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Abstract

The HLA class Il histocompatibility antigen gamntam, also known as HLA-DR antigen-
associated invariant chain or CD74, has been showa involved in many biological
processes amongst which antigen loading and transpblHC class 1l molecules from the
endoplasmic reticulum to the Golgi complex. It lsogpart of a receptor complex for
Macrophage Migration Inhibitory Factor (MIF), andrpicipates in inflammatory signaling.
The inhibition of MIF-CD74 complex formation is r&gled as a potentially attractive
therapeutic target in inflammation, cancer and imendiseases. In order to be able to
produce large quantities of the extracellular moagthuman CD74, which has been reported
to be unstable and protease-sensitive, differemstcocts were made as fusions with two
solubility enhancers: the well-known maltose-bigd@omain and Fh8, a small protein
secreted by the paraskasciola hepatica. The fusion proteins could be purified with high
yields fromEscherichia coli and were demonstrated to be active in binding iI6.M
Moreover, our results strongly suggest that the bliteling site is located in the sequence
between the transmembrane and the membrane-distafisation domain of CD74, and
comprises at least amino acids 113-125 of CD74.

Key words: CD74, MIF, fusion proteins, solubilitpleancers.
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Abbreviations

BSA
CD74
CLIP
ELISA
Fh8

li
MBP
MHCII
MIF
PBS
PCR
SDS PAGE
ITC

bovine serum albumin

cluster of differentiation 74

class ll-associated li peptide
enzyme-linked immunosorbent assay
Fasciola hepatica 8-kDa antigen
invariant chain

maltose binding protein
major histocompatibility complex class Il necules
macrophage migration inhibitory factor
phosphate-buffered saline

polymerase chain reaction

sodium dodecyl sulphate polyacrylamidestggitrophoresis
isothermal titration calorimetry



I ntroduction

CD74 (Cluster of Differentiation 74), also refertedas HLA class Il histocompatibility
antigen gamma chain or HLA-DR antigen-associatedriant chain li, is a non-polymorphic
type Il transmembrane glycoprotein that has beemotistrated to perform a variety of
cellular functions. It was initially identified ioomplex with major histocompatibility
complex class Il (MHCII) molecules and soon recagdifor its role in antigen presentation
via its involvement in assembly and subcellulafficking of the MHCII complex [1]. The
four isoforms of human CD74 differ in activity andllular expression [2][3]. Due to an
arginine motif in their N-terminal extension, isafts p35 and p43 are retained in the
endoplasmic reticulum (ER) except when they forooplex with MHCII molecules, in
which this retention motif is masked so that thexptex can traffic to post-ER compartments.
Typically, the luminal domain of CD74 undergoesgrassive proteolytic degradation in the
endosomal/lysosomal system, finally leaving a fragmthe small class-Il-associated
invariant chain peptide (CLIP), attached to the Mél&ss 1l molecule. In contrast to p35 and
p45, isoforms p33 and p41 do not have the ER retestgnal allowing these isoforms to
traffic in non-MHCII expressing cells [3].

In addition to its role in subcellular trafficking,small portion of CD74 functions as a cellular
receptor for the immune regulatory cytokine macegghmigration inhibitory factor (MIF).
AlthoughMIF can also bind to G-protein coupled receptor<dR®®2, CXCR4 and CXCRY7,
the CD74-mediated signaling is recognized to playngortant role in many diseases
connected to inflammation, as well as cell proéteon and differentiation [4][5][6]. Recently,
serum levels of not only MIF but also the solulgiesulating version of CD74 were reported
to be related to liver and respiratory diseasd8].7Taken together, the MIF-CD74
interaction and the related signaling pathway Hae@me attractive targets for novel
therapies, as also illustrated by the humanizedatlonal anti-CD74 antibody milatuzumab
that recently received orphan drug designation fileenFood and Drug Administration in the
USA for the treatment of multiple myeloma and chedymphocytic leukemia [9]Excellent
descriptions of the biological and structural aspet CD74 can be found in two recent
reviews [2] [10].

In the light of CD74’s fate in the endosomal/lysmst system, it may not be surprising that
the study of the binding of MIF to CD74 is hampebgathe partially unstable structure of
CD74; only the trimerisation domain within the exdellular moiety appears to have a stable
structure [11]. In addition, the production yielidtiee extracellular moiety of CD74 in
bacterial cells is not very high [12]. The applioatof fusion technology via the use of
affinity fusion tags, in particular solubility enti@ing peptides, is frequently used to improve
the yield of active, pure protein [13][14][15]. Wave tested two affinity tags: the well-
documented maltose-binding protein (MBP) and tleemdly reported small EF-hand protein
Fh8 from the parasitic trematodeasciola hepatica. MBP is a large (43kDa), highly soluble
protein ofE. coli that acts as a solubility enhancer tag [16]. Faification, MBP fusion
proteins can bind to immobilized amylose resins lame@luted using maltose [17]. Similar to
MBP, the small (8 kDa) protein Fh8 combines soltjpdnhancing properties to the
possibility of affinity chromatography [18][19][20]

In this study we made use of the MBP and Fh8 fupamtners to obtain a high yield of
soluble CD74 and characterized the purified fugitoteins for binding to MIF. In addition to
the fused proteins, we also tested the cleaveduptsdor their binding activity. The results



allowed us to conclude that the extracellular myo@tCD74 between the transmembrane
region and the membrane-distal trimerisation dommaiparticular amino acids 113-125, is
involved in binding of MIF.

Materials and methods

Procedures for restriction enzyme digestions, iligatransformation, and other standard
molecular biology manipulations were performed asctibed by Sambroad al. [21]. The
PCR was carried out in a DNA thermal cycler mod8lG(Biolegio, The Netherlands). DNA
sequencing was performed by Macrogen, Korea. Pioteere analyzed by gel
electrophoresis using 10% sodium dodecyl sulphaligaprylamide gels (SDS-PAGE;
Invitrogen, The Netherlands). The gels were stawigidl InstantBlue protein staifExpedeon,
UK). Protein markers used for SDS-PAGE were PagaRRilestained Protein Ladder marker
(Thermo Scientific, The Netherlands) or SeeBlugsPIPrestained marker (Invitrogen, The
Netherlands).

Protein concentrations were determined by the Eie@oomassie Protein Assay
(ThermoFischer Scientific, The Netherlands) usiogibe serum albumin as a reference.
Molar concentrations of MIF and CD74 proteins reéethe concentrations of their subunits.

Molecular weight analysis of purified proteins gofgins extracted from SDS-PAGE gels
were performed by electrospray ionization-masstspeetry using a Sciex AP1 3000 triple
guadrupole mass spectrometer (AB Sciex, Canadadaoin the Mass Spectrometry Facility
at the University of Groningen.

Plasmids and bacterial strains

The plasmid and bacterial strain used for MIF puatidun in this study was pET20b(+)
(Addgene, UK) andE.coli BL21 (DES3), respectively [22]. The plasmid andteaeal strains
used for CD74 production were pET20b(+) &udetta-gami 2(DE3) (Novagen, Germany)
for MBP the fusion proteins; and pET14b (AddgenK) E@ndE. coli BL21 star (DE3)
pPpRARE?2 (Thermo Fisher Scientific, The Netherlarfds}he Fh8 fusion proteins.

DNA manipulations

(i) Construction of pET20b-MBP-sCD74 expression vector. Plasmid pCR T7/CT TOPO
encoding the extracellular domain of human CD7A4wiC-terminal His-tag was a kind gift
from Prof. Richard Bucala [4].

The MBP-sCD74 fusion construct was generated byteelap extension PCR method. The
first DNA fragment, containing the MBP gene and skeguence encoding the factor Xa
cleavage site, was amplified by PCR using pMAL-c&Xtor as a template and a pair of
primers: MBP-EXT-Fw (5-CAG CGACAT ATG AAA ATC GAA GAA GGT AAACTG
GTA ATC-3’; Ndel site in bold) and MBP-FUS-Rv (5-ACG ACC TTC GAGAATTC

TGA AAT CCT TCC CTC GAT CCC GAG GTT-3’; nucleotidequence encoding the
factor Xa cleavage site is underlined). The sedoaginent, containing the sCD74 gene was
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amplified using pET20b (sCD74) as a template. PidgBT20b-sCD74 was made as
follows: the CD74 gene was amplified (primers: CER#: 5'-CAG CGACAT ATG CAG
GGC CGG CTG GAC AAA CTG ACA GTC ACC-3Ndel site in bold; and CD74-Rv: 5'-
CTG ATG GATCTC GAG CAT GGG GAC TGG GCC CAG ATC CTG CTT-3%hol site
in bold) and, afteNdel/Xhol-digestion, ligated into the pET20b vector.The s@@Qene
fragment was amplified from this plasmid using fibklowing primers: MBP-FUS-Fw (5'-
AAC CTC GGG ATC GAG GGA AGG ATT TCA GAA TTC ATC GAAGGT CGTCAG
GGC CGG CTG GAC AAA CTG ACA GTC ACC TC-3’; nucleds sequences for factor Xa
cleavage site underlined) and CD74-Rv. The tworfragts generated in the first round of
PCR were fused in the second round using MBP-EXTaRd/CD74-Rv primers. After
digestion withNdel andXhol and purification, this fragment was ligated irtte pET20b
vector cleaved with the same restriction enzymés. lewly constructed expression vector
was denoted pET20b-MBP-sCD74 and its fidelity waisfitmed by DNA sequencing.

(i) Construction of pCoBo-Fh8-sCD74 and pCoBo-Fh8-ssCD74 expression vectors. For
production of Fh8-fused proteins, a modified pET{Bbtor was created that contains two
multiple cloning sites separated by a 3C cleavageance in the following manner: (1) The
Hindlll site in pET15b was removed by mutagenesisp(@jonucleotides were designed with
restriction siteg\gel andKpnl followed by a DNA stretch encoding the rhinoviidG
proteolytic site (LEVLFQ/GP) and withMNcol sequence on each end of the oligonucleotides,
allowing cloning into theéNcol site of pET15b. The oligos were designed in saichanner

that the “upstreamRcol site closest to the T7 promotor would be loste Pinoper orientation
of this insert in the modified plasmid was checkgdestriction analysis and sequencing; (3)
The DNA encoding Fh8 was amplified from plasmid pB4h8 (DNA2.0 Inc., U.S.A))

using the following primers carryinggel andKpnl restriction sites (in bold), respectively:
Fh8AQUAFwd (5'-TTA AGA AGG AGA TAT ACC ATG CAAACC GGT ATG CCG

AGC GTT CAA GAA G-3') and Fh8AQUARev (5-TTG AAA AG CAC TTC AAG ACC
TCCGGT ACC AGA TGT GCC GCT GCT CAG-3'). The DNA fragment waened into

the modified pET15b vector cleaved wAel andKpnl using AQUA cloning [23]; (4)
Oligonucleotides were designed to insert a newiplaltloning site comprising restriction
sitesBamHI, Hindlll, Ndel, SmLI, Xhol, Smal, Xmal, with an upstreanmlcol site and a
dysfunctionaBamHI site downstream. The hybridised oligos weretkgan the plasmid
cleaved withNcol andBamHI. This plasmid was named pCoBo-Fh8.

The CD74 gene on the pET20b-MBP-sCD74 plasmid wadified using the following
primers: CD74-Fwd (5'-GCA TCA GGA TCC ATT GGA GCAMI AAGCTT CGG CTG
GAC AAA CTG AC-3) and CD74-Rev (5-TTG TTA GCA GCGGA TCG TCA

TTA CCC GGG GG ATC TCA GTG GTG GTG-3') for Fh8-sCD74; and CDrd (5'-
GCA TCA GGA TCC ATT GGA GCA AATAAG CTT CTG CTG ATG CAG GCG-3') and
CD74-Rev (5-TTG TTA GCA GCC GGATCG TCATTAECC GGG GG ATC TCAGTG
GTG GTG-3) for Fh8-ssCD74, carryiridindlll and Smal restriction sites (bold). After
digestion, the DNA fragment was ligated into theoBG-Fh8 vector cleaved witHindlll and
Smal, resulting in pCoBo-Fh8-sCD74 and pCoBo-Fh8-ss€D&spectively. The inserts of
all constructs were checked by DNA sequencing.

Protein production and purification

(i) Production and purification of CD74 fusion proteins. The pET20b-MBP-sCD74 and
pCoBo-Fh8-sCD74 were transformed iRossetta-gami 2 (DE3) and BL21 Star (DE3)
+pRARE2strain, respectively. For protein production, ovginh pre-cultures were used to
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inoculate 1 L 2YT medium in a 5 L Erlenmeyer flag€kiltures were then grown until Q§3

~ 0.5. IsopropyB-thiogalactopyranoside was added to a final comagat of 50uM and the
cultures were incubated overnight at°’@0 Cells were harvested by centrifugation (350Q x g
15 min, 4 °C), washed with 0.9 % NaCl and the pellet stored at -20 °C until further use.
a typical purification experiment, 10 g cell pedlétom a 1 L culture were thawed and
suspended in 15 mL of lysis buffer (50 mM Tris-HO0% glycerol, pH 7.4) supplemented
with 1 tablet protease inhibitor (Roche, The Ndtats), 19 mg EDTA and 19 mg EGTA.
Cells were disrupted by sonication for 6 x 30 slevhboled in ice-water (with 90 s rest in
between each cycle) at a 50% duty cycle and 24@ipub using a Branson sonifier model
450 (Branson Ultrasonics Corporation, U.S.A.), raftbich cell debris was removed by
centrifugation (34,000 x g, 60 min, 4 °C). The éalk extract (supernatant) was incubated
overnight at 4 °C with 5 mL cOmplete HisTrap puatfiion resin (Roche Life Science, The
Netherlands), pre-equilibrated with lysis buffehelnon-bound proteins were removed as
flow through by gravity flow. The column was theashed with 50 mL lysis buffer followed
by 12 mL HT elution buffer (50 mM Tris-HCI, 500 mivhidazole, 10% glycerol, pH 7.4).
Fractions were analyzed by SDS PAGE and those ioimgaCD74 fusion proteins pooled.

HisTrap-purified MBP-fused CD74 proteins was applie a gravity column containing 5 mL
MBPTrap resin, pre-equilibrated with MT buffer (M Tris-HCI, 10% glycerol, pH 7.4).
After an overnight incubation at 4 °C while mixiag a rotor, the non-bound proteins were
removed from the column with 50 mL of MT buffer. Ba protein was eluted with 3.5 mL
MT elution buffer (50 mM Tris-HCI, 10 mM maltoseQ% glycerol, pH 7.4). Fractions were
analyzed by SDS PAGE, those containing CD74 fuproteins were pooled, aliquoted,
snapfrozen and stored in aliquots at -80 °C.

Fh8-fused CD74 proteins could be further purifigoalb mL octyl sepharose column (GE
Healthcare, The Netherlands) at 10 °C as descfiigdin short, the protein was dialysed
against OS buffer (50 mM Tris-HCI, 150 mM NaCl, BnCaCk, 10% glycerol, pH 7.6) and
loaded on a 5-mL octyl sepharose column (GE HeafthcThe Netherlands), pre-equilibrated
with OS buffer. After washing with low Cag&buffer (25 mM Tris-HCI, 75 mM NacCl, 2.5

mM CaCl}, 10% glycerol, pH 7.6), the protein was elutedwé® mM Tris, 5 mM EDTA,

10% glycerol, pH 7.6. Fractions were analyzed bysSTAGE, those containing Fh8-fusion
proteins were pooled, aliquoted, snapfrozen aneégtm aliquots at -80 °C.

(i) Factor Xa cleavage of MBP-sCD74. The cleavage of the MBP-sCD74 fusion protein was
performed in 50 mM Tris-HCI, 10% glycerol supplertezhwith 50 mM NaCl and 2 mM

CaCl at pH 7.4 by factor Xa protease (NEB, The Netmel$d with a mass/volume (ug/uL)
ratio MBP-sCD74:factor Xa of 25:1, 3 hours incubatperiod at 4 °C. The cleaved product
was purified using cOmplete His-Trap purificati@sin. Fractions were analyzed by SDS
PAGE, those containing sCD74 were pooled, aliquatedpfrozen and stored in aliquots at -
80 °C.

(iii) 3C cleavage of Fh8-ssCD74. The cleavage of the Fh8-ssCD74 fusion protein was
performed in 50 mM Tris-HCI, 10% glycerol supplertezhwith 150 mM NaCl at pH 7.4 by
3C PreScission protease (GE Healthcare, The Natigs) with a mass/volume (pg/pL) ratio
Fh8-ssCD74:3C of 100:1, 1 hour at 4 °C. The clegveduct was purified using octyl
sepharose resin (GE Healthcare, The Netherlantdsyvied by cOmplete His-Trap
purification resin, as described above. Fractioasevanalyzed by SDS PAGE, those
containing ssCD74 were pooled, aliquoted, snapfr@rel stored in aliquots at -80 °C.
Protein sssCD74, produced by overnight incubatidrh@-ssCD74 with 3C Precission
protease at 4 °C, was purified using cOmplete HigTesin.



(iv) Peptides MBP and Fh8. Proteins MBP was purchased from ProSpec-Tany To€eéne
Ltd (Germany). Fh8 was produced with pCoBo-Fh8 aundfied using octyl sepharose resin.

(v) Production and purification of MIF. MIF was produced in BL21(DE3) in a similar
manner as MBP-sCD74. After harvesting, cells weseispended in lysis buffer
supplemented with 1 tablet protease inhibitor (Rpdihe Netherlands). Cell free extract was
obtained as described earlier for MBP-sCD74 andhated overnight at 4 °C with 5 mL
cOmplete His-Trap purification resin (Roche, Thehdelands), which had previously been
equilibrated with the lysis buffer. The non-boundtpins were removed as flow through by
gravity flow. The column was washed with 50 mL $ybuffer followed by 12 mL elution
buffer (50 mM Tris-HCI, 500 mM imidazole, 10% glyog pH 7.4). Fractions were analyzed
by SDS PAGE and those containing MIF were pooleduated, snap-frozen and stored at -
80 °C.

Analysis of proteins using size exclusion chromatography

MIF and CD74 proteins were analysed separatelyncamnalytical size exclusion column. 20
puL of a 1 mg/mL protein solution was injected and at 0.2 mL/min on a 3 ml Superdex200
5/150 column (GE Healthcare), equilibrated with PBIS 7.4, at 10 °C. To calibrate the
column, the elution volumes of five marker proteiG& Healthcare) were determined under
identical conditions: thyroglobulin (669 kDa), feim (440 kDa), aldolase (158 kDa),
conalbumin (75 kDa), and ovalbumin (43 kDa).

Binding assays

Enzyme-linked immunosor bent assay (EL1SA)

The sCD74 proteins were characterised for MIF lrigdn an ELISA test. Wells in 96-well
plates were coated with 100 pL of 300 nM MIF in pploate-buffered saline (PBS) [400
ng/well]. After washing with 200 pL buffer PBS+Twe6.05% and blocking with
commercial blocker (Rockland, The Netherlands), pQ®f 500 nM sCD74 was added, and
the system was incubated for 30 min at room tentperaAfter the wells were washed and
blocked, mouse anti-MBP mAb (SigmaAldrich, The Netands) or rabbit anti-CD74 pAb
(Sinobiological, The Netherlands) was added. Thendacomplexes were detected after
washing by the addition of goat anti-mouse horgshageroxidase conjugate (Thermo Fisher
Scientific, The Netherlands) or goat anti-rabbitdsvadish peroxidase conjugate (Life
Technologies, The Netherlands), and tetra methyNmtine (Thermo Fisher Scientific, The
Netherlands) as its substrate. After ~10 min tlaetien was stopped by the addition of 1M
H,SO, and the absorbance at 450 nm measured. The sggafi binding was confirmed by
using 100 pL of 500 nM MBP in PBS, and 100 puL 050/ Fh8 in PBS as controls. Each
experiment was done in triplicate and repeatedagtltwo times.

A dose-dependent ELISA was performed with sCD74eaotration ranging from 3 to 3200
nM (for MBP-sCD74) and 12 to 3200 nM (for Fh8-ss@D7The corrected absorbance at 450
nm was then plotted against logarithm of concelatnab find the dissociation constant of the
binding.



I sothermal Titration Calorimetry (1TC)

Binding of MIF to CD74 was measured by ITC modeCPDO (Malvern, UK) at 25 °C, 1000
rpm stirring speed, 120 seconds spacing betwedniejgction. The cell was filled with 200
pL of 40-85 uM MBP-sCD74 in PBS and titrated with@nsecutive injections of 2 uL 70-
220 uM MIF in PBS. A cell filled with PBS only tdated with MIF and a cell filled with
fusion protein titrated with PBS only were usectastrol.

Results and Discussion

Even though MIF was one of the first cytokines &wdbeen described, many details of its
signaling activities still have to be elucidatec@Wdrtheless, the involvement of receptor
CD74 has been proven in many MIF-related diseaseshas receptor has been recognised as
a major pharmaceutical target. The interaction betwMIF and CD74 was vitro
demonstrated to be located in the extracellulaetyaf CD74 [4][24]. However, the unstable
and protease-prone character of the extracellutaetnof CD74 has hampered further
characterisation. Several attempts to obtain a gooduction of the extracellular moiety of
CD74 with a C-terminal His-tag in bacteria resulietow yields of soluble protein [12]. As a
consequence, we have tried to tackle this probhemuging CD74 to solubility-enhancing
peptides. Two different solubility enhancing pepdvere used: the large, but well
characterised MBP protein [14] and the recentlyprigal small protein Fh8 [16][17][18].
Figure 1 presents a schematic overview of the fusion pnetencoded by the constructs that
were made, and their corresponding amino acid segse

Production and purification of CD74 proteins

The fragments of the human CD74 gene as clonedhetexpression vectors were not codon-
optimized for bacterial expression. Therefore, wedk.coli strains that were transformed
with the plasmid pRAREZ2 supplying tRNAs for 7 ramdons (AGA, AGG, AUA, CUA,

GGA, CCC, and CGGQG), e.g. the straRmssetta-gami 2 (DE3) and BL21 Star (DE3) +
pPRAREZ2. This allowed high production yields of ddkiMBP-sCD74, Fh8-sCD74 and Fh8-
ssCD74 Figure 2).

Fusion protein MBP-sCD74 was successfully puribgdaffinity chromatography using a
HisTrap column followed by a MBP-Trap column. Mag&ctrometric analysis of the major
band running just below the 62 kDa marker prot€igyre 3, lane 3) gave a mass of 62.326
kDa which corresponds to the calculated MW of 62.Ba. MS analysis of the tryptic
digestion of the protein confirmed the identityMBP-sCD74 by >90 % coverage. About
~60 mg of purified MBP-sCD74 was obtained from ater lof culture. Mass analysis of a
contaminating protein running above the 14 kDa mapkotein Figure 3, lane 3) showed
this to be a 14.711 kDa peptide, correspondingdegradation product with a proteolytic
cleavage between residues Pro112 and Leull3 of CIhireldeviates from previously
observed cleavage sites in this region [25][2@]ifference that is likely to be related to
differences irk. coli strains and growth conditions that were used,/antb the N- or C-
terminally located His-tag leading to purificatiohdifferent fragments. The proteolytic
sensitivity is supported by the NMR study of fragm&33-208 of CD74, which showed that
amino acids directly flanking the trimerisation damimare disordered [27]. In line with this,
the CLIP region (residues 97-119) appears as arlipeptide without secondary structure in
complex with MHCII molecules [28][29][30][31].



The large size of MBP (42 kDa) made us decidego aebnstruct a fusion of sCD74 with the
much smaller Fh8 protein, an EF-hand protein ob8a khat shows calcium-dependent
binding to hydrophobic resins. The Fh8-sCD74 fugartein was first purified by affinity
chromatography on a HisTrap column. Similar to M8FD74, purification of Fh8-sCD74 on
the cOmplete HisTrap column resulted in a approiege®0% pure protein with an
experimentally determined mass of 29.604 kDa, spoading to the calculated mass of
29.605 kDa. The yield of Fh8-sCD74 was 30 mg ger tulture. Mass analysis of the
contaminant protein running above the 14 kDa mapketein in the SDS-PAGE gdFigure

3, lane 2) demonstrated this protein to have a rog$4.711 kDa, similar to the
contamination found in the MBP-sCD74 protein batdhfortunately, the octyl sepharose
column did not improve the purity of the fusion f@ia. The difficulty to remove degradation
products from fusion products are most likely du¢hie multimeric character of CD74:
cleavage in loop regions does not necessarily tffi@eer formation of CD74-derived
proteins nor their chromatographic behaviour.

In an attempt to create a more protease-stablenragof sCD74, a plasmid encoding fusion
protein Fh8-ssCD74 (CD74 residues 113-232) wastagisd Figure 1). Production of this
protein and purification on a cOmplete HisTrap cotu(Figure 3, lane 1) resulted in the high
yield of 75 mg of ~95% pure protein per liter oftave with an experimentally determined
mass of 25.461 kDa, corresponding to the calculatask of 25.462 kDa. As anticipated, the
previously observed contaminant of 14.711 kDa wadaund in this protein batch.

In order to obtain the non-fused sCD74, fusiongiroMBP-sCD74 was cleaved with factor
Xa, followed by purification on a HisTrap columrhi$ resulted in a mixture of sCD74 and
lower molecular weight productd=igure 3, lane 5). Apparently, the MBP-sCD74 fusion
protein is prone to cleavage with factor Xa at addal sites. Attempts to improve the purity
of sCD74 by size exclusion and ion exchange chrognaphy were unsuccessful.

Similarly, 3C-mediated cleavage of Fh8-ssCD74 arxsequent purification of ssCD74 also
resulted in a mixture of proteins of slightly snealinass (results not shown). Also here,
chromatography attempts to recover ssCD74 usingriisas a highly purified protein were
not successful. Further experimentation indicalbed & stable cleavage product of ssCD74,
denoted as sssCD74, was obtained after overnighbation at 4 °C with 3C protease. Mass
spectrometry analysis demonstrated that the maewdight of this product was 13.343
kDa, corresponding to residues 126-232 with C-teainHis-tag, thus lacking almost the
whole region up to the membrane-distal trimerisaiomain of CD74Kigure 1). This
fragment could be highly purified with a cOmpletsHap columnigure 3, lane 6).
Noteworthy, fragment sssCD74 is comparable to thkOa proteolytic fragment K3, that
retains the ability to bind to MHCII molecules, atile sssCD74, starts at residue Gly126 but
has a C-terminal truncation [32].

When analyzed on an analytical size exclusion caolutre fusion proteins MBP-sCD74, Fh8-
sCD74 and Fh8-ssCD74 eluted earlier than expe€igdr(e 4). Although expected to run as
trimers with molecular weights 186.9, 88.8, andb/kDa, respectively, they eluted between
the reference proteins ferritin (MW 440 kDa) andicddise (158 kDa). At first impression, this
seems to indicate that the fusion proteins formah@xic instead of trimeric structures.
However, since fusion partners MBP and Fh8 areidersd to be stable monomers, and

since the elution volumes of cleaved products sC&WsssCD74 correspond to the expected
elution volumes of their trimeric versions (60.9&89.9 kDa, respectively), this behaviour is



more likely to be a consequence of increased hyehaaic shapes of the trimeric fusion
proteins. Such behaviour is not unexpected foofugiroteins that consist of two well-defined
domains separated by an intrinsically disorderecetyoOur results suggest that all CD74
proteins used in this study are mostly presenthioraotrimeric form. However, the
chromatograms of the three fusion proteins showertitan one peak indicating some
heterogeneity. Fh8-sCD74 shows two major peaksiwduie not easily explained. MBP-
sCD74 and Fh8-sCD74 show a small peak at c. 40 wbigh can be interpreted as the trimer
of the 14.711 kDa contamination.

As expected, the elution volume of MIF fits toftitsneric form (40.3 kDaFigure 4).

MIF binding capacities of CD74 proteins

The MIF binding capacities of the different CD74{&ins were assessed by ELISA. As
depicted inFigure 5A andB, all fusion proteins of CD74 were able to bindtis cytokine.

The lack of MIF binding to the MBP and Fh8 polypdps demonstrated that the interactions
of the CD74 fusion proteins with MIF are a consegpaeof the presence of CD74 and not of
the fusion partners. Interestingly, at a conceiumadf 500 nM, fusion protein Fh8-ssCD74
gave a lower MIF-binding response than Fh8-sCDFigut e 5B) indicating that deletion of
residues 77-112 of CD74 only partially affects tiveding to MIF. The binding capacity of
500 nM non-fused sCD74 itself is also showirigure 5C. Deletion of residues 77-125 in
the luminal moiety up to the membrane-distal triisegion domain resulted in a complete loss
of MIF binding capacity as is demonstrated by #ek lof binding of 500 nM purified protein
sssCD74Kigure5C). This is not due to a loss of structural staptiince both sCD74 and
sssCD74 behave as trimeric proteins during sizusixa chromatographyF(gure 4). These
results thus strongly suggest that the MIF-bindegjon lies N-terminal to the membrane-
distal trimerisation domain of CD74.

These biochemical results differ from the resufta docking experiment in which amino acid
sequences YGNMT and RHSLE within the trimerisatiomain were predicted to be
involved in the binding to MIF [33]. The dockingmeriment — as it is depending on three-
dimensional structures - was performed with thetadystructures of MIF (PDB ID: 1MIF)
and the membrane-distal trimerisation domain of €FDB ID: 1lIE), hence excluding the
disordered region N-terminal to the trimerisati@mthin. Our results, especially the lack of
interaction of sssCD74 with MIF in our ELISA asg&ygure 5C), indicate that the
membrane-distal CD74 trimerisation domain is nabvray weakly involved in the interaction
with MIF, and is not sufficient for a high affiniipteraction.

In order to get further insight in the formationao€omplex between MIF and CD74, we
performed a dose-dependent ELISA with MBP-sCD74FimgissCD74Kigure 6). Whereas
the binding isotherm of MBP-sCD74 leads to an&@lue of approximately 110 nM, Fh8-
ssCD74 leads to a 2.5-fold higher value of apprataty 280 nM, suggesting that removal of
residues 77-112 of CD74 is affecting but not detiing the interaction with MIF. Together
with the lack of MIF-binding by sssCD74 (i.e. amiacids 126-232), these results indicate
that CD74 amino acids 113-125 are of primary imgoaee for the interaction with MIF, and
that the amino acids N-terminal to this region &althe binding ability.ITC binding kinetics
measurements confirmed that MIF binds to MBP-sC+dure 7). Complex formation is
an exothermic reaction with a reaction enthalp) of -(2.5+0.5Y10° cal/mol. This low
enthalpy value made obtaining solid data of ITCezkpentation rather difficult. The
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apparent dissociation constanpjivas 1.3£0.JuM. This affinity is lower than the EG
value obtained with ELISA.

Earlier SPR measurements of the interaction betwd&mand sCD74 have resulted in
significantly higher reported affinities of 0.23 ®nM, depending on the experimental
configuration [4]. We note, however, that the latkletails in this SPR study does not allow
a direct comparison. Interestingly, the same saldy shows a sandwich ELISA that seems to
point at an EGp value in the submicromolar range of sCD74, whichdmparable to our
ELISA results. The affinity measurements thus skeonsiderable variety, which may be
caused by different complex formation between timegkimeric proteins under different
experimental conditions. As Leng et al [4] pointad: based on the serum concentration of
MIF, one would expect a nanomolar range affinityife receptor. In that light it should be
noted that theén vitro results have been obtained with bacterially predyaroteins. The
native proteins, with possible post-translationadifications on MIF and CD74 (e.g.
oxidation and glycosylation; [34]) may have diffetaffinities. In addition, the
transmembrane domain of CD74 is also able to tiredB5][36] and thus may bring extra
stability and raise the affinity for MIF.

Interestingly, the molar binding ratio in our I'e@periment was found to be 0.29+0.03.
Assuming all MBP-sCD74 and MIF molecules to bewastthis molar ratio indicates that a
complex of a trimeric MIF with 3 trimers of MBP-s@B is formed. This suggests that MIF
initiates signaling by clustering the trimeric CDigteptor into a larger network that is
needed to overcome the threshold for initiatiothefsignaling cascade.

Conclusions

Our research demonstrated that the luminal podfid®D74 can be produced at high yields in
a bacterial expression system when fused to tha##ity enhancing proteins MBP and Fh8.
The purified fusion proteins were demonstratedinal bo MIF. The extracellular region from
the transmembrane domain up to the membrane-tlistedrisation domain of CD74 appears
to be essential for this interaction, with aminalad 13-125 being an important region, as
demonstrated by the binding assays with differenstructs.

The successful production of functional CD74 inhhigiantities, whether as a fusion protein
or as cleaved product, is the first step in furttearacterisation of its structural features and
of the elucidation of the binding mechanism of maaham MIF and MIF homologues to this
receptor. Moreover, it will stimulate our search ébnically relevant inhibitors of the MIF-
CD74 interaction.
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CLIP Trimerisation domain

(residues 97-119) (residues 135-208)
A S
. ' ' ' 1l
Vi m i1 IEC vV
Human CD74p35 | | | P P
MBP Xa ; sdDH(n%sidues 77-232) i Hisg
MBP-sCD74 H] P F
Fhs ic | sCD74 (residues 77-232) | Hisg
Fh8-sCD74 HH P P
Fh8 3C ; ssiCD7-l(residuesll3-23Z) ; Hisg
Fh8-ssCD74 | HH l
sssCD74 (residues 126-23.%) Hisg
sssCD74 | H
B.
MBP-sCD74

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRY
NGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKN
KHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLG
AVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFIEGRARLD

Fh8-sCD74
MQTGMPSVQEVEKLLHVLDRNGDGKVSAEELKAFADDSKCPLDSNKIKAFIKEHDKNKDGKLDLKELVSILSSGTSGTGGLEVLFQGPGGAMAASGSIGA

Fh8-ssCD74
MQTGMPSVQEVEKLLHVLDRNGDGKVSAEELKAFADDSKCPLDSNKIKAFIKEHDKNKDGKLDLKELVSILSSGTSGTGGLEVLFQGPGGAMAASGSIGA

LGVTKQDLGPVPMLEHHHHHH

Figure 1. (A) Schematic presentation of human CD74 isoform p35 and CD74 proteinsused in this study.

IC = intracellular (residues 1-46), TM = transmegri® (residues 47-73), EC = extracellular (residi4eg32),
the inverted triangles indicate where isoforms g8, p41 and p43 diffeKa = factor Xa cleavage site, 3C =
3C protease cleavage site, §s(His)-tag. (B) Amino acid sequences of CD74 proteinsused in this study.
The sequences of the solubility enhancing peptitBB and Fh8 are in italics, the proteolytic sites a
underlined, and the CD74 sequences are presenbeddnSequences of CD74 that are dotted or dashed
underlined represent the CLIP region and the menabdistal trimerisation domain, respectively.



ACCEPTED MANUSCRIPT

Figure 2. Overproduction of CD74 fusion proteins. Lane 1: marker proteins with the indicated molecula
weights. Lanes 2 and 3: cell lysate before and afterproduction of Fh8-ssCD74 (MW 25.0 kDa), respely.
Lanes 4 and 5: cell lysate before and after ovelyetion of Fh8-sCD74 (MW 29.6 kDa), respectivelanes 6
and 7: cell lysate before and after overproductibBP-sCD74 (MW 62.3 kDa), respectively.



ACCEPTED MANUSCRIPT

Figure 3. SDS gel of different purified CD74 proteins. Fh8-ssCD74 (lane 1), Fh8-sCD74 (lane 2), MBP-
sCD74 (lane 3), sCD74 (lane 5), and sssCD74 (laneae 4 contains the protein marker with indicatof
their molecular weights.
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Figure 4. Size exclusion chromatography of MIF and sCD74 proteinson a Superdex200 5/150 column
(GE Healthcare, The Netherlands). Purified proteiase separately analyzed on a 3 mL gel filtratolumn
Superdex200 5/150 by injecting 20 ul of a 1 mg/not@in solution onto the column equilibrated witBE pH
7.4, at 10 °C. Each chromatogram was normaliséd thsorbance at 280 nm. The column was alsoraédith
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1.34;1.61; 1.78; and 1.89 ml, resp.) are indicatikd arrows.
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Figure5. ELISA binding observation between MIF and sCD74 fusion proteins. (A) MIF with 500 nM
MBP-sCD74 and controls using mouse anti-M BP mAb for detection (B) MIF with 500 nM MBP-sCD74,
Fh8-sCD74 or Fh8-ssCD74 and controlsusing rabbit anti-CD74 pAb for detection. (C) MIF with 500 nM
sCD74 or sssCD74 and controlsusing rabbit anti-CD74 pAb for detection.

c: protein used for coating (300 nM MIF or 500 nM of other proteins);

+: protein tested for bindingtoMIF



100+
v MBP-sCD74

804 = Fhs-ssCD74

9
o 601
=
©
S 40-
(1]
20+
0-
1 10 100 1000 10000

[CD74 protein] nM
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Highlights Kok et al:

¢ Solubility-enhancing peptides e.g. MBP and Fh8 greatly increase the yield in purified fusion
proteins of human invariant chain CD74 constructs

e The membrane-distal trimerization domain of CD74 needs a sufficiently long N-terminal
extension for high affinity binding to MIF, comprising at least amino acids 113-125



