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Folding stability is a crucial feature of protein evolution and is essential for
protein functions. Thus, the comprehension of protein folding mechanisms repre-
sents an important complement to protein structure and function, crucial to
determine the structural basis of protein misfolding. In this context, thermal
unfolding studies represent a useful tool to get a molecular description of the con-
formational transitions governing the folding/unfolding equilibrium of a given
protein. Here, we report the thermal folding/unfolding pathway of VEGFR1D?2,
a member of the immunoglobulin superfamily by means of a high-resolution
thermodynamic approach that combines differential scanning calorimetry with
atomic-level unfolding monitored by NMR. We show how VEGFRI1D?2 folding
is driven by an oxidatively induced disulfide pairing: the key event in the achieve-
ment of its functional structure is the formation of a small hydrophobic core that
surrounds a disulfide bridge. Such a ‘folding nucleus’ induces the cooperative
transition to the properly folded conformation supporting the hypothesis that a
disulfide bond can act as a folding nucleus that eases the folding process.

Introduction

Vascular endothelial growth factor (VEGF) and its recep-
tors are key regulators of angiogenesis, promoting normal
embryonic development through the proliferation and dif-
ferentiation of endothelial cells (ECs). In healthy adults,
angiogenesis is finely tuned by pro- and antiangiogenic fac-
tors. Dysregulation of this equilibrium is associated with
the onset of pathological conditions, such as diabetic reti-
nopathy, rheumatoid arthritis, and tumor growth [1,2].
VEGF regulates blood and lymphatic vessel devel-
opment and homeostasis by binding to and activating
the three members of the vascular endothelial growth
factor (VEGFR) family of tyrosine kinases receptors
(TKRs): VEGFR1, VEGFR2, and VEGFR3 [3].

Abbreviations

VEGFRI1 and VEGFR2 are highly homologous and
belong to the platelet-derived growth factor (PDGF)
receptor family [4]. The receptors are organized in an
extracellular ligand-binding region consisting of seven
extracellular immunoglobulin-like (Ig) domains, a
short transmembrane region and an intracellular
region that includes a tyrosine kinase domain with a
large insertion in the middle of the kinase region [5].

Despite the overall architectural similarity, VEGFR1
and VEGFR?2 differ significantly in their functional
properties. Moreover, the VEGF binding affinity for
VEGFRI1 (Kd = 10 pm) is 10-fold higher than that for
kinase insert domain receptor (KDR; Kd = 100 pm);

CSP, chemical shift perturbation; DTT, Dithiothreitol; ER, endoplasmic reticulum; KDR, kinase insert domain receptor; TCEP,
Triscarboxyethylphosphine; TKR, tyrosine kinases receptors; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth

factor receptor.
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unlike VEGFR2, VEGFRI1 also serves as a high-
affinity receptor for placenta growth factor (PIGF) [6].

VEGFR2 undergoes strong ligand-dependent tyro-
sine phosphorylation in intact cells, while VEGFRI1
has a weak or undetectable response [5,7-8]. Likewise,
the VEGF-dependent mitogenic response exhibited by
cells expressing KDR is completely absent in those
expressing only VEGFRI1 [8]. Domain deletion studies
have shown that the second extracellular domain of
VEGFR1 (VEGFRI1D?2) is both necessary [9,10] and
sufficient [11] for high-affinity VEGF binding.

The structure of VEGFRI1D2 in complex with VEGF
revealed that VEGFR1D?2 is a member of the immuno-
globulin superfamily and can be structurally classified as
a member of the I-set [12] despite having sequence differ-
ences at 6 of the 20 key I-set positions [11].

Normally, proteins that are translocated to cell
membrane surface to serve as receptors are processed
by the endoplasmic reticulum (ER). ER-mediated
protein maturation includes glycosylation and disul-
fide bond formation [13]. Glycosylation is an oxygen-
independent process [14]. By contrast, disulfide bond
formation results from a net oxidation reaction [15].
Remarkably, albeit low levels of oxygen (hypoxia)
are known to regulate VEGF expression via transla-
tional and transcriptional pathways, we are still far
from a detailed knowledge of the role of oxygen and
disulfide bond in the protein structure and stability
[16].

Structural characterization of protein thermal
unfolding represents a fundamental step to describe
their folding/unfolding equilibria, which allow to get a
more complete description of protein structure and
maturation. In the last years, NMR methodologies,
combined with CD spectroscopy and DSC analysis,
have been exploited to unveil unfolding mechanisms of
VEGF mimicking peptides [17,18], metal-binding pro-
teins, and prion proteins [19,20].

In this study, we have investigated at atomic resolution
the thermal folding/unfolding pathway of VEGFR1D?2 by
means of DSC and NMR studies. Indeed, the atomic reso-
lution offered by multidimensional NMR experiments
provides an intrinsic multiprobe approach to assess the
degree of protein folding cooperativity [18-21], which is
otherwise difficult to characterize.

Results

DSC measurements

DSC measurements of VEGFRI1D2 are reported in
Fig. 1. Two heating/cooling cycles have been carried
out to determine the reversibility of the process. For
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the first heating (Fig. 1A), the obtained thermogram
may be deconvoluted into two components (Fig. 1B).

The first component corresponds to a partially
reversible endothermic process (85% of reversibility)
centered at about 327 K. This first peak may be fitted
by a two-state model, characterized by a van’t Hoff to
calorimetric enthalpy ratio (AH,y/AH.;) of 1.00 £
0.02 and by an enthalpy of the process of
198 + 2 kJ-mol™" (Table 1).

The second endothermic transition is centered at
about 340 K; in this case, the two-state formalism is
not applicable because the calculated van’t Hoff to
calorimetric enthalpy ratio (AHM/AH®) is far from
the unity.

In a reheating run (Fig. 1), this second thermal transi-
tion occurs at higher temperature (7, = 347 K) and is
characterized by a bit larger enthalpy (39 + 1 kJ-mol™")
with respect to that observed in the first scan; the
increase in the enthalpy of the second component after
the first heating/cooling cycle coupled with the observed
partial reversibility of the first transition suggests that
part of the protein does not fold back to its native state.

Disulfide bond stability upon thermal unfolding

Many studies suggest that intramolecular disulfide
linkages are important structural elements that signifi-
cantly contribute to the thermodynamic stability of
globular proteins [22]. However, the exact mechanism
by which the disulfide bridge may stabilize proteins
remains elusive because it may affect both enthalpy
and entropy of native and unfolded states as well. It
has been estimated that the entropic contribution of
the disulfide bridge is roughly related to the number of
residues in the loop connecting the two cysteines
according to the following equation [23]:

AS_ss- = 8.8 + 1.5RIn(Nyes)J- K™ - Mol ™!

where N, is the number of residues in the SS loop and
R is the universal gas constant. For VEGFRI1D2,
the disulfide bridge links the two cysteines Cysl158
e Cys207, so that N.s=47 with an estimated
AS.s. = 54.05 J K~! Mol~!. This value approximately
corresponds to the entropy change associated with the
second transition: AS = AH/T = 15/339 87 = 44.13
J K" Mol™" consistent with the hypothesis that forma-
tion of the disulfide bridge may seed further folding of
polypeptide chain into the native structure. To check
the integrity of the disulfide bond at high temperature
(Figs 2A-C and 3A,B), protein VEGFR1D2 was incu-
bated at 353 K for 40 min, reacted with iodoacetamide
and analyzed by mass spectrometry. Alkylation of
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Fig. 1. (A) Heat capacity curves of 35 um VEGFR1D2 in buffer (20 mm Tris-HCI, pH = 7.0, 120 mm NaCl) heating rate 1 K-min™" (blue
circles). Red dashed lines represent baselines estimated as reported in the text. (B) Excess molar heat capacity curves of VEGFR1D2
obtained from the calorimetric scans shown in the left panel. Blue circles, black lines, and red lines represent the experimental data, the

obtained fits are their deconvoluted components, respectively.

Table 1. Melting temperatures (7,,) and enthalpies (AH) of the
thermal transitions of VEGFR1D2.

1st heating 2nd heating

T (K) AH (KJ-mol™) T (K) AH (KJ-mol™)
327.36 £ 0.08 198 £ 2 330.37 £ 0.1 168 + 2
339.87 + 0.02 15+ 2 3475+ 0.2 39 +1

cysteine residues gave information on the stability of
the disulfide bridge.

The analysis of the mass spectra revealed that the
disulfide bond in VEGFR1D2 upon thermal unfolding
is still intact (Fig. 2A—C). In fact, the molecular mass
of the heated protein (MW = 11851.787 Da, Fig. 2B)
corresponds to that of the intact native domain
(MW = 11851.886 Da, Fig. 2A). As control, a sample
of VEGFRI1D2 was reduced with DTT, incubated at
353 K, and then with iodoacetamide. In this case, the
mass spectrum clearly shows the presence of the dou-
ble alkylated protein (MW = 11910914 Da and
11968.022 Da, Fig. 2C).

NMR thermal unfolding

A virtually complete Hy and '°N resonance assign-
ment of VEGFRID2 was achieved on the basis of
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previously reported chemical shift data [24]. The ther-
mal unfolding mechanism of VEGFRID2 has been
therefore investigated at atomic resolution by acquir-
ing a series of 2D ['H, ">N] HSQC spectra as function
of the temperature, between 293K and 353 K at inter-
vals of 5 K.

The NMR thermal analysis shows that 'H, '°N reso-
nances of VEGFRI1D2 exhibited continuous chemical
shift variations in the 293-323 K range and most of
them still preserve a good spectral dispersion at 323 K
as showed in Fig. 4A,B.

Larger chemical shift perturbations (CSP), reported
as Adyy, are observed at the N and C termini, with
values higher than mean values plus the standard devi-
ation (Fig. 5A). Significant Adyy is also observed in
many of the loops connecting the secondary structure
elements, whose backbone amide groups appear to be
very slightly affected by the 30 K temperature increase
(Fig. 5B). In the same temperature range, most of the

residues experience also an intensity reduction,
reported in Fig. 5C and mapped on the protein surface
in Fig. 5D.

Interestingly, opposite to the CSP behavior, the resi-
dues affected by the most pronounced intensity reduc-
tions are included in the seven p-strands forming the
B-barrel. Upon further temperature increase, all the
cross-peaks completely disappear at 333 K and then
reappear at 343 K with a significantly reduced
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Fig. 2. (A) ESI-ToF MS analysis of VEGFR1D2 alkylated at room temperature (RT) after incubation at 353 K in presence and absence of DTT.
(B) Untreated VEGFR1D2; (B) VEGFR1D2 treated at 353 K for 40 min and alkylated with iodoacetamide at RT for 30 min; and (C)

VEGFR1D2

treated at 353 K for 40 min in presence of DTT and alkylated with iodoacetamide at RT for 30 min. In the insets are reported

the deconvoluted mass spectra showing the experimental average mass values of the species. VEGFR1D2 (*), MWy, (av): 11851.688 Da;

reduced VE

GFR1D2 (¥), MWy, (av): 11853.688; monoalkylated VEGFR1D2 (#), MWy, (av): 11910.738 Da; dialkylated VEGFR1D2 ($), MW,

(av): 11967.788 Da.
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Fig. 3. ToF MS analysis of VEGFR1D2
incubated and alkylated at 353 K, in
presence and absence of DTT. (A)
Deconvoluted ESI-ToF mass spectrum of
VEGFR1D2 treated at 353 K for 40 min and
alkylated at 353 K for 30 min with B
iodoacetamide. (f): VEGFR1D2 with the
intact disulfide bridge and unspecifically
dialkylated on residues other than Cys
(MWy, (av): 11965.788 Da); (i): VEGFR1D2
unspecifically trialkylated on residues other
than Cys (MW, (av): 12022.838 Da). (B)
Deconvoluted ESI-ToF mass spectrum of
VEGFR1D2 treated at 353 K for 40 min in
presence of DTT and alkylated with
jodoacetamide at 353 K for 30 min. (#):
VEGFR1D2 with reduced cysteines and
monoalkylated (MW, (av): 11910.738 Da);
(*): VEGFR1D2 with reduced cysteines and
dialkylated (MW, (av): 11967.788 Da); ($):
VEGFR1D2 with reduced cysteines and
trialkylated (MW, (av): 12024.838 Da); (§):
VEGFR1D2 with reduced cysteines and 11700 11750
tetralkylated (MW, (av): 12081.888 Da).

11708.542

chemical shift spread of the signals, which indicates
that the protein has undergone a complete thermal
unfolding (Fig. 4B). This spectroscopic behavior sug-
gests that the transition occurring in 323-343 K range
is characterized by a cooperative thermal unfolding in
which the folded VEGFR1D?2 structure exchanges with
the unfolded conformation in the micro-millisecond
timescale [21,25,26]. Refolding experiments were moni-
tored either starting from 333 and from 353 K and
denaturation has been found to be almost completely
reversible if the sample is heated up to 333 K but the
extent of reversibility decreases when the protein is
exposed to higher temperature. Indeed, as showed in
Fig. 4B, VEGFRI1D2 does not refold at all to the
native state when heated to 353 K.
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Disulfide bond reduction

In order to underline the importance of the oxidatively
induced disulfide pairing, VEGFR1D2 (20 pM) was
incubated in the presence of 5 mm or 10 mm of the
reducing agent triscarboxyethylphosphine (TCEP) at
pH = 7. All the reactions were monitored by means of
LC-MS as reported in Materials and Methods. TCEP
at 5SmMm concentration resulted ineffective to
completely reduce VEGFRI1D2 disulfide bond, also
after an incubation time of 24 h at room temperature.
The incubation with 10 mm TCEP resulted in about
60% of reduced protein after 5h of incubation.
Prolonging the incubation with 10 mm TCEP to 24 h,
the protein underwent a strong destabilization as it

The FEBS Journal 289 (2022) 1591-1602 © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1595

Federation of European Biochemical Societies



Unfolding pathway of human VEGFR1 D2 domain

D. Diana et al.

A B
F104 F104
- 106 [ B8 106
Vm 108 0\181 108
61 161
,!, 110
\ 151 A
’” ‘tﬂ 5 € ‘g’ 12
W ¥ P .
T e T
L ) 'u . “ -, e Fue
- 3 1 ]
rEL v R 2T S
'l?m p— - "pn b« D10 - ‘c
““ nﬂ o 23 W“y‘ H2 3
: i . 200 ' =
N ey i 4 5 ’”, e F122
v L P e 3 ™ .
¥ r 5 LV
| °Al : A 4 ~— vm: ' %
'ms = "2‘,45’ n’)m [ 'm, 02',& 0‘87 126
14695172 67 146 6172
[ [ #I’—L\’ (& °xsc 54 %lsq‘ [128
“’" ,177 em F130
F132
P ; 7 H(p.p.m.) P 3 3 7
H (p.p.m.) 'H(p.p.m.)

Fig. 4. (A) Overlay of ['H-">N] HSQC spectra of VEGFR1D2 up to the last temperature (323 K) at which the signals are observed; (B)
Overlay of 2D ['H, "N] HSQC spectra of VEGFR1D2 at 298 K (red) and 353 K (blue).

resulted entirely precipitated in the reaction tube. Mass
spectrometry analysis performed on the resuspended
pellet showed the presence of a completely reduced
protein domain (Fig. 6A,B). The molecular weight
(MWth (av)) of VEGFRID2 with disulfide-bonded
cysteines resulted 11851.688 Da (Fig. 6B) while the
MWth (av) of VEGFR1D?2 with reduced cysteines was
11853.688 Da (Fig. 6A).

VEGFRI1D?2 precipitation after 24 h incubation with
10 mm TCEP hindered CD measurements or NMR
analyses of the reduced protein but, at the same time,
was indicative of a strong destabilization of the
VEGFRI1D2. This result supports our hypothesis
based on the assumption of a protein folding mecha-
nism for VEGFRID2 driven by the formation of
domain disulfide bridge.

Discussion

The comprehension of the folding mechanisms at the
basis of protein and structure functions appears crucial
to determine structural bases of protein misfolding [27].
Thermal unfolding studies may be very useful to get a
molecular description of the conformational transitions
governing the folding/unfolding equilibrium of a given
protein [28]. Multinuclear NMR methodologies,
coupled with DSC analysis, represent a powerful tool
to describe protein thermal unfolding mechanisms at
an atomic level [20,29-33]. The human VEGFRI1D?2 is
an Ig domain of the I-set containing one small p-sheet
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involving strands B, E, and D, a second larger pB-sheet
involving strands A’, G, F, C, and C’, and a short heli-
cal turn consisting of residues 199-201 in the crossover
between strands E and F (Fig. 5) and a disulfide bridge
links Cys158 with Cys207. Four residues at both the N-
and C-terminal ends are disordered, whereas the 40 res-
idues in the B-strands are well defined [24]. VEGFR1D2
faces VEGF with the ‘bottom’ half of its five-stranded
sheet, a surface made up of residues from the N-
terminal bulge, strand A’, part of strands G and F, the
loop connecting strands C and C’, and the helical turn
connecting strands E and F.

Previously, we reported VEGFRID2 CD thermal
unfolding showing a sigmoidal transition with a melt-
ing temperature of 333 K. Now, we can add more
molecular details to VEGFRID2 thermal unfolding
picture. In fact, NMR and DSC data clearly indicate
that VEGFRID2 thermal unfolding can be divided
into three parts upon temperature increase: a first
small increase in the structural disorder, between 298
and 323 K, preceding a second structural transitions
between 323 and 343, corresponding to a classical
cooperative two-state unfolding and a third transition,
detected by the DSC analysis, very likely attributable
to the definitive unfolding of the loop connecting the
Cys158-Cys207 disulfide bridge.

The atomic resolution NMR analysis shows how, dur-
ing the first preparative conformational modification,
VEGFRID2 residues behave in two distinct manners.
Those included in the most flexible regions, more
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Fig. 5. (A) Bar graphs of the average combined chemical shift differences (AHN,,) as a function of residue number. The mean value (plus
the standard deviation) (AHN,, = 0.10 ppm) is shown as a continuous line. The secondary structure elements are also indicated. (B) CSP
mapping onto the representative conformer of the NMR structure of VEGFR1D2 shown as ribbon drawing. Residues for which
AHNav > 0.10 ppm are shown in magenta. Disulfide bridge between C158 and C207 is highlighted in yellow. (C) Bar graphs of the intensity
difference (lp—//)) as a function of residue number. The mean value (/p—/// = 0.55 ppm) is shown as a broken line. The secondary structure
elements are also indicated. (D) Intensity difference mapping onto the representative conformer of the NMR structure of VEGFR1D2 shown
as ribbon drawing. Residues for which /lop—/// > 0.55 ppm mare shown in red. Disulfide bridge between C158 and C207 is highlighted in

yellow. Structures figures were created with the program Pymol.

particularly at the N- and C-terminal ends, the loops con-
necting the seven p-strands and the small helical turn,
experience a sensible CSP and a more reduced signal
intensity reduction. These NMR parameter variations
indicate fast conformational exchanges, which, upon
temperature increase, tend toward less structured confor-
mations. Conversely, protein residues affected by much
smaller CSPs and more significant signal intensity reduc-
tions are all included in the more structured VEGFR1D2
regions (Fig. 5). Significant reductions in signal intensity
unveil intermediate conformational exchanges between
well-structured and much less structured conformations.
Particularly, the residues affected by a significant signal
intensity, i.e., lower than the average values minus the
standard deviation (i.e., Al < 0.7), are comprised in all
the seven B-strands and the loop containing Cysl158,
which follows B strand (Fig. 5C). Whether the residues
affected by the largest intensity reductions, having Al <
0.55, are considered, a small hydrophobic core including

the disulfide bridge is defined (Fig. 5D). This hydropho-
bic core, in intermediate exchange with structured
VEGFRI1D2 conformation at 323 K, reasonably repre-
sents the smallest protein nucleus able to induce the
cooperative transition from the unfolded VEGFRI1D2
structure to the properly folded functional conformation.
Accordingly, the estimated entropic contribution for the
structural transition of the disulfide bridge region in large
part corresponds to the entropy change associated with
the second DSC transition further suggesting the pres-
ence of the disulfide bridge as a seed for the complete
folding of VEGFR1-D2 into the native structure.
Globally, the thermal folding/unfolding mechanism
of VEGFRI1D2, here determined, can be described as it
follows. The folding of the loop included within the two
cysteines forming the disulfide bridge, centered at
around 347 K, precedes the formation of a small hydro-
phobic core that surrounds the bridge (Fig. 5SD). It acts
as a ‘folding nucleus’ [34,35], which then enlarges
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Fig. 6. ESI-ToF MS analysis of VEGFR1D2. (A) VEGFR1D2 (20 pm) was incubated in 20 mm phosphate buffer, 10 mm TCEP, pH 7.0, for 24 h
at room temperature. The protein solution was centrifuged and the insoluble fraction was solubilized with 8 M guanidinium hydrochloride
and analyzed by LC-MS ESI ToF. The mass spectrum of the protein peak is reported; the inset shows the deconvoluted mass spectrum.
For comparison, the mass spectrum of VEGFR1D2 is also reported (B).
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comprising the residues included in the seven p-strands
(Fig. 5D); at 323 K the collapse of VEGFR1D?2 native
fold occurs. Successively, between 323 and 298 K, the
residues comprised at the N and C termini and in the
loop connecting the secondary structure elements fur-
ther change their conformation, reaching the protein
native state at room temperature. Overall, the folding
mechanism of the oxidized VEGFR1D2 domain can be
inserted in the ‘nucleation-condensation’ category
[35], which is between the conformational selection
and induced-fit mechanisms. Interestingly, the bottom
half of VEGFRID2, which represents the binding
surface to VEGF, is constituted by a major portion
which contribute to the cooperative transition and a
minor more flexible part constituted by residues which
do not directly participate in the protein folding and
appear to guarantee a certain degree of conformational
flexibility.

Next, we can also argue that folding of VEGFR1D2
may be considered a hierarchic process where global
folding is ignited by small-sized local structures (e.g.,
the disulfide bridge) that interact to generate interme-
diate states of increasing complexity leading, ulti-
mately, to the native structure [36]. Intriguingly, there
are other known examples (e.g., insulin and pro-
insulin) where protein folding is driven by an oxida-
tively induced disulfide pairing [37], thus supporting
the hypothesis that a disulfide bond can act as folding
nucleus and ease the folding process [38].

Folding stability represents a key feature of protein
evolution and is fundamental for their functional roles.
At this regard, NMR spectroscopy coupled with DSC
and possibly also with CD spectroscopy can give
detailed information about thermal unfolding mecha-
nisms of small globular domains, also when based on
a cooperative two-state transition. In this study, we
show that analysis of CSPs and intensity reductions
upon protein thermal unfolding provides important
insights of cooperative folding transition and has been
rarely reported in the past. Expanding such studies to
the majority of the protein structure determined via
NMR spectroscopy would provide a crucial survey of
the conformational equilibria governing protein struc-
ture, functions, and evolution.

Materials and methods

E. coli expression, refolding, and purification of
VEGFR1D2

The uniformly labeled 'N-VEGFRID2 was expressed,
refolded, and purified as previously described [39]. Briefly,
DNA fragment corresponding to VEGFRID2 gene
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(encoding amino acids 129-229 of the human VEGFRI
gene) was amplified by PCR reaction starting from the
cDNA of the full receptor and cloned into the Ncol_Xhol
sites of pETMI11 expression vector (Novagen, Podenzano,
Italy), downstream to the His-tag and TEV recognition site
sequences. The recombinant construct was expressed in E.
coli BL21 Codon Plus (DE3) RIL cell strain (Agilent
Technologies-Stratagene, Santa Clara, CA, USA). Bacterial
expression was carried out according to Sambrook et al. [40]
(in 1 L of pre-warmed minimal medium containing >NH,Cl
(1 gL7") as the unique source of nitrogen, 50 pg-mL™'
kanamycin, and 33 pgmL™" chloramphenicol). Once
reached 0.8 ODggonm, the culture was induced with 0.7 mm
isopropil-p-D-1-tiogalattopiranoside (IPTG). After 5Sh at
37 °C, cells were harvested and lysed by sonication in a
buffer containing 50 mm Tris-HCI, pH = 8.0, and protease
inhibitors cocktail (Roche, Basel, Switzerland). Bacterial
lysate was then centrifuged (34 957 g, 30 min, and 4 °C) and
the pellet fraction containing '*’N-VEGFR1D?2 in inclusion
bodies was resuspended in 50 mm Tris-HCl, 150 mm NaCl,
10 mm imidazole, 8 M urea, and pH = 8.0 (Buffer A) to
solubilize the protein domain. Solubilized His-tagged '>N-
VEGFRID2 was loaded on Ni(II)-NTA resin and a col-
umn refolding was carried out by equilibrating the in-
batch resin with the above-mentioned Buffer A containing
decreasing concentration of urea. Finally, '*N-labeled
domain was eluted by a step gradient increasing imidazole
concentration from 100 to 300 mm. Elutions of His-tagged
domain were pooled and dialyzed overnight against 50 mm
Tris-HCI, NaCl 250 mm, Glutathione (3 mm reduced/
0.3 mm oxidized), pH = 7.0, at 4 °C. TEV cleavage reac-
tion was performed adding protease to protein substrate in
a molar ratio (protease : substrate) of 1:35, for 3 h at
30 °C. The cleaved '>’N-VEGFR1D2 was concentrated by
the Amicon Ultra system (10.000 MWCO, Millipore, Bur-
lington, MA, USA) and purified to homogeneity by size
exclusion chromatography on a S75 column (GE Health-
care, Milano, Italy) equilibrated with 20 mm Tris-HCI,
120 mm NaCl, pH 7.0. The purified product was concen-
trated again until 0.9 mmM.

Alkylation reaction with iodoacetamide

In order to estimate the oxidation state of the disulfide bridge
at 353 K, VEGFR1D2 was diluted up to 10 pm in Tris-HCl
50 mMm, pH = 7.0, containing NaCl 150 mMm and incubated
for 40 min in a thermostated bath set to the above-
mentioned temperature. Then, iodoacetamide (Sigma-
Aldrich, St. Louis, MO, USA), dissolved at a concentration
of 500 mm in the same buffer, was added to the heat-treated
protein domain at a final concentration of 14 mmM. The alkyl-
ation reaction was allowed to proceed at room temperature,
for 30 min, in the dark. As positive control, VEGFR1D2
was first reduced with 5 mm DTT at 353 K for 40 min and
then alkylated by iodoacetamide as described for the
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unreduced sample. Analysis of protein samples was assessed
by LC-MS on an Agilent 1200 Infinity Series (Agilent Tech-
nologies) equipped with an ESI source and a ToF detector,
using an Aeris widepore (150 X 2.1 mm, 3.6 pm) XB-C8 col-
umn (Phenomenex, Bologna, Italy), applying a method with
a flow rate of 0.2 mL-min~! and a linear gradient of CH;CN
(0.05% TFA) in H,O (0.05% TFA) from 5% to 70% in
20 min.

Nuclear magnetic resonance spectroscopy

VEGFRID2 sample was dissolved in 500 uL of aqueous
buffer containing 20 mm Tris-HCI (pH = 7.0) and 120 mm
NaCl (10% D20 for the lock) at concentration of 150 pm.
All of the NMR spectra were carried out on a Varian
Inova 600 MHz spectrometer equipped with cold probe,
where the probe temperature was regularly calibrated by
using methanol and ethylene glycol [41]. All NMR experi-
ments were processed with SPARKY [42] and analyzed
with NEASY, a tool of cara software [43]. For the ther-
mal unfolding experiments, a series of bi-dimensional
['H-'>N] HSQC spectra were acquired increasing tempera-
tures at regular intervals of 5K from 293 to 353 K,
recording all the spectra consecutively. Intensity ratios
were computed as Io—1/l,, where I is the signal intensity
in the reference spectra at 298 K and 7 is the intensity in
the spectra acquired at 323 K. The per residue CSP
weighted average chemical shift differences, ASHN, were
calculated for the amide 'N and 'H resonances using the
following equation: ASHN = ((A'H)?> + (0.17 AN)?)Y2,
where A'H and A'°N are the differences between the
chemical shifts at 298K and 323K. The color figures and
the structure analysis were performed with the programs
MOLMOL [44] and Pymol [45].

Differential scanning calorimetry

A 35um VEGFRI1D2 in buffer (20 mm Tris-HCl, pH =
7.0, 120 mm NaCl) solution was vacuum degassed and
heated at a scan rate of 1 K-min™' in the temperature
range 283—373 K. An extra external nitrogen pressure of
3 atm was applied to the sample to prevent the formation
of air bubbles during heating. The reference cell of the cal-
orimeter was filled with protein-free buffer. To ensure an
accurate equilibration of the calorimeter, several buffer—-
buffer heating scans were routinely performed before any
DSC measurement. To obtain the molar heat capacity
curves Cp(T), a buffer—buffer baseline was subtracted
from raw DSC curves and normalized by the protein con-
centration as reported elsewhere [46]. For all experiments,
two consecutive heating—cooling cycles were performed to
determine the reversibility of the process. Excess molar
heat capacities curves (Cpexc) Were obtained from Cp(T),
by subtracting a baseline obtained by a third-order poly-
nomial fit of the pre- and post-transition Cp trends. DSC
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experiments were performed using a NanoDSC instrument
(TA Instruments) and Cpey curves were deconvoluted by
the NanoAnalyze software using the two-state or the
Gaussian models.

The van’t Hoff enthalpy AHY™ can be calculated accord-
ing to Eqn (1),

A _ ART,ACH(T)
AI_Ical

6]
where T,,, ACp(T,,), and AH, are the transition tempera-
ture, the corresponding excess heat capacity and the calori-
metric enthalpy determined from the heat capacity curve.
The ratio of the van’t Hoff to the calorimetric enthalpy
V™ = AHYYAH,,) is considered as a valuable indicator
of the validity of the assumption that protein thermal
unfolding may be considered as a ‘two state’ transition [47].

Liquid chromatography-mass spectrometry

VEGFRID2 of 20 pm was incubated in phosphate buffer
20 mM and TCEP 5 or 10 mm, pH = 7. All the reactions
were monitored by LC-MS, analyzing protein samples on
an Agilent 1200 Infinity Series (Agilent Technologies)
equipped with an ESI source and a ToF detector. Protein
samples were loaded on an Aeris widepore (150 x 2.1 mm,
3.6 pm) XB-C8 column (Phenomenex), applying a method
with a flow rate of 0.2 mL-min~" and a linear gradient of
CH;CN (0.05% TFA) in H,O (0.05% TFA) from 5% to
70% in 20 min. The protein sample precipitated after 24 h
of incubation with 10 mm TCEP was centrifuged, the pellet
was resuspended in 50 pL of 8 M guanidinium hydrochlo-
ride and 1.5 pL were also analyzed.
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