

The following authors contributed to this chapter: 

R. van der Vlag, A.J. van der Zouwen, Z. Xiao, F.J. Dekker and A.K.H. Hirsch 
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5.1 Introduction 

Macrophage migration inhibitory factor (MIF) is an essential cytokine that plays a key role 
in the immune system.1–3 It can interact with numerous receptors, such as CD74, CXCR2, 
CXCR4 and CXCR7 as well as with intracellular proteins after undergoing endocytosis. 
Furthermore, MIF has been shown to stabilize the association between p53 and Mdm2.4 
P53 is a tumor-suppressor protein that is activated by cellular stress or damage and leads 
to cell-cycle arrest, apoptosis and DNA repair. MDM2 is the negative regulator of the p53 
protein and its overexpression leads to loss of p53 function (see also Chapter 4).5,6 Due to 
its diverse biological functions and interaction partners, MIF has been associated with 
numerous infectious and auto-immune diseases, making it an important therapeutic 
target.1–3 

MIF consists of 115 amino acids, weighs approximately 12.4 kDa and it is generally 
believed that it predominantly exists as homotrimer. The first X-ray crystal structure of MIF 
was determined in 1996 (PDB ID: 1MIF) and up to now, 117 structures of MIF complexes 
and mutants have been deposited in the RCSB protein data bank.7,8 The active site of MIF is 
rather narrow and accommodates preferably molecules with a linear shape featuring 
aromatic moieties (Figure 1). Besides being a cytokine, MIF functions as an enzyme, which 
catalyzes the keto-enol tautomerization of (non-natural) D-dopachrome and 
4-hydroxyphenylpyruvate (HPP).9,10 MIF has also been found to function as oxidoreductase 
and is capable of reducing insulin and 2-hydroxyethyldisulfide.11 The most important 
catalytic residue for tautomerization is the N-terminal proline (Pro-1). Due to the local 
hydrophobic environment in the active site, the pKaH of Pro-1 is around 5.6–6.0,12,13 while 
the pKaH of the secondary amine in proline amide is around 9.4.14 The decreased pKaH of 
Pro-1 makes it the most nucleophilic residue in the folded protein. 

It is important to note that the reason why MIF functions as an enzyme remains 
unknown and that the tautomerase activity is not required to retain cellular functions.15–18 
However, tautomerase inhibition can result in conformational changes, which disrupt 
biological activity.1 Despite that, targeting the tautomerase activity of MIF using an activity-
based assay remains a straightforward and efficient strategy in the development of new 
MIF inhibitors that could interfere with MIF’s involvement in disease-related signaling. Since 
the discovery of MIF, this has led to many small-molecule MIF inhibitors.1,2 Most of the 
competitive inhibitors are analogues of D-dopachrome and HPP, and contain a phenol 
moiety which is involved in hydrogen bonding interactions with Asn97. An ortho-fluorine on 
the phenol ring enhances compound potency by strengthening this hydrogen bond and 
thereby increasing the affinity.19,20 Recently, it was found that pyrazoles can act as phenol 
replacements,21 which presumably have an increased metabolic stability compared to 
phenols.22 Covalent MIF inhibitors have been based on nucleophilic attack of Pro-1 or other 
nucleophilic residues on common, covalent-binding motifs, such as Michael acceptors,23 
isothiocyanates24,25 and benzisothiazolones.26 
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Figure 1. Left, the MIF trimer in complex with ISO-1 (cyan). Right, close-up of the keto-enol tautomerization active 
site, showing the most important residues. Picture taken from V. Trivedi-Parmar and W.L. Jorgensen; J. Med. Chem. 
2018, 61, 8104. 

5.2 Results and discussion 

5.2.1 Dynamic combinatorial chemistry with MIF 
As explained in the introduction, many reversible MIF tautomerase inhibitors have been 
developed, but most of them have been based on phenols. Although these inhibitors have 
been highly optimized, resulting in nanomolar affinities, upon alteration of the phenol most 
compounds lose their potency. Since there are many enzymes in the human body, which 
metabolize phenolic compounds, they are poor drug candidates. In order to find new 
scaffolds, we proposed to use dynamic combinatorial chemistry (DCC, see Chapter 1). After 
establishing a DCC library using hydrazides and aldehydes and finding compounds that are 
amplified in the presence of MIF, different library members can be screened in order to find 
a suitable phenol replacement. Due to the excellent stability of MIF in solution, it is a 
promising target for DCC. 

In the literature, some examples of (acyl-)hydrazones have been reported that are 
able to inhibit MIF (Figure 2).27 In order to confirm this and test the effect of installing an 
ortho-fluorine, we synthesized the first acylhydrazone using 3-fluoro-4-
hydroxybenzaldehyde (A2) as potent head-group and 4-methoxybenzohydrazide (H1) as 
coupling partner. Using the previously described HPP assay,28 acylhydrazone A2-H1 
displayed a promising IC50 value of 10 ± 0.8 μM against MIF. In addition, we synthesized the 
most potent acylhydrazone reported by Dabideen et al., which turned out to be ten-fold 
less potent than expected (IC50 = 79 ± 10 μM, Ki = 53 ± 7 μM, literature IC50 = 5.5 μM27). The 
discrepancy between the results could be explained by the differences between the assays 
employed. Dabideen et al. used L-dopachrome methyl ester as substrate, while we used the 
more stable HPP assay. Issues regarding reproducibility and consistency of reported 
activities of MIF inhibitors and assays is a known problem.1,29 
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Figure 2. Left, reported (acyl)hydrazones as inhibitors of MIF.27 Right, IC50 curve of Dabideen-13 showing an IC50 
value of 79 ± 10 μM (HPP assay), while an IC50 value of 5.5 μM (L-dopachrome methyl ester assay) was reported 
before.27 

After having confirmed the potency of our acylhydrazone, we designed a small 
library to perform DCC experiments (Scheme 1). The compounds were chosen to provide a 
clear feedback if DCC with MIF as target protein is feasible. Acylhydrazone formation of 
aldehyde A2 with hydrazides H1–4 would generate products, which are expected to be 
potent inhibitors, among which A2-H1 was already confirmed to be active. Product 
formation with aldehyde A1, on the other hand, is expected to give inactive products due 
to the blocked phenol group, except in the combination with phenolic hydrazides H2 or H4 
and possibly imidazole H3. Since A1-H2 does not contain an ortho-fluorine it is expected to 
be less potent than combinations with A2. Phenol H4 can possibly also bind in the active 
site, but is extended with two sp3-hybridized carbon atoms compared to H2 and is therefore 
more flexible. It is unknown if acylhydrazones with imidazole H3 as end-group can inhibit 
MIF. 

 
Scheme 1. First attempts of DCC with MIF as target. 

Based on the literature, the following conditions were chosen:  

• Boric acid buffer (435 mM, pH 6.5), normally used for the enzyme activity assay. 

• 5 mM aniline, as nucleophilic catalyst to speed up acylhydrazone formation30 

• 100 μM of each aldehyde and hydrazide building block  

• 50 and 150 μM MIF concentration (concentration is based on the monomer) 

• Room temperature equilibration, due to the stability of MIF 

• BSA as negative control  
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It is generally believed that a dynamic combinatorial library (DCL) should be frozen before 
analysis, e.g. by an increase in pH. Otherwise the library can equilibrate after dilution or 
removal of the protein. To estimate how much NaOH is necessary to raise the pH in the 
reactions, a reference sample using boric acid buffer (6 mL, 5% DMSO) was used. NaOH 
(4 M) was slowly added, while measuring the pH after each addition (Figure 3). The 
experiment was repeated with and without aniline (5 mM), which proved to have no 
influence on the overall pH. 

 
Figure 3. Addition of concentrated NaOH to boric acid buffer (435 mM, 6 mL) in three experiments. Note the pH 
range between ± 8.5 – 10.5 in which the boric acid is buffering. 

After two days, minor precipitation was observed in the MIF-containing experiments, while 
the BSA-containing experiments were still clear. All samples were therefore mixed, the 
solids were removed by centrifugation, and the supernatant was divided over four 
Eppendorf vials and subjected to one of the following treatments: 1) heating for 5 min at 
100 °C, 2) – (pH 6.5), 3) increasing the pH to 8.5 and 4) increasing the pH to 10. Heat 
treatment of the MIF samples resulted in significant denaturation, while the other 
treatments did not show any sign of precipitation, indicating that these samples still 
contained folded MIF. In none of the BSA experiments, denaturation was observed. In an 
attempt to precipitate MIF, 1 vol. eq. acetonitrile (ACN) was added to each sample, but this 
did not have any effect. Neither did heating the diluted samples. Additionally, replacing ACN 
by EtOH resulted in the same outcome. Even the addition of formic acid (up to 10 vol.%), 
did not show any sign of denaturation, indicating the general stability of MIF and BSA. 

In order to find the retention time of each library member and product and 
optimize HPLC separation, all building blocks were combined in DMSO and heated to 50 °C 
for 15 h (final concentration of 0.67 mM for each building block). In addition, individual 
reactions between one aldehyde and 1.5 eq. of hydrazide were performed at 50 °C for 15 h 
in DMSO (1.0 mM). While the full library gave near full conversion towards all products 
overnight, large differences were observed between the individual reactions. Hydrazide H3 
gave near full conversion with A1 and A2. Aldehyde A2 reacted poorly with H1, H2 and H4. 
Additionally, H4 reacted poorly with aldehyde A1. Aldehyde A1 did not react at all with H1 
and H2, while A1-H1 and A1-H2 were formed in significant amounts in the one-pot reaction 
in DMSO. Even after heating to 90 °C for an additional 18 h, the conversion was slightly 
higher, but surprisingly in most reactions a small additional peak was observed. From the 
results obtained it was concluded that under these conditions, A1 is a lot less reactive than 
A2. Due to the high structural similarity with H4 (which reacted poorly), it is unlikely that 
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hydrazide H3 is much more nucleophilic. A plausible explanation would be that the 
imidazole moiety of H3 and/or the acylhydrazone product is catalyzing acylhydrazone 
formation.31,32 

There are two ways of analyzing the generated data: comparing relative peak area 
(RPA) and comparing the area of peaks belonging to the same compound in different 
experiments.33,34 RPA is commonly used and compares the fraction of each peak relative to 
the total peak area of the blank and template libraries. Subsequently, the normalized 
change in RPA can be calculated (eq. 2). Alternatively, the amplification factor in RPA can 
be calculated (eq. 3).  

𝑅𝑃𝐴 =
Area of peak

Total peak area
∗ 100% (𝑒𝑞. 1) 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑅𝑃𝐴 =
𝑅𝑃𝐴𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑅𝑃𝐴𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑅𝑃𝐴𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 (𝑒𝑞. 2) 

𝐴𝑚𝑝𝑙𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝑃𝐴 =
𝑅𝑃𝐴𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑅𝑃𝐴𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 (𝑒𝑞. 3) 

Combining eq. 2 and 3 gives: 
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑅𝑃𝐴 =  𝐴𝑚𝑝𝑙𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝑃𝐴 − 1 (𝑒𝑞. 4) 

Since the protein did not denature after addition of ACN or EtOH and was unaffected by the 
increase in pH, the heat-denatured samples were analyzed by HPLC. Despite the fact that 
this heat treatment could shift the equilibrium completely, small differences were observed 
between the blank reaction without protein and the reaction in presence of 50 and 150 μM 
MIF (Figure 4). Analysis was performed at 305 nm, since around this wavelength all eight 
acylhydrazone products are absorbing, while the hydrazides (λmax ≈ 254 nm) do not. 
Aldehydes A1 and A2 can still be detected, but have lower absorption maxima of 282 and 
276 nm, respectively. 
 

 
Figure 4A. Analysis of the initial DCC library. HPLC traces of the DCC with and without MIF, showing near full 
separation of the acylhydrazone products and aldehydes (305 nm). Figure is continued on the next page. 
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Figure 4B. Analysis of the initial DCC library. Left, the relative peak area (RPA) of each library member; Right, the 
normalized change in RPA of the protein-templated reactions with respect to the blank. Reaction conditions: 
435 mM boric acid buffer pH 6.5, 5% DMSO, 5 mM aniline. Samples were heated for 5 min prior to dilution. Data 
obtained from single experiment. 

 
The DCC results in boric acid buffer showed small, but promising amplification factors. 
Figure 4B shows that A1-H3, A2-H2, A1-H2 and A2-H1 are amplified in the presence of 
50 μM MIF, while A2-H3 and A2-H4 are reduced and A1-H4 and A1-H1 stay the same. A 
similar trend is observed in presence of 150 μM MIF, except for A1-H2 and A2-H1, which 
seem to be formed even more. Since the pH of the reaction was not raised, it is likely that 
heating changed the equilibrium. Therefore, aliquots from the original reaction mixtures 
were treated with water or NaOH to obtain solutions with pH 6.5, 8.5 and 10. One volume 
equivalent of ACN was added, and the samples were analyzed by HPLC (Figure 5, top 
graphs). In addition, samples with pH 8.5 were also treated with EtOH instead of ACN. The 
results showed that the pH adjustment affected the amplification factors in the library, but 
not the overall trend. However, upon diluting the pH 8.5 samples with EtOH instead of ACN, 
the outcome was very different for both the blank as well as for the MIF-containing samples. 
This might indicate that the library is not frozen and the solvent for dilution has an effect 
on the equilibrium or equilibration speed. 

Initially, 5 μL of sample was injected during HPLC analysis and we were wondering 
if we would obtain enhanced signal while still having good separation upon injecting 10 μL 
of sample. Therefore, the blank samples with pH 8.5 were injected again. Surprisingly, the 
results after injecting 10 μL of sample were different. In order to compare, the aldehyde 
peaks were analyzed at 280 nm. The data showed that after injecting double the amount of 
sample, the A2 peak increased 2.1 times in absorption, while the peak of A3 increased 3.2 
times. After approximately eight hours between both measurements of the same sample, 
the A2 peak was still the same, but the peak belonging to A3 was increased over five times. 
This clearly indicates that aldehyde A1 is forming over time and that the library was certainly 
not frozen. Five days after the initial HPLC analysis, the blank and MIF-containing samples 
with pH 6.5, 8.5 and 10 were analyzed again, as well as the sample of pH 8.5 which was 
diluted with EtOH instead of ACN (Figure 5, bottom graphs). The results were striking: while 
all the MIF-containing samples showed comparable results, the blank reactions had 
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equilibrated and the outcome proved to be more or less independent of the pH. In addition, 
the blank now resembled the MIF-containing samples (Figure 6). 

 

 
Figure 5. The relative peak area at 305 nm of each species in the library. Aliquots of the DCC reaction were treated 
with NaOH and/or water to obtain solutions with a pH of 6.5, 8.5 and 10. One volume equivalent of ACN or EtOH 
was added, and the samples were analyzed by HPLC (Top left: reaction without protein; top right: reaction with 
50 μM MIF). Blank reaction of pH 8.5 was injected again after 8 h. MIF-containing reaction with pH 8.5 was injected 
again after 9 h. The same HPLC samples were re-analyzed after 5 days showing equilibration (bottom graphs). Data 
obtained from single experiment. 
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Figure 6. Analysis of the normalized change in RPA of the same HPLC samples: the first measurements (left) and 
after five days (right). Reaction conditions: 435 mM boric acid buffer pH 6.5, 5% DMSO, 5 mM aniline. Data obtained 
from single experiment. 

 
It is clear that the library could not be frozen before analysis by raising the pH. Combined 
with the initial results of product formation in DMSO (full library and 1:1 reactions), it is 
highly likely that the imidazole moiety of H3 and/or its acylhydrazone product is catalyzing 
the acylhydrazone formation and possibly the hydrolysis. A search in the literature showed 
that histidine derivatives can indeed be used as nucleophilic catalysts in acylhydrazone 
formation at pH 7.4 and at a concentration of 1.0 mM and 50 mM.31,32 Although not 
mentioned in the cited papers, in contrast to aniline, the histidine moieties are apparently 
still active at pH ≥8.5. For this reason, hydrazide H3 was replaced by H5 in the second library 
(Scheme 2). H5 has the same tail length as H4, but the hydroxyl moiety is replaced with a 
chlorine substituent. 
 

 
Scheme 2. Second designed library for DCC with MIF as target. 

 
In addition, the concentrated boric acid buffer was replaced by a 50 mM potassium 
phosphate buffer (pH 6.5), which has a higher buffer capacity around the pH at which the 
DCC is performed. However, freezing the equilibrium in the library is more difficult, since 
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the pH would be outside the buffering window of ± 5.8 – 8.0. The amount of NaOH required 
to increase the pH to 8.5 was determined in a similar fashion as illustrated before (Figure 7). 
 

 
Figure 7. Addition of 1 M NaOH to potassium phosphate buffer (50 mM, 6 mL) in four separate experiments. 

 
Several DCC reactions  were started at the same time: a blank reaction without protein, a 
MIF-containing reaction, a BSA-containing control reaction to detect possible unspecific 
binding, and several blank reactions. After 1, 2, 3, 4, 7 and 10 days aliquots were taken. The 
pH was adjusted to 8.5 using aq. NaOH (1 M), and the reactions were diluted with one 
equivalent of methanol instead of acetonitrile. The libraries were separated and analyzed 
by HPLC as indicated before (UV absorption at 305 nm). In an ideal case, the blank and the 
BSA-templated DCC reaction are identical. Ernst and co-workers indicated that the use of 
BSA is not the best negative control and that the use of a competitive inhibitor is preferred.33 

After adjusting the pH to 8.5 using NaOH, no denaturation was observed. Heating 
the mixtures to 100 °C for 15 min and/or addition of one vol. eq. ACN or MeOH also did not 
show signs of denaturation. However, after two days minor amounts of solids were 
observed in the MIF-containing DCC reaction (not in the blank). 

The HPLC results showed that the equilibrium was quickly reached without fully 
consuming the aldehydes, despite the two equivalents excess of the hydrazides. In order to 
get an accurate estimate of the conversion, the area of each aldehyde peak at its absorption 
maximum (282 and 276 nm for A1 and A2, respectively) was compared to a blank reaction 
containing no hydrazides. The conversion of both aldehydes in each experiment over time 
is shown in Figure 8. 
 

6

7

8

9

10

11

12

0 50 100 150 200 250 300

p
H

Volume (µL) 1 M NaOH

With aniline

With aniline

No aniline

No aniline



Inhibition and Labeling of Macrophage Migration Inhibitory Factor (MIF) 

 121 

 
Figure 8. Conversion of aldehydes A1 and A2 as a function of time in the DCC reactions. On the fourth day, aliquots 
were also diluted with acetonitrile instead of methanol (crosses). Conversion was calculated based on the 
maximum absorption (276 and 282 nm for A2 and A1, respectively). 

 
The conversion of the aldehydes is rather stable from the first to the fourth day. After that, 
less aldehyde was observed in the library, which suggests an increase in conversion. 
However, it is more likely that this is caused by degradation and/or oxidation of the 
aldehyde starting materials. The latter can be supported by the observation of minor 
additional peaks in HPLC analysis, which increased over time (Figure 9). Additionally, Francis 
and co-workers have shown that aldehydes can react with the N termini of proteins, which 
would also explain a decrease over time.35 On the fourth day, besides methanol, aliquots 
were diluted with acetonitrile for comparison. The acetonitrile samples were in agreement 
with the methanol treatment, except aldehyde A1, which showed slightly higher conversion 
for the MIF-containing DCC in acetonitrile, but this lies presumably in the experimental 
error. Since the libraries in the first DCC kept on equilibrating after adjusting the pH, the 
stability of the new library was tested. Injecting the same HPLC samples (stored in the 
sample changer at 10 °C) after three days gave identical results, confirming that this time 
the equilibrium was completely “frozen” and that the time between pH adjustment and 
analysis did not affect the outcome of the experiment. 
 In the MIF- and BSA experiments, aldehyde A1 reacted more than A2, indicating 
higher reactivity. Separate experiments in DMSO, with and without aniline, now also 
indicated higher conversion of A1 compared to A2. This is the opposite of the result in 
DMSO, which was shown using the first library. The library content was analyzed by 
calculating the normalized change in RPA for each peak. Since the aldehydes were still 
present in the library, they were included in the analysis. An overview of the results can be 
found in Figure 10. 
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Figure 9. HPLC traces of the MIF-containing DCC reaction after one (top) and ten days (bottom). The additional 
peaks (stars) formed slowly over time.  

 

 
Figure 10. Normalized change in RPA after comparing the MIF- (left) and BSA- (right) containing library with the 
blank. Samples were taken after 1, 2, 3, 4, 7 and 10 days. The pH was increased to 8.5, and the aliquot was diluted 
with methanol (each day) or acetonitrile (day 4). UV absorption: 305 nm. Data obtained from single experiment. 

 
The normalized change in RPA shows that in the DCC experiment with MIF, products A1-H5 
and A2-H5 are amplified. All other acylhydrazones, as well as the aldehydes are comparable. 
In the protein-templated DCC with BSA, A1-H5 is also amplified, which could indicate that 
the amplification in the presence of MIF is the result of non-specific acylhydrazone 
formation. The other peaks in the DCL with BSA are comparable. Despite the relative stable 
conversion over four days, small changes over time can be observed in the library. 

In the MIF experiments, no selective amplification of the acylhydrazones 
containing the fluorophenol moieties can be observed. This is one of the requirements for 
a possible DCC approach using MIF as template. The effect could be explained by the small 
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size of the MIF pocket, the building blocks having weak binding affinity for MIF, or general 
(background) formation of the acylhydrazones due to the hydrophobicity of the protein 
surface. The amplified products with H5 could also be explained by binding to a different 
pocket. 

The accurate use of RPA for comparison requires equal signal intensity of all 
compounds. Therefore, the HPLC signals should be corrected using the extinction 
coefficients of each compound. To do this accurately, compounds should be synthesized 
which contradicts the argument that only the DCC hits have to be synthesized, saving 
valuable time and money. Another approach would be to compare the area of each peak in 
the templated experiment to the peak in the blank. This can be easily done, but requires a 
proper dilution scheme and preferably the use of an internal standard. We believe that the 
use of RPA leads to the introduction of unnecessary errors due to possibly large differences 
in extinction coefficients between products and the use of a fixed absorption wavelength. 
Therefore, we investigated the possible use of peak area as alternative for RPA. In the DCL, 
aniline is added in a large excess as nucleophilic catalyst. Due to the set-up of the DCC 
experiments in this chapter, each DCL contains an equal amount of building blocks and 
aniline. During HPLC analysis, aniline elutes around 2.440 ± 0.005 min and gives at 251 nm 
absorption a base-line separated peak. Based on these observations, we decided to 
measure the areas of each peak at 290 and 315 nm. In combination with the results at 
305 nm, we compared all the peaks after one day of DCC and corrected each area based on 
the amount of aniline present in the sample. By doing so, potential errors in the library 
dilution during and after freezing of the equilibrium and the injection volume were 
removed. Moreover, because peaks belonging to the same compound are divided, the 
extinction coefficient does not play a role. Besides calculating the normalized change in and 
amplification of RPA (eq. 2 and 3), we calculated the aniline-corrected normalized change 
in area (eq. 5) and the amplification of area (eq. 6). The results for MIF and BSA are shown 
in Figures 11 and 12, respectively. 

 
Abbreviations: A = peak area, x = sample, an = aniline, b = blank 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑎𝑟𝑒𝑎 =

𝐴𝑥

𝐴𝑎𝑛,𝑥
−

𝐴𝑏

𝐴𝑎𝑛,𝑏

𝐴𝑏

𝐴𝑎𝑛,𝑏

 (𝑒𝑞. 5𝐴) =  
𝐴𝑥 ∗ 𝐴𝑎𝑛,𝑏

𝐴𝑎𝑛,𝑥 ∗ 𝐴𝑏

− 1 (𝑒𝑞. 5𝐵) 

𝐴𝑚𝑝𝑙𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑟𝑒𝑎 =

𝐴𝑥

𝐴𝑎𝑛,𝑥

𝐴𝑏

𝐴𝑎𝑛,𝑏

 (𝑒𝑞. 6𝐴) =  
𝐴𝑥 ∗ 𝐴𝑎𝑛,𝑏

𝐴𝑎𝑛,𝑥 ∗ 𝐴𝑏

 (𝑒𝑞. 6𝐵) 

Combining eq. 5B and 6B gives: 
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑎𝑟𝑒𝑎 =  𝐴𝑚𝑝𝑙𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑟𝑒𝑎 − 1 (𝑒𝑞. 7) 
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Figure 11. The normalized change in RPA (left) and area (right) of the library in the MIF-templated DCC reaction 
after 24 h reaction time. Data obtained from single experiment. 

 
Figure 12. The normalized change in RPA (left) and area (middle) of the library in the BSA-templated DCC reaction 
after 24 h reaction time at 290 nm (blue), 305 nm (orange) and 315 nm (gray). Due to the large amplification of 
A1-H5, the normalized changes in RPA and area are shown in a separate section on the right. Data obtained from 
single experiment. 

The normalized change in RPA gives the relative amount of a species in the protein-
templated library and compares it to the blank reaction. The normalized change in area 
indicates the total amplification or reduction of a species in the sample. For the complete 
picture, both graphs are therefore required. For example, in the DCC with BSA A1-H2 has a 
negative normalized change in RPA meaning that it is reduced in comparison to the whole 
library and the blank reaction. However, the normalized change in area is ±0, indicating that 
the concentrations of A1-H2 in the protein-templated and blank reaction are actually the 
same. In order to give a reduction in RPA, the average concentration of other 
acylhydrazones has increased. Another example is A1-H1, which shows a negative 
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normalized change in RPA and is therefore reduced upon addition of BSA. But if the 
normalized changes in area are compared, the concentration of A1-H1 in the DCC with BSA 
actually increased. Both examples clearly show the difference between the normalized 
change in RPA and in area. 

Furthermore, from Figures 11 and 12 it is clear that the choice of wavelength 
affects the outcome of the results in the case of RPA (and RPA amplification), whereas the 
normalized change in area (and area amplification) are barely affected. A striking example 
of this effect is A2-H5 in the DCC with BSA, where based on RPA different conclusions can 
be drawn if absorption would be measured at 290 or 315 nm. We would like to suggest 
everyone working in DCC to analyze RPA and normalized changes in peak area in parallel. 
 

5.2.2 Inhibition of MIF 
Since in the DCLs no differences were obtained between the targeted (fluorophenol) and 
untargeted (methoxyphenyl) compounds, we synthesized acylhydrazones 2–6 and tested 
the products against MIF (Scheme 3, Table 1, Figure 13). The acylhydrazones were 
synthesized from the corresponding aldehydes and hydrazides in 56–95% yield. The 
hydrazides were obtained by reacting the methyl esters with hydrazine hydrate. 

 
Scheme 3. Synthesis of selected acylhydrazone inhibitors.  

 
Table 1. Inhibition constant (IC50) values for inhibition of MIF. 

 DCC R1 R2 X IC50 (μM) Ki (μM)β 

1 A2-H1 Me H 2-F 10 ± 0.8 6.7 ± 0.6 

2 - Me H - 48 ± 3 32 ± 2 

3 - H Me - 48 ± 5 32 ± 3 

4α - H H - 26 ± 4 17 ± 3 

5 A1-H1 Me Me - >100 >67 

6 - Me H 2,6-F 25 ± 3 17 ± 2 

7 A2-H2 H H 2-F 24 ± 3 16 ± 2 
α 87 wt.% pure, β Ki values are calculated using the Cheng-Prusoff 

equation: Ki = IC50/(1+[S]/KM), in which KM = 1.0 mM.36 

The inhibition assay of MIF showed that our initial designed inhibitor (1, A2-H1) is the most 
potent inhibitor of this series. Comparison of 1 with 2 shows that the ortho-fluorine 
enhances the compound potency approximately four times. When the acylhydrazone linker 
is reversed (2 vs. 3), surprisingly there is no difference in potency. On the one side this is 
very beneficial, since it allows to speed-up synthesis if building blocks can be either 
hydrazides or aldehydes. But on the other hand there is the risk that the acylhydrazone 
linker does not engage in interactions with the protein, other than the hydrogen bond 
between the phenol and Asn97, and aryl-aryl interactions in the active site. Though it could 
also be that Lys32 in the active site is so flexible that it does not matter how the 
acylhydrazone is orientated.1 Compound 4, which has a phenol moiety on each side of the  
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Figure 13. IC50 curves of inhibitors 1–4 and 6–7. 
 
molecule, is around two times more potent than 2 and 3. Upon blocking both alcohol 
moieties with a methyl group (5), the compound is no longer active, showing that a phenol 
in the structure is indeed essential. However, ortho-fluorine substitution of 4 (compound 7), 
interestingly does not give an improvement as was observed in the case of 1 and 2. Since 1 
was so far the most potent compound, we wondered if we could improve the potency even 
more by using a second fluorine substituent on the other side of the phenol moiety. 
However, the opposite happened as compound 6 showed to be a factor two less active than 
compound 1, indicating that a mono-fluorinated head-group is preferred. 

Since the acylhydrazones were quite potent, we explored whether the phenol 
moiety alone would be enough to (partially) inhibit MIF. To do so, we tested some starting 
materials (Figure 14). At a concentration of 100 μM, the tested starting materials and 
compound 5 did not show any reduction in MIF activity, while the active acylhydrazones    
1–4 and 6 clearly inhibited MIF. This demonstrates the importance of larger scaffolds, 
despite the small active site of MIF. It also shows that a screening approach of these small 
molecules would have been unsuccessful, though the acylhydrazones are potent.  
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Figure 14. Starting materials S1–5 which were tested against MIF. A) Chemical structures of the tested starting 
materials; B) Residual activity of MIF after incubation with 100 μM of 1–6 and S1–5. Experiment was performed in 
triplicate and standard error is shown. The DMSO lane represents the activity of MIF without addition of inhibitor, 
which was normalized to 100%. The blank lane represents the absorbance of the substrate mixed with a blank 
dilution of DMSO in absence of MIF.  

 
In order to expand our scope, we synthesized several other acylhydrazones starting from 
the fluorophenol aldehyde and determined the IC50 values against MIF (Figure 15). Since 
Dabideen-13 was less potent than expected as shown in Figure 2, we tried to improve the 
compound by using an ortho-fluorine on the phenol (compound 8). This lowered the IC50 
value with a factor four from 79 ± 10 μM to 20 ± 2 μM, which is in the same range as the 
improvement of compound 2. To investigate if a small aliphatic tail would also be accepted, 
compound 9 was tested against MIF. Compound 9 is less potent than 8 and despite the 
ortho-fluorine it has an IC50 value above 50 μM. Based on the previously obtained DCC 
results we synthesized compound 10 (A2-H5), which turned out to be surprisingly potent 
(IC50 = 8.3 ± 0.7 μM) and demonstrates that also a more flexible acylhydrazone scaffold is 
accepted. However, compound 11 clearly showed that this is not the case for every slightly 
more flexible acylhydrazone, as it displays an IC50 value above 50 μM. From ongoing work in 
the group we knew that substituted indoles can also inhibit MIF and we decided to combine 
the indole core of Chapter 2 with a fluorophenol. Compound 12 showed to be moderately 
potent (IC50 = 29 ± 3 μM). 

 
Figure 15A. Expanding the scope of the acylhydrazone inhibitors. 
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Figure 15B. IC50 curves of inhibitors 8–12. 

Having established a small structure–activity relationship (SAR) around compound 1 and 
efforts to broaden the scope, we realized there was little room for improvement. Especially 
when taking into account that the most potent compounds against MIF in literature at the 
moment have Ki values of 0.060 – 0.070 μM and our group recently identified an indole-
based pyrazole with a Ki value of 0.9 μM.21 Given that these compounds are 10 – 100 times 
more potent, we envisioned that it would be difficult to obtain these kind of potencies with 
the acylhydrazone phenols. 
 

5.2.3 Labeling of MIF 
Recently, Van der Zouwen et al. reported an in situ combinatorial approach to synthesize 
and screen chemical probes for selective labeling of protein targets.37 The concept consists 
of aldehydes carrying reactive groups, such as acyl imidazoles, diazotransfer reagents, 
photocrosslinkers and sulfonyl fluorides, which are reacted with hydrazides or oximes 
carrying a ligand to form a chemical probe that is able to modify the target with a tag for a 
fluorophore. In this way MIF can be labeled and selectively visualized. One example of MIF 
labeling has been reported before. Waldmann and co-workers showed that probes based 
on Woodwards’ reagent K could selectively label Pro-1 and, if equipped with a fluorophore, 
image MIF activities in living cells.38 

We hypothesized that hydrazide S5 could potentially be used as directing group to 
bind to MIF’s active site. By combining the hydrazide first with different aldehydes bearing 
protein labeling reagents, chemical probes can be formed that could potentially label MIF 
(Figure 16). Hydrazide S5 was obtained by esterification, followed by hydrazinolysis of 
commercially available 3-fluoro-4-hydroxybenzoic acid. It was tested in the activity assay of 
MIF, but showed no significant inhibition at 100 μM, which is in line with the previously 
obtained results (Figure 14).  
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Figure 16. Schematic representation of the combinatorial approach to synthesize probes that modify the protein 
target with a tag. The tag can subsequently be visualized by reacting it with a fluorophore. By comparing this signal 
with a non-targeted control, specific labeling can be detected. Adapted from Van der Zouwen et al.; Chem. 
Commun. 2019, 55, 2050. 

 
Several reactive aldehydes from previous and ongoing work in our group were selected and 
used for the probe screening (Figure 16). Hydrazide AcH was used as a negative, non-
targeted control. The probe library was prepared by reacting each hydrazide with an 
equimolar amount of each aldehyde overnight. Recently, our group found that transition 
metals, such as copper(II) or zinc(II), are inhibiting MIF with an IC50 value of approximately 
1.0 μM. Therefore, we diluted MIF using PBS buffer (pH 7.4) containing 0.5 mM 
ethylenediaminetetraacetic acid (EDTA) to scavenge trace metals. Besides MIF, ovalbumin 
(OVA, Mw 42.7 kDa) was added as a first control of protein specificity. The labeling 
experiments were performed as previously reported.37 Final concentrations were: 50 μM 
MIF, 25 μM OVA, 20 μM probe and 0.36 mM EDTA. After incubating the protein mixture and 
probe for two hours, the samples were boiled in the presence of 1% sodium dodecyl sulfate 
(SDS) to denature the proteins. Samples containing phenylazide probe B-N3 were irradiated 
with 312 nm UV light for 15 min to afford the photocrosslinking reaction. For visualization, 
the introduced bioorthogonal handle was reacted with a fluorophore (BODIPY-azide, 
BODIPY-alkyne or FITC-hydrazide to perform a click-reaction or an imine exchange), as well 
as Cu(I) or acetic acid (Figure 17A). Samples were subsequently diluted using reducing 
sample buffer and analyzed by in-gel fluorescence (Figure 18). In addition to the probe 
screening, a positive control experiment was performed with avidin (AVI) instead of MIF in 
the presence of probe BioO–B-SF (Figure 17B). AVI has an extraordinary affinity for biotin 
(Ka = 1015 M-1), ensuring binding of the probe to the protein. 
 

 
Figure 17. Schematic overview of the building blocks for the acylhydrazone probes.  
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Figure 18. A) The fluorophores, which were used to perform visualization and; B) control compound BioO, which 
was used as control probe for labeling of avidin (AVI). The BODIPY fluorophores are attached to the protein via a 
click-reaction and FITC-hydrazide can be attached using hydrazone exchange.  

 

 
Figure 19. In-gel fluorescence using BODIPY-azide, BODIPY-alkyne or FITC-hydrazide as read-out. The reactive 
aldehydes and hydrazides are shown in Figure 17. Protein mixes were incubated with the probes formed in situ for 
2 h. CBB: Coomassie Brilliant Blue. The intensity of the fluorescent signals were converted to a heat map for 
enhanced visualization (bottom). Control: MIF was replaced with avidin (AVI) and DMSO with AVI probe               
BioO–B-SF. The DMSO lanes are representative examples of background fluorescence. Gels were washed with 
DMSO to remove residual FITC background signal. To each last lane was added a molecular-weight marker. 

 
Screening of the probes formed in situ showed that the AT and AlKT probes with S5 and 
AcH both label the MIF monomer. Interestingly, the AT probe labels more strongly with the 
fluorophenol-containing S5 than with the AcH control, while for AlKT the reverse seems to 
apply. However, it is clear that the non-targeted combination with AcH can label the MIF 
monomer, something which was not expected. This is potentially caused by binding of the 
aromatic ring structure of the aldehydes in the active site of MIF. On the other hand, it could 
indicate very high reactivity of (an) amino acid residue(s) of MIF. Probe DT, using BODIPY-
alkyne as fluorophore, did not show any enhanced fluorescence compared to the blank. In 
literature, the addition of metal catalysts, such as Cu(II), is often used to speed-up the 
coupling reaction between the protein and DT.39 But due to the presence of EDTA, we did 
not add Cu(II) and it could be that the labeling time was therefore too short. In contrast, 
normally Cu(II) is also added to acyl transfer probe AT,37 but here the labeling worked fine. 
BODIPY-alkyne gives a lot more background with MIF than BODIPY-azide and FITC. Probes 
B-N3, B-SF and B-EP show slightly increased labeling compared to the blank, but labeling is 
very weak and there is no preference visible for the S5- or AcH probes. Probes with B-FS 
and B-F did not show any labeling of MIF or OVA. 
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Having demonstrated that MIF can indeed be labeled using AT and AlKT probes, 
we decided to perform an experiment with different labeling times (Figure 20). Additionally, 
aldehydes AT and AlKT were tested for labeling as control experiments. 
 

 
Figure 20. The influence of labeling time for AT (left) and AlKT (right) probes. The BODIPY-azide fluorophore was 
used for visualization. CBB: Coomassie Brilliant Blue. The intensity of the fluorescent signals are converted to a 
heat map for enhanced visualization (bottom). The DMSO lanes are representative examples of background 
fluorescence. To each last lane was added a molecular weight marker. 

 
We varied the labeling times between 120, 60, 30 and 10 min for the probes, and we 
incubated the control aldehydes with the protein mixture for the maximum labeling time of 
two hours. The experiment with the two hour labeling time showed the same difference in 
selectivity profile for the AT and AlKT probes. Furthermore, probe S5-AT showed the same 
behavior up to a 30 min labeling time. At a labeling time of 10 min, the intensity was similar 
to the background labeling of the aldehyde. Furthermore, the labeling intensity seemed to 
increase from one to two hours, showing that it might not yet be at its maximum intensity 
and selectivity. In contrast to the S5-AT probe, the labeling intensity of the AcH-AlKT probe 
after two hours is comparable to the labeling of the aldehyde. This indicates that it is likely 
that the sulfonate ester part is responsible for labeling. Why AcH-AlKT labels better than 
S5-AlKT is unclear, but it could be that the sulfonate part is more accessible for nucleophilic 
attack in the form of the aldehyde, than if it is coupled to the second aromatic ring as in the 
case of acylhydrazone S5-AlKT. In addition, the electrophilicity might be altered.  

Since improved labeling was observed with S5-AT, but the AcH probes showed 
supposedly non-targeted labeling, we studied the effect of two other AT probes. First of all, 
S6 was synthesized to investigate the role of the hydroxyl moiety (Figure 21). In addition, 
the unrelated biotin-hydrazide (BioH) was used. To determine the influence of the protein 
structure, heat-inactivation in the presence of 1% SDS was performed before incubation 
with S5-AT. Additionally, we performed competition experiments with 100 μM benzyl 
isothiocyanate (BITC), which acts as irreversible inhibitor, and 1 prior to labeling.24,25 Since 
the maximum intensity appeared to be not yet reached after two hours, all the control and 
competition experiments were performed with labeling times of two and 20 h. The in-gel 
fluorescence results are shown in Figures 22 and 23. 
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Figure 21. Hydrazide building blocks S6 and biotin-hydrazide (BioH) for coupling with AT to form control probes 
S6-AT and BioH-AT. 

 
Figure 22. Two hours (left) and overnight (right) labeling using in situ formed AT probes. Additional lanes contain 
labeling experiments in which the protein mixture was boiled with 1% SDS prior to incubation with the probe, 
aldehyde AT and competition experiments using 100 μm benzyl isothiocyanate (BITC) or inhibitor 1 (30 min 
incubation prior to labeling). The BODIPY-azide fluorophore was used for visualization. CBB: Coomassie Brilliant 
Blue. The intensity of the fluorescent signals were converted to a heat map for enhanced visualization (bottom). 
The DMSO lanes are representative examples of background fluorescence. To each last lane was added a 
molecular-weight marker. 

 

 
Figure 23. Bar graph showing the relative intensity normalized on S5-AT after 2 (left part) and 20 h (right part) 
labeling time. ImageJ was used to quantify the fluorescent signal intensity of the MIF monomer shown in Figure 22. 

 
  

Time (h.)

S5
-A

T

S6
-A

T

A
cH

-A
T

B
io

H
-A

T

S5
-A

T 
(a

ft
er

 Δ
)

A
T

B
IT

C
 +

S5
-A

T

1 
+

S5
-A

T

D
M

SO

20 2

S5
-A

T

S5
-A

T

S6
-A

T

A
cH

-A
T

B
io

H
-A

T

S5
-A

T 
(a

ft
er

 Δ
)

A
T

B
IT

C
 +

S5
-A

T

1 
+

S5
-A

T

D
M

SO

2 20

S5
-A

T

75

25

kDa

75

25

kDa

MIF monomer

OVA

CBB
MIF monomer

Heat map
MIF monomer

0%

20%

40%

60%

80%

100%

120%

In
te

n
si

ty
 r

e
la

ti
ve

 t
o

 
ta

rg
e

ti
n

g 
p

ro
b

e
 S

5
-A

T

Time (h): 2 
 

20 
 

2 20 



Inhibition and Labeling of Macrophage Migration Inhibitory Factor (MIF) 

 133 

After 20 h, the labeling intensity of the S5-AT probe was only faintly stronger than after two 
hours. Interestingly, after two hours, S6-AT, in which the hydroxyl moiety was replaced with 
a methoxy, showed a lot less labeling than S5-AT. The labeling is even slightly weaker than 
for aldehydes AT and AcH-AT, confirming a targeting effect of the phenol moiety. However, 
overnight labeling with AcH-AT showed a similar intensity as S5-AT, demonstrating a loss of 
selectivity. BioH-AT shows comparable labeling intensity to S6-AT, indicating that the 
aliphatic tail and/or the biotin moiety has a negative effect on the labeling. To confirm 
whether S6-AT and BioH-AT do bind in the active site, we heat-inactivated the proteins and 
carried out labeling experiments with S5-AT, leading to reduced MIF labeling. This suggests 
that the tertiary protein structure, and therefore an intact active site, is important. The trace 
of MIF labeling could be caused by partial denaturation or by reaction with nucleophilic 
amino acid residues, such as lysine or cysteine (each MIF monomer contains three lysine 
and three cysteine residues).  

The competition experiment with 1 showed the same labeling intensity as in the 
case without competitor. There is also no difference between a labeling time of two and 
twenty hours. This suggests that 1 is not binding strong enough to the active site to prevent 
labeling, or that since the inhibition is reversible, irreversible labeling with the probe 
outcompetes the inhibitor. Since the Ki value of 1 is around 8.0 μM, the latter seems to be 
the case. Competition with BITC reduced the labeling intensity to nearly the same level as 
in the denaturation experiments. Since Lashuel and co-workers showed that BITC covalently 
modifies the catalytic N-terminal proline residue without reacting with one of the lysines or 
cysteines, this indicates that the proline in the active site is involved in the labeling.24 Due 
to the electrophilic character of isothiocyanates, BITC is susceptible to hydrolysis. In 
combination with the relatively low (2-fold) excess and 30 min incubation time this could 
explain why still some labeling is observed. Though, it is still possible that labeling also takes 
place at other amino acid residues, as seen before with the heat-denatured protein. 
Another possibility is that not one, but in fact two amino acid residues are labeled, such as 
Pro-1 and the neighboring lysine residue in the active site (Figure 1). After the proline is 
deactivated using BITC, it might be possible that S5-AT is small enough to label this lysine 
giving ± 40% labeling. This is in line with the observed labeling of BioH-AT. The biotin of the 
probe is too large to fit into the active site of MIF, though approximately 50% of labeling is 
observed. This would be explained if in fact the probe can enter the active site with the 
alkyne side. Probes with modified AT, which is extended between the carbamate and the 
alkyne, could confirm this hypothesis. The remarkable observation that AcH-AT is labeling 
MIF and that labeling increases significantly from two to twenty hours, while the other 
control reactions do not, could indicate that AcH-AT is a weak binder of MIF. 
 

5.4 Conclusions 

DCC experiments with MIF resulted in the amplification of two products: A1-H5 and A2-H5. 
A1-H5 showed to be also highly amplified in the negative control reaction with BSA and was 
not further investigated yet. A2-H5 gave little amplification in the BSA control experiment 
and showed to be an inhibitor of MIF (IC50 = 8.3 ± 0.7 μM). However, another active 
compound A2-H1 (IC50 = 10 ± 0.8 μM) was not amplified in the DCC. During the DCC 
experiments we found that MIF is so stable that it could not be denatured before analysis, 
therefore the libraries were analyzed in the presence of the protein targets. Besides the 
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common RPA, also the effect on the normalized change in peak area was investigated. 
Synthesis of several acylhydrazones showed moderate, but promising potencies, of which 
the best compound has a Ki value of 6.7 ± 0.6 μM. We also showed that the orientation of 
the acylhydrazone linker did not affect the inhibition. The head-group of the best inhibitor, 
the fluorophenol moiety, was subsequently used in labeling experiments. Probes were 
formed by combining the phenol hydrazide with several aldehydes bearing protein-labeling 
reagents. The AT probe showed time-dependent labeling of MIF which was selective over 
ovalbumin. Control experiments using blocking of the hydroxyl moiety, denaturation prior 
to labeling and competition with a known covalent inhibitor showed that it is very likely the 
labeling takes place in the active site of MIF. However, it was also shown that the labeling 
of MIF is suffering from a blank reaction and that the probes show complex labeling 
behavior with MIF. The preliminary experiments described in this chapter are envisioned to 
form the basis for the development of novel MIF inhibitors and probes. 
 

5.5 Experimental section 

5.5.1 Dynamic combinatorial chemistry 
General procedure 
DCL1: 435 mM boric acid buffer, pH 6.5, 5 mM aniline, building blocks A1–2 and H1–4. 
DCL2: 50 mM potassium phosphate buffer, pH 6.5, 5 mM aniline, building blocks A1–2, H1–2 and        
H4–5 
 
Stock solutions of building blocks (0.100 M) and aniline (0.250 M) were prepared in DMSO. The MIF 
protein (0.54 mM) and BSA were diluted/dissolved using buffer to obtain a concentration of 0.1 mM. 
The reaction mixture was prepared beforehand by adding DMSO (86.4 μL) to buffer (1620 μL), after 
which each building block (3.6 μL) and aniline stock solution (72 μL) were added. To 2 mL Eppendorf 
vials was added buffer (350 μL) as blank or protein stock solution (0.1 mM, MIF or BSA). To each 2 mL 
Eppendorf vial was then added reaction mixture (350 μL), and the samples were rotated at 11 RPM 
for several days.  
 
Continuation DCL1: 
Samples were mixed and shortly centrifugated. Then, four times 50 μL of each sample was transferred 
to separate Eppendorf vials, which were treated in a different way. To vials 1 and 2, was added water 
(7.5 μL), to vial 3, was added water (2.5 μL) and NaOH (1 M, 5 μL) and to vial 4, was added NaOH (2 M, 
7.5 μL). Vials 1 were heated to 100 °C for 5 minutes and the other vials were incubated at r.t. for 15-
20 min. To all treated samples was added ACN (57.5 μL). 
 
Continuation DCL2: 
After 1, 2, 3, 4, 7 and 10 days, 50 μL aliquots were taken and the pH was adjusted using 1.626 μL of 
1 M NaOH. Then, methanol (51.6 μL) was added, and the reaction mixtures were analyzed by HPLC. 
 
pH adjustment 
To 6 mL boric acid buffer (0.435 mM, containing 5% DMSO) in a 15 mL Falcon tube was added aq. 
NaOH (4 M) in steps of 100 μL. After each addition, the pH was measured. The experiment was 
repeated using larger steps with and without the presence of 5 mM aniline in the boric acid buffer. In 
the case of potassium phosphate buffer (50 mM, 5% DMSO), the previous procedure was repeated 
using aq. NaOH (1 M) in steps of 10 – 100 μL. 
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HPLC analysis 
Reversed phase HPLC: Shimadzu LC-20AD with SPD-M20D, Kinetic EVO C18 column (5 μm, 100 Å, 250 
x 4.6 mm), 5 or 10 μL injection and 40 °C column temperature. Elution pattern of the optimized run: 
0.1% formic acid in acetonitrile/water gradient, flow rate 1.0 ml/min, run was started at 5% ACN and 
kept constant for 5 min, 5% –> 60% ACN over 8 min, 60% –> 90% over 3 min, constant at 90% for 
2 min, 90% –> 5% over 2 min and ended with 10 min equilibration at 5% ACN. 
 
Retention times of all library members 
In order to find the retention times of all the building blocks and the products, the hydrazides and 
both aldehydes were added together and heated overnight. To a 2 mL Eppendorf vial was added 
DMSO (432 μL), each hydrazide (0.667 mM of each, 3 μL) and 3 μL of each aldehyde (0.667 mM of each, 
3 μL). The reaction mixture was then heated to 50 °C for 15 h. 
In a separate experiment of DMSO (292 μL), aldehyde (100 mM, 3 μL) and hydrazide (100 mM, 4.5 μL, 
1.5 eq.) were added to a 500 μL Eppendorf vial and heated to 50 °C for 15 h. Beforehand, 25 μL of 
reaction mixture was diluted with water (475 μL) and analyzed by HPLC. Simultaneously, 25 μL of 
reaction mixture was taken and incubated at r.t. for 15 h, after which of water (475 μL) was added 
and the sample was analyzed by HPLC. 

 

5.5.2 Activity of MIF 
Inhibition of the tautomerase activity of MIF was measured using the 4-hydroxyphenyl pyruvic acid 
(4-HPP) assay as reported before.28 In addition, EDTA was added to obtain a final EDTA concentration 
of 0.5 mM. 

A stock solution was prepared by dissolution of 4-HPP in ammonium acetate buffer (50 mM) 
that was titrated to pH 6.0 using NaOH/HCl (1 M). 4-HPP was dissolved to provide a concentration of 
10 mM and this solution was incubated overnight at room temperature to allow equilibration of the 
keto and enol forms. Subsequently this 4-HPP stock solution was stored at 4 °C. The MIF stock solution 
(135 µM, 80 μL) was diluted into 12 mL using boric acid buffer (435 mM, pH 6.2). The enzyme activity 
assay was performed by premixing MIF (0.90 μM, 170 μL), aq. EDTA (20 mM, 10 μL) and DMSO or 
inhibitor in DMSO (20 μL). After 15 min pre-incubation, 4-HPP (1 mM, 50 μL) in ammonium acetate 
buffer (50 mM pH 6.0) was mixed with MIF pre-incubation mixture (50 μL). MIF activity was monitored 
by UV absorbance at 305 nm for formation of the borate−enol complex using an BioTek Synergy H1 
Hybrid plate reader for 10 minutes. The inhibitors were dissolved in DMSO and diluted to 1 mM. Then, 
inhibitor stock solution (1 mM, 20 μL) was added to the enzyme activity assay to provide a final 
concentration of 50 μM in the screening. IC50 values were measured using stepwise dilution in DMSO 
and subsequently the MIF tautomerase activity was measured using the same protocol. The DMSO 
concentration in all assays was kept constant at 5%, which did not influence the tautomerase activity. 
MIF tautomerase activity in presence of blank DMSO was set 100% enzyme activity. In the negative 
control, the enzyme was excluded to monitor non-catalyzed conversion of the substrate. All 
experiments were performed in triplicate, and the average triplicate values and their standard errors 
are plotted. Data analysis was performed using Microsoft Excel Professional 2010 and Graphpad Prism 
5. 

 

5.5.3 Labeling of MIF 
General details 
Labeling experiments on MIF and OVA were resolved on 12% TRIS-tricine type SDS-PAGE gel according 
to standard literature procedures. Gels were prepared using acrylamide-bis ready-to-use solution 40% 
(37.5:1) (Bio-Rad) and separated on a Mini-PROTEAN Tetra cell (Bio-Rad). In-gel fluorescence scanning 
of the SDS-PAGE gels was performed on a Typhoon FLA 9500 (GE Healthcare) using the Cy2-settings 
for BODIPY (laser excitation at 473 nm and 530DF20 filter) and the FITC-settings for FITC (laser 
excitation at 473 nm and LPB 510LP filter). All probes and fluorophores were available from previously 
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reported or ongoing studies.37 Acylhydrazone probes were formed overnight by addition of hydrazide 
(1 μL, 50 mM) to aldehyde (1 μL, 50 mM) in DMSO, after 18 h, the probes were diluted with DMSO to 
afford 2.0 and 0.2 mM stock solutions. The di-sodium salt of EDTA (9.1 mg, 0.024 mmol) was dissolved 
in standard 1X PBS pH 7.4 (48.8 mL) to give a concentration of 0.50 mM. Total protein content was 
visualized by Coomassie Brilliant Blue staining. Before running the gel, a molecular-weight marker 
(1 μL, 1/20) was added to the last lane. 

 
Probe screening 
MIF (50 μL, 0.54 mM) was diluted with PBS buffer (47 μL, pH 7.4, 0.5 mM EDTA) to obtain a 278 μM 
stock solution. The “protein mix” was prepared by adding MIF (60 μL, 278 μM), OVA (30 μL, 278 μM 
in PBS buffer pH 8.0) and PBS buffer (210 μL, pH 7.4, 0.5 mM EDTA) to a 1.5 mL Eppendorf vial. To 
500 μL Eppendorf vials was then added protein mix (9.0 μL) and probe (0.20 mM in DMSO, 1.0 μL) or 
DMSO (as control). To another Eppendorf vial was added a protein mix (9.0 μL) consisting of AVI 
(50 μM) and OVA (25 μM) and BioO+B-SF (1.0 μL, 0.20 mM, as positive control for labeling of AVI). The 
mixtures were incubated at 24 °C for 2 h, after which an aq. solution of SDS (20%, 0.5 μL) was added, 
and the mixtures were heated to 100 °C for 15 min. Samples containing azide probe B-N3 were 
irradiated with 312 nm UV light for 15 min before addition of SDS. The samples were stored at –20 °C 
for 15 h. The next day, reactive fluorophores (BODIPY-azide, BODIPY-alkyne or FITC) were added for 
visualization. The click mixes were made by combining BODIPY-azide or Bodipy-alkyne (8 μL, 5 mM in 
DMSO), DMSO (24 μL), CuSO4THPTA (10 μL, 20 mM in water), water (10 μL) and freshly prepared 
sodium ascorbate (10 μL, 20 mM in water). To the two alkyne-containing protein mixtures, BODIPY-
azide click mix (5 μL) was added. The BODIPY-alkyne click mix (5 μL) was added to the sulfonyl azide. 
FITC-hydrazide (1 μL, 600 μM in DMSO) and acetic acid (1 μL, 500 mM) were added to the boron-
containing probes. All Eppendorf vials were incubated at r.t. for 2 h. Then, to each reaction mixture 
was added one volume equivalent 2X sample buffer (15.5 μL to the BODIPY mixtures; 12.5 μL to the 
FITC mixtures), whereupon the mixtures were incubated at 100 °C for 15 min The samples were then 
stored at –20 °C for 20 h, incubated at 100 °C for 5 min, loaded on gel (15.5 μL for BODIPY- and 12.5 μL 
for FITC mixtures) and analyzed as described in the general experimental protocol. To remove the FITC 
background, gels were washed with DMSO for 1 h, re-equilibrated with water for 1 h and analyzed 
again. 

 
Table 2 Concentrations (μM) of proteins and additives during different stages of the labeling process 

 
MIF OVA Probe EDTA Fluorophore 

CuSO4 

THPTA 
Sodium 

ascorbate 
Acetic 
acid 

SDS 
(%) 

DMSO 
(%) 

During 
labeling 

50 25 20 358 - - - - - 10 

After click 
mix 

32 16 13 231 208 1041 1041 - 0.65 23 

After FITC 40 20 16 287 48 - - 40 0.80 23 

 
Time dependence and aldehyde control 
Experiments were performed as show above in the paragraph “Probe screening” with the AT and AlKT 
probes. As control, the aldehydes were dissolved to obtain the same concentration as the probes. The 
protein mixtures were incubated with the probe for 10, 30, 60 and 120 min The aldehyde and DMSO 
control were incubated for 120 min. 

 
Control reactions and competition experiments 
The AT probes and aldehyde AT were diluted with DMSO to a concentration of 0.4 mM. Competitors 
benzyl isothioxyanate (BITC) and inhibitor 1 were dissolved in DMSO to afford a concentration of 
2 mM. Eppendorf vials with 9 μL protein mixture were prepared as shown in paragraph “Probe 
screening”. To all vials, was added DMSO (0.5 μL) or competitor (0.5 μL, 2 mM) and the reaction 
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mixtures were incubated for 30 min. To selected vials, was added an aq. solution of SDS (20%, 0.5 μL), 
followed by incubation at 100 °C for 15 min. Then, to all vials was added probe (0.5 μL, 0.4 mM), 
aldehyde AT (0.5 μL, 0.4 mM) or DMSO (0.5 μL). Labeling with standard S5-AT was performed in 
duplicate. The total labeling time was 2 or 20 h, after which an aq. solution of SDS (20%, 0.5 μL) was 
added (except to previously denatured samples). All samples were then incubated at 100 °C for 
15 min, allowed to cool down to 24 °C and stored in the freezer before further use. Samples were 
removed from the freezer, incubated at 100 °C for 5 min, and the click reaction and visualization was 
performed as previously described. 

 

5.5.3 Synthesis 

General methods 
For general experimental conditions, see Chapter 2 section 2.4.1 and Chapter 3 section 3.4.3.1. H3 
and H4 were synthesized via a literature procedure.40,41 A1, A2, S1, S3, and AcH were obtained from 
commercial suppliers.  
 

Esters 
Methyl 3-fluoro-4-hydroxybenzoate (S2) 

To a solution of 3-fluoro-4-hydroxybenzoic acid (248 mg, 1.59 mmol) in MeOH 
(2.5 mL), was added conc. H2SO4 (0.10 mL, 1.9 mmol). The reaction mixture was 
stirred at reflux for 20 h. After cooling down to r.t., the mixture was diluted with 
Et2O (10 mL) and washed with saturated aq. solution of NaHCO3 (20 mL) and 

saturated aq. solution of NaCl (20 mL). The organic layer was dried over MgSO4, filtered, and 
evaporated to dryness under reduced pressure to afford the product as white solid (206 mg, 
1.21 mmol, 76% yield). 1H-NMR (400 MHz, DMSO-d6) δ 10.86 (br. s, 1H), 7.73 – 7.50 (m, 2H), 7.09 – 
7.01 (m, 1H), 3.80 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 165.2 (d, J = 2.7 Hz, C), 150.4 (d, 
J = 242.2 Hz, CF), 149.9 (d, J = 12.0 Hz, C), 126.7 (d, J = 3.0 Hz, CH), 120.7 (d, J = 6.1 Hz, C), 117.6 (d, 
J = 3.2 Hz, CH), 116.9 (d, J = 19.6 Hz, CH), 52.0 (CH3). 19F-NMR (376 MHz, DMSO-d6) δ –137.26 (dd, 
J = 11.7, 8.8 Hz). 
 
Methyl 3-fluoro-4-methoxybenzoate (S4) 

Under an inert N2 atmosphere, fluoro 4-hydroxy benzoic acid (251 mg, 
1.61 mmol) was dissolved in anhydrous DMF (6 mL), after which dry K2CO3 
(552 mg, 3.99 mmol, 2.5 eq.) was added. The white suspension was stirred for 
30 min at r.t., and subsequently MeI (1.0 mL, 16 mmol, 10 eq.) was added, and 

the reaction was followed by TLC (Pentane/EtOAc: 8/2, Rf: 0.69). After 4 h the reaction mixture was 
diluted with EtOAc (20 mL), washed with water (3x30 mL) and saturated aq. solution of NaCl (30 mL), 
dried over MgSO4 and evaporated to dryness under reduced pressure. The product was isolated as 
white, crystalline solid (252 mg, 1.37 mmol, 85% yield). 
1H-NMR (400 MHz, DMSO-d6) δ 7.81 – 7.75 (m, 1H), 7.73 – 7.65 (m, 1H), 7.29 (t, J = 8.6 Hz, 1H), 3.92 
(s, 3H), 3.83 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 165.1 (d, J = 2.7 Hz, C), 151.3 (d, J = 10.3 Hz, C), 
150.9 (d, J = 245.3 Hz, CF), 126.7 (d, J = 3.4 Hz, CH), 116.3 (d, J = 19.4 Hz, CH), 113.5 (d, J = 2.0 Hz, CH), 
56.3 (CH3), 52.1 (CH3). 19F-NMR (376 MHz, DMSO-d6) δ –136.13 (dd, J = 11.9, 8.5 Hz). 
 

Hydrazides 
4-Methoxybenzohydrazide (H1) 

This compound was synthesized according to the same procedure as for H2. 
The product was isolated as a white solid (4.44 g, 26.7 mmol, 89% yield). 
Spectroscopic data are in agreement with literature.42  
 



Chapter 5 

 138 

4-Hydroxybenzohydrazide (H2) 

This compound was synthesized according to an adapted literature 
procedure.43 The crude product was washed with water before washing with 
pentane, to afford H2 as a white solid (4.54 g, 29.8 mmol, 91% yield). 
Spectroscopic data are in agreement with literature. 

 
3-Fluoro-4-hydroxybenzohydrazide (S5) 

To a solution of methyl 3-fluoro-4-hydroxybenzoate (187 mg, 1.10 mmol) in 
MeOH (3 mL), was added hydrazine hydrate (50–60 wt%, 1.6 mL, 15–18 eq.), 
and the reaction mixture was heated to reflux for 32 h. The solvent was 
removed under reduced pressure, and the crude product was purified by 

washing with water (2x3 mL). Remaining water in the solid was removed by lyophilization, after which 

the product was isolated as white solid (78 mg, 0.46 mmol, 42% yield). M.p.: 254–257 C. 1H-NMR 
(400 MHz, DMSO-d6) δ 10.41 (br. s, 1H), 9.59 (s, 1H), 7.60 (dt, J = 12.4, 1.7 Hz, 1H), 7.53 (d, J = 8.4 Hz, 
1H), 7.04 – 6.87 (m, 1H), 4.41 (s, 2H). 13C-NMR (101 MHz, DMSO-d6) δ 164.7 (d, J = 2.1 Hz, C), 150.4 (d, 
J = 241.1 Hz, CF), 147.7 (d, J = 12.2 Hz, C), 124.5 (d, J = 5.3 Hz, C), 123.9 (d, J = 3.1 Hz, CH), 117.2 (d, 
J = 3.1 Hz, CH), 114.9 (d, J = 19.7 Hz, CH). 19F-NMR (376 MHz, DMSO-d6) δ –137.74 (dd, J = 12.3, 
8.8 Hz). HRMS (ESI+) calculated for C7H8FN2O2 [M + H]+: 171.0564, found 171.0561. 
 
3-Fluoro-4-methoxybenzohydrazide (S6) 

To a solution of methyl 3-fluoro-4-methoxybenzoate (236 mg, 1.28 mmol) in 
MeOH (3 mL), was added hydrazine hydrate (50–60 wt%, 0.6 mL, 5 eq.), and 
the reaction mixture was heated to reflux for 16 h. The solvent was removed 
under reduced pressure, and the crude product was purified by 

recrystallization from MeOH (8.6 mL). The product was isolated as white crystals (227 mg, 1.23 mmol, 

96% yield). M.p.: 188–189 C.  1H-NMR (400 MHz, DMSO-d6) δ 9.70 (br. s, 1H), 7.73 – 7.55 (m, 2H), 
7.34 – 7.03 (m, 1H), 4.45 (br. s, 2H), 3.88 (s, 4H). 13C-NMR (101 MHz, DMSO-d6) δ 164.4 (d, J = 2.2 Hz, 
C), 150.8 (d, J = 244.1 Hz, CF), 149.4 (d, J = 10.4 Hz, C), 125.8 (d, J = 5.6 Hz, C), 124.0 (d, J = 3.4 Hz, CH), 
114.4 (d, J = 19.4 Hz, CH), 113.3 (d, J = 2.0 Hz, CH), 56.1 (CH3). 19F-NMR (376 MHz, DMSO-d6) δ –136.67 
(dd, J = 12.5, 8.7 Hz). HRMS (ESI+) calculated for C8H10FN2O2 [M + H]+: 185.0721, found 185.0720. 
 

Acylhydrazones 
General procedure for acylhydrazone formation (GP-A) 
To a solution of aldehyde in MeOH (0.10 – 0.15 M), the corresponding hydrazide was added, and the 
reaction mixture was heated until reflux for 16 – 18 h. The reaction mixture was allowed to cool down 
to r.t., after which the crude product was purified using washing (in the case of precipitate) or column 
chromatography. 
 
(E)-N'-(3-Fluoro-4-hydroxybenzylidene)-4-methoxybenzohydrazide (1) 

This compound was synthesized according to GP-A, starting from 
4-methoxybenzohydrazide (254 mg, 1.53 mmol, 1.0 eq.) and 
3-fluoro-4-hydroxybenzaldehyde (236 mg, 1.68 mmol, 1.1 eq.). 
After overnight heating, no precipitation was observed from the 
yellow reaction mixture. Therefore, the solvent was evaporated to 

dryness under reduced pressure and the product was purified using column chromatography 
(DCM/MeOH 9.5:0.5 –> 9:1). The product was isolated as yellow, crystalline solid (419 mg, 1.45 mmol, 

95% yield). qHNMR purity: 96 wt.%. M.p.: 229–232 C.  1H-NMR (600 MHz, DMSO-d6) δ 11.63 (s, 1H), 
10.37 (br. s, 1H), 8.34 (s, 1H), 7.91 (d, J = 8.9 Hz, 2H), 7.49 (d, J = 12.0 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 
7.06 (d, J = 8.9 Hz, 2H), 7.03 (t, J = 8.6 Hz, 1H), 3.84 (s, 3H). 13C-NMR (151 MHz, DMSO-d6) δ 162.4 (C), 
161.9 (C), 151.2 (d, J = 241.8 Hz, CF), 146.8 (d, J = 11.9 Hz, C), 146.3 (CH), 129.4 (2xCH), 126.3 (d, 
J = 6.1 Hz, C), 125.5 (C), 124.2 (CH), 117.9 (d, J = 3.2 Hz, CH), 113.9 (d, J = 18.9 Hz, CH), 113.7 (2xCH), 
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55.4 (CH3). 19F-NMR (565 MHz, DMSO-d6) δ –137.37 (t, J = 10.5 Hz). HRMS (ESI+) calculated for 
C15H14FN2O3 [M + H]+: 289.098, found 289.098. 
 
Tert-butyl (E)-2-(4-hydroxybenzylidene)hydrazine-1-carboxylate (Dabideen-13) 

This compound was synthesized according to GP-A, starting from 
tert-butyl carbazate (145 mg, 1.10 mmol, 1.0 eq.) and 
4-hydroxybenzaldehyde (147 mg, 1.20 mmol, 1.1 eq.). After overnight 
heating, no precipitation was observed from the colorless reaction 

mixture. Therefore, the solvent was evaporated to dryness under reduced pressure and the product 
was purified using column chromatography (DCM/MeOH 9.8:0.2). The product was isolated as white 

solid (215 mg, 0.910 mmol, 83% yield). M.p.: >172 C (decomposition). 1H-NMR (600 MHz, DMSO-d6) 
δ 10.66 (br. s, 1H), 9.79 (br. s, 1H), 7.88 (s, 1H), 7.41 (d, J = 8.6 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 1.45 (s, 
9H). 13C-NMR (151 MHz, DMSO-d6) δ 158.8 (C), 152.4 (C=O, weak), 143.5 (N=CH weak), 128.1 (2xCH), 
125.6 (C), 115.6 (2xCH), 79.1 (C) 28.1 (3xCH3). HRMS (ESI+) calculated for C12H16N2O3Na [M + Na]+ 
259.105, found 259.105. 
 
 
(E)-N'-(4-Hydroxybenzylidene)-4-methoxybenzohydrazide (2) 

This compound was synthesized according to GP-A, starting from 
4-methoxybenzohydrazide (299 mg, 1.80 mmol, 1.2 eq.) and 
4-hydroxybenzaldehyde (184 mg, 1.50 mmol, 1.0 eq.). After 
overnight heating, a clear white precipitate was observed. The 
reaction mixture was filtered, washed with MeOH and dried in 

vacuo. The product was obtained as white solid (324 mg, 1.20 mmol, 80% yield). M.p.: 276–279 C.  
1H-NMR (600 MHz, DMSO-d6) δ 11.51 (s, 1H), 9.89 (s, 1H), 8.34 (s, 1H), 7.90 (d, J = 8.9 Hz, 2H), 7.55 (d, 
J = 8.1 Hz, 2H), 7.05 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.2 Hz, 2H), 3.83 (s, 3H). 13C-NMR (151 MHz, DMSO-
d6) δ 162.3 (C), 161.9 (C), 159.3 (C), 147.5 (CH), 129.4 (2xCH), 128.7 (2xCH), 125.7 (C), 125.4 (C), 115.7 
(2xCH), 113.7 (2xCH), 55.4 (CH3). HRMS (ESI+) calculated for C15H15N2O3 [M + H]+: 271.108, found 
271.108. 
 
(E)-4-Hydroxy-N'-(4-methoxybenzylidene)benzohydrazide (3) 

This compound was synthesized according to GP-A, starting from 
4-hydroxybenzohydrazide (275 mg, 1.81 mmol, 1.2 eq.) and 
4-methoxybenzaldehyde (206 mg, 1.51 mmol, 1.0 eq.). After 
overnight heating, no precipitation was observed from the colorless 
reaction mixture. Therefore, the solvent was evaporated to dryness 

under reduced pressure, and the product was purified using column chromatography (DCM/MeOH 
9.5:0.5). The product was isolated as white, crystalline solid (298 mg, 1.10 mmol, 73% yield). M.p.: 

217–219 C.  1H-NMR (600 MHz, DMSO-d6) δ 11.49 (s, 1H), 10.08 (s, 1H), 8.37 (s, 1H), 7.79 (d, J = 8.7 Hz, 
2H), 7.65 (d, J = 8.3 Hz, 2H), 7.01 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.7 Hz, 1H), 3.80 (s, 3H). 13C-NMR (151 
MHz, DMSO-d6) δ 162.6 (C), 160.7 (C), 160.6 (C), 146.7 (CH), 129.5 (2xCH), 128.5 (2xCH), 127.1 (C), 
124.0 (C), 115.0 (2xCH), 114.3 (2xCH), 55.3 (CH3). HRMS (ESI+) calculated for C15H15N2O3 [M + H]+: 
271.108, found 271.108. 
 
(E)-4-Hydroxy-N'-(4-hydroxybenzylidene)benzohydrazide (4) 

This compound was synthesized according to GP-A, starting from 
4-hydroxybenzohydrazide (299 mg, 1.97 mmol, 1.0 eq.) and 
4-hydroxybenzaldehyde (265 mg, 2.17 mmol, 1.10 eq.). After 
overnight heating, a clear white precipitate was observed. The 
reaction mixture was filtered, washed with MeOH and dried in 

vacuo. The product was obtained as white solid (478 mg, 1.87 mmol, 95% yield). Analysis by qHNMR 
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spectroscopy showed that the purity of the product was 87 wt.%, due to the presence of an equimolar 

amount of MeOH (11 wt.%), which could not be removed by prolonged drying. M.p.: 257–258 C.  1H-
NMR (600 MHz, DMSO-d6) δ 11.41 (s, 1H), 10.01 (br. s, 1H), 9.91 (br. s, 1H), 8.32 (s, 1H), 7.78 (d, 
J = 8.7 Hz, 2H), 7.54 (d, J = 8.1 Hz, 2H), 6.87 – 6.81 (m, 4H). 13C-NMR (151 MHz, DMSO-d6) δ 162.5 (C), 
160.5 (C), 159.2 (C), 147.2 (CH), 129.5 (2xCH), 128.7 (2xCH), 125.5 (C), 124.1 (C), 115.7 (2xCH), 115.0 
(2xCH). HRMS (ESI+) calculated for C14H13N2O3 [M + H]+: 257.092, found 257.092. 
 
(E)-4-Methoxy-N'-(4-methoxybenzylidene)benzohydrazide (5) 

This compound was synthesized according to GP-A, starting from 
4-methoxybenzohydrazide (300 mg, 1.81 mmol, 1.21 eq.) and 
4-methoxybenzaldehyde (204 mg, 1.50 mmol, 1.0 eq.). After 
overnight heating, a clear white precipitate was observed. The 
reaction mixture was filtered, washed with MeOH and dried in 

vacuo. The product was obtained as white solid (268 mg, 0.943 mmol, 63% yield). M.p.: 174–175 C.  
1H-NMR (600 MHz, DMSO-d6) δ 11.58 (s, 1H), 8.39 (s, 1H), 7.90 (d, J = 8.8 Hz, 2H), 7.66 (d, J = 8.4 Hz, 
2H), 7.05 (d, J = 8.8 Hz, 2H), 7.02 (d, J = 8.4 Hz, 2H), 3.83 (s, 3H), 3.81 (s, 3H). 13C-NMR (151 MHz, 
DMSO-d6) δ 162.3 (C), 161.9 (C), 160.7 (C), 147.1 (CH), 129.4 (2xCH), 128.6 (2xCH), 127.0 (C), 125.6 
(C), 114.3 (2xCH), 113.7 (2xCH), 55.4 (CH3), 55.3 (CH3). HRMS (ESI+) calculated for C16H17N2O3 [M + H]+: 
285.123, found 285.123. 
 
(E)-N'-(3,5-Difluoro-4-hydroxybenzylidene)-4-methoxybenzohydrazide (6) 

This compound was synthesized according to GP-A, starting from 
4-methoxybenzohydrazide (126 mg, 0.759 mmol, 1.0 eq.) and 
3,5-difluoro-4-hydroxybenzaldehyde (131 mg, 0.828 mmol, 
1.09 eq.). After overnight heating, a clear white precipitate was 
observed. The reaction mixture was filtered, washed with MeOH 

and dried in vacuo. The product was obtained as white solid (142 mg, 0.464 mmol, 61% yield). M.p.: 

245–247 C.  1H-NMR (600 MHz, DMSO-d6) δ 11.75 (s, 1H), 10.69 (s, 1H), 8.32 (s, 1H), 7.90 (d, J = 8.6 Hz, 
2H), 7.39 (d, J = 7.6 Hz, 2H), 7.05 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H). 13C-NMR (151 MHz, DMSO-d6) δ 162.5 
(C), 162.0 (C), 152.4 (dd, J = 242.3, 7.3 Hz, 2xCF), 145.2 (CH), 135.4 (t, J = 15.9 Hz, COH), 129.5 (CH), 
125.5 – 125.1 (m, 2xC), 113.7 (2xCH), 110.2 (dd, J = 17.1, 5.7 Hz, 2xCH), 55.4 (CH3). 19F-NMR (565 MHz, 
DMSO-d6) δ –133.26 (d, J = 7.5 Hz). HRMS (ESI+) calculated for C15H13F2N2O3 [M + H]+: 307.089, found 
307.089. 
 
(E)-N'-(3-Fluoro-4-hydroxybenzylidene)-4-hydroxybenzohydrazide (7) 

This compound was synthesized according to GP-A, starting from 
4-hydroxybenzohydrazide (199 mg, 1.31 mmol, 1.0 eq.) and 
3-fluoro-4-hydroxybenzaldehyde (201 mg, 1.43 mmol, 1.09 eq.). 
After overnight heating, a clear white precipitate was observed. The 
reaction mixture was filtered, washed with MeOH and dried in 

vacuo. The product was obtained as white solid (339 mg, 1.24 mmol, 95% yield). M.p.: 265–267 C.  
1H-NMR (600 MHz, DMSO-d6) δ 11.53 (s, 1H), 10.32 (br. s, 1H), 10.08 (br. s, 1H), 8.31 (s, 1H), 7.79 (d, 
J = 8.7 Hz, 2H), 7.47 (d, J = 11.9 Hz, 1H), 7.34 (d, J = 8.4 Hz, 1H), 7.01 (t, J = 8.6 Hz, 1H), 6.85 (d, 
J = 8.7 Hz, 2H). 13C-NMR (151 MHz, DMSO-d6) δ 162.6 (C), 160.6 (C), 151.2 (d, J = 241.6 Hz, CF), 146.7 
(d, J = 12.8 Hz, C), 146.0 (CH), 129.6 (2xCH), 126.4 (d, J = 6.3 Hz, C), 124.2 (CH), 124.0 (C), 117.9 (d, 
J = 3.2 Hz, CH), 115.0 (2xCH), 113.9 (d, J = 19.1 Hz, CH). 19F-NMR (565 MHz, DMSO-d6) δ –137.39 (t, 
J = 10.5 Hz). HRMS (ESI+) calculated for C14H12FN2O3 [M + H]+: 275.083, found 275.083. 
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Tert-butyl (E)-2-(3-fluoro-4-hydroxybenzylidene)hydrazine-1-carboxylate (8) 
This compound was synthesized according to GP-A, starting from 
tert-butyl carbazate (170 mg, 1.29 mmol, 1.0 eq.) and 3-fluoro-4-
hydroxybenzaldehyde (195 mg, 1.39 mmol, 1.08 eq.). After overnight 
heating, no precipitation was observed from the colorless reaction 

mixture. Therefore, the solvent was evaporated to dryness under reduced pressure and the product 
was purified using column chromatography (DCM/MeOH 9.8:0.2). The product was isolated as a pale 

yellow solid (316 mg, 1.24 mmol, 97% yield). M.p.: >167 C (decomposition).  1H-NMR (600 MHz, 
DMSO-d6) δ 10.79 (br. s, 1H), 10.27 (br. s, 1H), 7.87 (s, 1H), 7.35 (dd, J = 12.2, 2.0 Hz, 1H), 7.21 (dd, J = 
8.4, 2.0 Hz, 1H), 6.96 (t, J = 8.7 Hz, 1H), 1.45 (s, 9H). 13C-NMR (151 MHz, DMSO-d6) δ 152.8 (C, weak), 
151.1 (d, J = 241.2 Hz, CF), 146.3 (d, J = 12.3 Hz, C), 142.5 (N=CH, weak), 126.5 (d, J = 6.3 Hz, C), 123.6 
(d, J = 2.7 Hz, CH), 117.8 (d, J = 3.2 Hz, CH), 113.4 (d, J = 19.2 Hz, CH), 79.3 (C), 28.1 (3xCH3). 19F-NMR 
(376 MHz, DMSO-d6) δ –137.55 (dd, J = 12.2, 9.0 Hz). HRMS (ESI+) calculated for C12H15FN2O3Na 
[M + Na]+: 277.096, found 277.096. 
 
(E)-N'-(3-Fluoro-4-hydroxybenzylidene)pentanehydrazide (9) 

This compound was synthesized according to GP-A, starting from 
pentanehydrazide (189 mg, 1.63 mmol, 1.10 eq.) and 3-fluoro-4-
hydroxybenzaldehyde (208 mg, 1.48 mmol, 1.0 eq.). After overnight 
heating, the pale yellow reaction mixture was evaporated to dryness 

under reduced pressure and the product was purified using column chromatography (DCM/MeOH 
9.5:0.5). The product was isolated as a mixture of Esyn and Eanti conformers (57:43) as white solid 

(314 mg, 1.32 mmol, 89% yield). M.p.: 160–161 C.  1H-NMR (600 MHz, DMSO-d6) δ 11.21 (s, 1H), 
11.09 (s, 1H), 10.31 (br. s, 2H), 8.04 (s, 1H), 7.85 (s, 1H), 7.42 (2dd overlap, J = 12.2, 2.0 Hz, 2H), 7.30 
(dd, J = 8.3, 2.0 Hz, 1H), 7.26 (dd, J = 8.4, 2.0 Hz, 1H), 6.98 (td, J = 8.6, 3.5 Hz, 2H), 2.59 (t, J = 7.5 Hz, 
2H), 2.17 (t, J = 7.5 Hz, 2H), 1.54 (h, J = 7.3 Hz, 4H), 1.38 – 1.26 (m, 4H), 0.94 – 0.84 (m, 6H). 13C-NMR 
(151 MHz, DMSO-d6) δ 174.2 (C), 168.5 (C), 151.2 (d, J = 241.5 Hz, CF), 151.1 (d, J = 241.5 Hz, CF), 146.7 
(d, J = 12.3 Hz, C), 146.5 (d, J = 12.4 Hz, C), 144.9 (d, J = 2.6 Hz, CH), 141.5 (d, J = 2.6 Hz, CH), 126.24 (d, 
J = 6.5 Hz, C), 126.23 (d, J = 6.3 Hz, C), 124.1 (d, J = 2.8 Hz, CH), 123.9 (d, J = 2.8 Hz, CH), 117.9 (m, 
2xCH), 113.9 (d, J = 19.2 Hz, CH), 113.5 (d, J = 19.3 Hz, CH), 33.9 (CH2), 31.5 (CH2), 27.2 (CH2), 26.5 
(CH2), 21.9 (CH2), 21.8 (CH2), 13.8 (CH3), 13.7 (CH3). 19F-NMR (376 MHz, DMSO-d6) δ –137.35 (dd, 
J = 12.2, 9.0 Hz), –137.49 (dd, J = 12.2, 9.0 Hz). HRMS (ESI+) calculated for C12H16FN2O2 [M + H]+: 
239.1190, found 239.1190. 
 
(E)-2-(4-Chlorophenoxy)-N'-(3-fluoro-4-hydroxybenzylidene)acetohydrazide (10) 

This compound was synthesized according to GP-A, starting 
from 2-(4-chlorophenoxy)acetohydrazide (101 mg, 
0.505 mmol, 1.0 eq.) and 3-fluoro-4-hydroxybenzaldehyde 
(78.0 mg, 0.557 mmol, 1.10 eq.). After overnight heating, the 

white suspension was filtered. The crude was washed with MeOH and dried in vacuo. The product 
was isolated as a mixture of Esyn and Eanti conformers (65:35) as off-white solid (54.5 mg, 0.169 mmol, 

33% yield). M.p.: 203–205 C.  1H-NMR (600 MHz, DMSO-d6) δ 11.51 (s, 1H), 11.48 (s, 1H), 10.37 (s, 
2H), 8.21 (s, 1H), 7.89 (s, 1H), 7.55 (dd, J = 12.2, 2.0 Hz, 1H), 7.46 (dd, J = 12.1, 2.0 Hz, 1H), 7.40 – 7.30 
(m, 6H), 7.05 – 6.91 (m, 6H), 5.14 (s, 2H), 4.65 (s, 2H). 13C-NMR (151 MHz, DMSO-d6) δ 168.6 (C), 163.7 
(C), 157.1 (C), 156.7 (C), 151.2 (d, J = 241.4 Hz, CF), 151.1 (d, J = 241.8 Hz, CF), 147.14 (d, J = 2.1 Hz, 
CH), 147.05 (d, J = 12.2 Hz, C), 146.8 (d, J = 12.4 Hz, C), 143.0 (d, J = 2.5 Hz, CH), 129.3 (2xCH), 129.1 
(2xCH), 125.8 (m, 2xC), 125.0 (C), 124.4 (d, J = 2.9 Hz, 2xCH), 124.3 (C), 117.9 (d, J = 3.1 Hz, CH), 117.8 
(d, J = 3.1 Hz, CH), 116.5 (2xCH), 116.3 (2xCH), 114.1 (d, J = 19.3 Hz, CH), 113.8 (d, J = 19.3 Hz, CH), 
66.7 (CH2), 65.0 (CH2). 19F-NMR (376 MHz, DMSO-d6) δ -137.09 – -137.69 (m). HRMS (ESI+) calculated 
for C15H13ClFN2O3 [M + H]+: 323.059, found 323.059. 
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(E)-2-(3,4-Dimethoxyphenyl)-N'-(3-fluoro-4-hydroxybenzylidene)acetohydrazide (11) 
This compound was synthesized according to GP-A, starting from 
2-(3,4-dimethoxyphenyl)acetohydrazide (162 mg, 0.771 mmol, 
1.0 eq.) and 3-fluoro-4-hydroxybenzaldehyde (119 mg, 
0.849 mmol, 1.10 eq.). After overnight heating, no precipitation 

was observed from the yellow reaction mixture. Therefore, the solvent was evaporated to dryness 
under reduced pressure and the product was purified using column chromatography (DCM/MeOH 
9.8:0.2 –> 9:1). The product was isolated as a mixture of Esyn and Eanti conformers (3:2) as pale yellow 

solid (144 mg, 0.433 mmol, 56% yield). M.p.: 218–219 C.  1H-NMR (600 MHz, DMSO-d6) δ 11.41 (s, 
1H), 11.19 (s, 1H), 10.33 (br. s, 2H), 8.10 (s, 1H), 7.86 (s, 1H), 7.51 (dd, J = 12.2, 2.0 Hz, 1H), 7.43 (dd, 
J = 12.2, 2.0 Hz, 1H), 7.31 (dd, J = 8.4, 2.0 Hz, 2H), 6.99 (2t overlap, J = 8.6, 2H), 6.93 (d, J = 2.0 Hz, 1H), 
6.91 (d, J = 2.0 Hz, 1H), 6.90 – 6.85 (m, 2H), 6.83 – 6.79 (m, 2H), 3.86 (s, 2H), 3.74 (s, 3H), 3.72 (s, 3H), 
3.70 (s, 3H), 3.69 (s, 3H), 3.43 (s, 2H). 13C-NMR (151 MHz, DMSO-d6) δ 172.3 (C), 166.6 (C), 151.2 (d, 
J = 241.5 Hz, CF), 151.1 (d, J = 241.5 Hz, CF), 148.5 (C), 148.4 (C), 147.6 (C), 147.4 (C), 146.8 (d, 
J = 12.4 Hz, C), 146.6 (d, J = 12.4 Hz, C), 145.6 (d, J = 2.5 Hz, CH), 141.8 (d, J = 2.6 Hz, CH), 128.13 (s, C), 
128.06 (s, C), 126.2 (d, J = 6.4 Hz, C), 126.1 (d, J = 6.4 Hz, C), 124.1 (d, J = 2.8 Hz, CH), 124.0 (d, 
J = 2.7 Hz, CH), 121.2 (CH), 121.0 (CH), 117.9 (d, J = 3.2 Hz, 2xCH), 114.0 (d, J = 19.2 Hz, CH), 113.5 (d, 
J = 19.1 Hz, CH), 113.4 (CH), 113.0 (CH), 111.9 (CH), 111.8 (CH), 55.55 (CH3), 55.50 (CH3), 55.45 (CH3), 
55.28 (CH3), 40.8 (CH2), 38.6 (CH2). 19F-NMR (565 MHz, DMSO-d6) δ –137.33 (dd, J = 12.2, 8.8 Hz), –
137.47 (dd, J = 12.4, 8.8 Hz). HRMS (ESI+) calculated for C17H18FN2O4 [M + H]+: 333.125, found 333.125. 
 
(E)-6-Chloro-N'-(3-fluoro-4-hydroxybenzylidene)-1H-indole-2-carbohydrazide (12) 

 This compound was synthesized according to GP-A, starting 
from 6-chloro-1H-indole-2-carbohydrazide (85 mg, 0.40 mmol, 
1.0 eq.) and 3-fluoro-4-hydroxybenzaldehyde (63 mg, 
0.45 mmol, 1.1 eq.). After overnight heating, the solvent of the 
pale yellow solution was evaporated to dryness under reduced 

pressure and the product was purified using column chromatography (DCM/MeOH 9.8:0.2 –> 9.5:0.5). 
The product was isolated as a mixture of Esyn and Eanti conformers (83:17) as off-white solid (105 mg, 
0.317 mmol, 78% yield). Note: since multiple signals of the minor conformer are overlapping with the 
major conformer, only signals of the latter are listed in the 1H-NMR section below. In the 13C-NMR 

spectrum of 12, only signals of the major conformer were observed. M.p.: >250 C (decomposition).  
1H-NMR (600 MHz, DMSO-d6) δ 11.93 (s, 1H), 11.86 (s, 1H), 10.42 (br. s, 1H), 8.34 (s, 1H), 7.71 
(d, J = 8.5 Hz, 1H), 7.52 (d, J = 8.1 Hz, 1H), 7.47 (s, 1H), 7.40 (d, J = 8.1 Hz, 1H), 7.32 (s, 1H), 7.09 (dd, 
J = 8.5, 1.9 Hz, 1H), 7.03 (t, J = 8.6 Hz, 1H). 13C-NMR (151 MHz, DMSO-d6) δ 157.2 (C), 151.2 (d, 
J = 241.8 Hz, CF), 147.0 (d, J = 12.4 Hz, C), 146.6 (CH), 137.0 (C), 131.2 (C), 128.4 (C), 126.1 (d, J = 5.9 
Hz, C), 125.8 (C), 124.4 (CH), 123.4 (CH), 120.5 (CH), 117.9 (CH), 114.1 (d, J = 19.0 Hz, CH), 111.8 (CH), 
103.5 (CH). 19F-NMR (376 MHz, DMSO-d6) δ -136.88 – -137.06 (m), -137.36 (t, J = 10.3 Hz). HRMS (ESI+) 
calculated for C16H12ClFN3O2 [M + H]+: 332.060, found 332.060. 
 

5.6 Contributions from co-authors 

Z. Xiao provided the MIF protein and performed the inhibition assays. A. J. van der Zouwen 
provided the reactive aldehydes and fluorophores, and gave advice during all labeling 
experiments. 
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