564 DOL: 10.17344/acsi2016.2970 Acta Chim. Slov. 2017, 64, 564-570 @E5AMSns

Scientific paper

Use of Differential Scanning Calorimetry
and Immunoaffinity Chromatography to Identify Disease
Induced Changes in Human Blood Plasma Proteome

Sandi Brudar,' Urh Cernigoj,> Helena Podgornik,’ Mojca Krzan*
and Iztok Prislan>*
! University of Ljubljana, Faculty of Chemistry and Chemical Technology, 1000 Ljubljana, Slovenia
2 BIA Separations, 5270 Ajdovs¢ina, Slovenia
3 University Medical Centre Ljubljana, Department of Haematology, 1000 Ljubljana, Slovenia
* University of Ljubljana, Faculty of Medicine, 1000 Ljubljana, Slovenia
5 University of Ljubljana, Biotechnical Faculty, 1000 Ljubljana, Slovenia
* Corresponding author: E-mail: iztok.prislan @ bf.uni-lj.si
Received: 05-10-2016
For Cutting Edge 2017

Abstract

Differential scanning calorimetry provides unique signatures of blood plasma samples. Plasma samples from diseased
individuals yield specific thermograms, which differ from each other and from plasma samples of healthy individuals.
Thermograms from individuals suffering from chronic lymphocytic leukemia, multiple myeloma and acute myeloid
leukemia were measured with DSC. To obtain additional information about thermal behaviour of plasma proteins im-
munoaffinity chromatography was introduced. An immunoextraction of HSA using a chromatographic column with im-
mobilized anti-HSA was carried out in order to enrich less abundant plasma proteins, which could provide a further in-
sight into disease development. Efficiency of HSA depletion and protein composition of fractionated plasma was vali-
dated by SDS-PAGE.
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1. Introduction

Despite of rapid development of medicine and other
sciences, timely and reliable diagnosis of diseases is so-
metimes still a pretentious task. In addition when it comes
to ascertaining the health status of an individual some
diagnostic procedures are very invasive. A solution to
such difficulties could lie in new methods for human pla-
sma analysis. Human plasma serves as an important sour-
ce of information about human health. Various diseases
are often associated with biomarkers, which have been de-
fined by Hulka et al. as biochemical, molecular or cellular
changes that are measureable in human fluids, tissues and
cells." The human plasma proteome consists of more than

3000 proteins and peptides, therefore the search for poten-
tial disease biomarkers, and their identification in the pla-
sma proteome is a very complicated procedure.” Only ten
proteins make up 90% of the mass of plasma proteins and
albumin (HSA) and immunoglobulins (Ig) represent 75%
out of these ten proteins. Majority of biomarkers in blood
plasma are often scarce and small in size. Consequently,
their detection can be limited by the presence of more
abundant and larger proteins such as HSA or IgG?. Becau-
se of the complexity of plasma no single technique can
fully exploit the information plasma has to offer. Until
now mass spectrometry and 2D-electrophoresis have been
routinely used for detection and characterization of speci-
fic biomarkers.® Chaires et al. have discovered the poten-
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tial use of differential scanning calorimetry (DSC) for pla-
sma analysis.” Using a DSC to analyze plasma yields a
thermogram that is sensitive to differences in thermodyna-
mic properties of the most abundant plasma proteins.
Chaires et al. have shown that thermograms of plasma
from diseased individuals differ significantly from ther-
mograms of plasma from healthy individuals.>* Another
tool to facilitate the search for biomarkers is liquid chro-
matography, in particular affinity chromatography and
ion-exchange chromatography. Several researchers have
demonstrated that depletion of most abundant plasma pro-
teins amplifies the contribution of least abundant plasma
proteins, thus creating the opportunity to uncover and
study specific proteins/peptides.® Polymethacrylate
chromatographic monoliths afford flow rate independent
binding capacity and resolution for large biomolecules
due to the convective nature of the flow, which allows re-
latively short analysis times compared to traditional chro-
matographic supports.” Having these advantages in mind
we decided to partially deplete human serum albumin
from plasma sample using chromatographic monoliths
bearing immunoaffinity ligand. The purpose of our re-
search was to develop and optimize procedures for combi-
ned use of DSC and immunoaffinity chromatography
(IAC) for the investigation of different plasma samples
from diseased individuals.

2. Experimental

2. 1. Plasma Samples

We investigated plasma samples from three indivi-
duals with three different haematological diseases, na-
mely chronic lymphocytic leukemia (CLL), multiple
myeloma (MM) and acute myeloid leukemia (AML). In-
dividuals diagnosed with MM and AML were females and
the one with CLL was a male. Due to ethical issues further
information about these individuals cannot be revealed.
Chaires et al.} have shown that the main shape of plasma
thermograms is unbiased by age, gender and ethnicity, ho-
wever small deviations in HSA unfolding signal amplitu-
des can be observed due to higher HSA concentrations in
male plasma samples. For the control sample blood pla-
sma from a healthy child was used. At the University Me-
dical Centre Ljubljana (UMCL) the peripheral blood sam-
ples were withdrawn in tubes with EDTA and centrifuged
at 2500 RPM for 10 minutes to obtain plasma. The use of
plasma was approved by National Medical Ethics Com-
mittee (Approval number: MZ 0120-299/2016-2, KME
83/05/16)

Because only 3 plasma samples were investigated
we have to emphasize that this is only a preliminary study
in which our main aim was to identify the effectiveness of
our approach and not to generalize differences for the
three investigated diseases. It should be clear that for vali-
dation of our method more plasma samples should be

analyzed. Even though only one set of measurements was
performed for CLL and AML samples, the robustness and
reproducibility of our method was tested with other pla-
sma samples (data not shown) and two separate fractiona-
tions of MM sample (Figure S1).

2. 2. Sample Preparation

The buffer solutions used in our experiments consi-
sted of 20 mM disodium phosphate and 300 mM NacCl.
HCI was added to disodium phosphate to reach pH of 7.4.
All buffers were filtered before use. Samples were first di-
luted 5- to 7-fold and then extensively dialyzed against the
buffer at 4 °C (three changes of buffer solution in 24 h) us-
ing a dialysis tube Float-A-Lyzer with a 3500 Da cut-off.
Total protein concentration of plasma samples was deter-
mined spectrophotometrically according to the bicincho-
ninic acid method procedure (Sigma-Aldrich).’

2. 3. IAC Protocol

Separations were performed using a Knauer high-
performance liquid chromatography (HPLC) worksta-
tion, consisting of two pumps, an autosampler injection
system with a sample loop volume of 100 uL and a UV-
detector at a wavelength of 280 nm. Samples were loaded
by using a mobile phase consisting of 20 mM disodium
phosphate and 300 mM NaCl, pH = 7.4 at a flow rate of 1
mL/min. For experimental data acquisition, Eurochrom
2000 software was used. The hydrazide-modified mono-
lithic chromatographic column (CIM® HIDA) with 1 mL
bed volume and 6 um pore size was provided by BIA Se-
parations d.o.o. The immobilization of polyclonal anti-
HSA was performed according to the procedure descri-
bed by Tarasova et al.'” and the determined dynamic
binding capacity at 50% breakthrough of prepared CIM
otHSA column for pure HSA in phosphate buffered saline
was 0.35 mg/mL. Before injection, diluted and dialyzed
plasma samples were filtered through 0.45 pm membrane
filters (Sartorius) and diluted with dialysate to a total pro-
tein concentration of approximately 4 to 5 mg/mL. 100 pl
loop was used to load the sample and flow-through and
bound fractions of plasma were collected. Succeeding
collection of flow-through fraction the bound fraction
was eluted using 0.1 M HCOOH, pH = 2.5, followed by
immediate neutralization by 200 mM disodium phospha-
te, 300 mM NaCl, pH = 8.5. Both fractions were transfer-
red to Vivaspin sample concentrators with MWCO of
3500 Da and centrifuged to final volume of 1 to 1.5 mL at
5000 RPM. This was repeated 18 times.

2. 4. DSC Protocol

DSC thermograms were obtained using nano DSC II
(CSC). Dialyzed plasma samples were diluted 3- to 4-fold
with dialysate and degassed for 15 min. DSC scans were
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recorded from 20 °C to 100 °C at 2 °C/min. Correspon-
ding buffer scans were also recorded. Raw data was analy-
zed with NanoAnalyze software and Microsoft Excel. The
corresponding baseline (buffer—buffer) scans were sub-
tracted from the plasma scans and normalized to total pro-
tein concentration to obtain partial heat capacity as a func-
tion of temperature.

2. 5. SDS-PAGE

Fractions were examined using sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE).
Plasma fractions from IAC were diluted to a final concen-
tration between 0.5 and 1.0 mg/mL. Separation of pro-
teins was performed on 12% resolving gel and 4% stac-
king gel. Electrophoresis was carried out under reducing
conditions according to the basic Laemmli SDS-PAGE
procedure.'' Gels were run at 200 V and 15 °C for 75 min.
Visualization of protein bands was done by silver stai-
ning."” Gel images were altered to achieve more efficient
interpretation of result (color was changed to black&whi-
te and positions of lanes on the same gel were shuffled).
Unaltered images can be seen in Figure S2.

3. Results and Discussion

3. 1. Comparison of Blood Plasma
Thermograms

Figure 1 shows that plasma thermograms belonging
to diseased individuals differ significantly from one anot-
her and from “healthy” plasma thermograms. The thermo-
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Figure 1. Comparison of thermograms of blood plasma from disea-
sed individuals dissolved in 20 mM phosphate buffer and 300 mM
NaCl and with a thermogram of blood plasma from healthy indivi-
dual dissolved in 10 mM phosphate buffer and 150 mM NacCl (das-
hed cyan line) and 20 mM phosphate buffer and 300 mM NaCl (full
cyan line).

grams of plasma display multiple peaks that can be asso-
ciated to the melting temperatures (7)) characteristic of
main plasma proteins.

Chaires et al. have performed thermal denaturation
of “healthy” blood plasma at heating rate of 1 °C/min and
in 10 mM phosphate buffer with 150 mM NaCl to mimic
physiological conditions. Several peaks were identified
corresponding to transition temperatures of fibrinogen
(T,~51°C), HSA (T, ~63 °C), IgG (T, ~70 °C) and trans-
ferrin (T, ~85 °C).? Thermograms in our research were
recorded at heating rate of 2 °C/min to increase the num-
ber of processed samples and 20 mM phosphate buffer
with 300 mM NaCl was used to avoid non-specific pla-
sma-column interactions. Higher heating rate and salt
concentration shifted the melting temperatures of majo-
rity of plasma proteins to higher values (Figure 1). Thus
T of fibrinogen shifts to ~53 °C, T, of HSA to ~67 °C,
T of IgG to ~72 °C) and T of transferrin to ~86 °C.
Melting temperatures are not the only obtainable data
from thermograms. The integration of area under the
thermograms of plasma yields the enthalpy of plasma
proteins denaturation (Table 1).

Table 1. Denaturation enthalpies of plasma from healthy individual
and from blood plasma of diseased individuals. NF-non-fractio-
nated plasma; F1-flow-through plasma fraction. Experimental er-
ror due to baseline correction is + 5%.'®

Sample Unfolding enthalpy [cal/g]
Healthy plasma 3.64 +0.18
CLL plasma NF 3.80+0.19
CLL plasma F1 2.94 £0.15
AML plasma NF 3.96 +0.20
AML plasma F1 2.89£0.14
MM plasma NF 4.57+0.23
MM plasma F1 4.27+0.21

Figure 1 shows that thermograms obtained from
thermal denaturation of blood plasma from diseased indi-
viduals are shifted to higher temperatures. The shift in un-
folding temperatures is in agreement with previously re-
ported results for other diseases.>!*!>!1¢ Proteins in plasma
from diseased individuals seem to unfold at higher tempe-
ratures for a yet undefined reason. Chaires et al. had
hypothesized that such stabilization of proteins occurs due
to interactions between major plasma proteins and speci-
fic disease biomarkers.” Thermal denaturation of plasma
from an individual with CLL yields a thermogram, where
at least four transitions could be identified. These could
correspond to denaturation of fibrinogen (7, ~53 °C),
HSA (T, ~68 °C), 1gG (T,,~72 °C) and transferrin (T, ~91
°C). The transitions are shifted from 0 to 5 °C towards
higher temperatures when compared to thermogram of
“healthy” plasma. For instance, T of fibrinogen does not
change, but T of transferrin is shifted for approximately
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5 °C. The denaturation enthalpy of non-fractionated CLL
plasma is 3.80 =+ 0.19 cal/g. This value is approximately
the same as the denaturation enthalpy of plasma proteins
from healthy individuals. Figure 1 shows that DSC ther-
mograms of CLL and AML plasma are distinct even
though both diseases are characterized by prominent
changes in blood leukocytes not in plasma protein compo-
sition. In the thermogram of plasma from an individual
with AML an additional endothermic peak can be obser-
ved at 62 °C. We hypothesize this peak is present due to
thermal denaturation of haptoglobin, as it is supposed to
unfold in the same temperature region as HSA.> T values
of fibrinogen and transferrin from AML plasma denatura-
tion seem to be at approximately the same position as T
values from “healthy” plasma denaturation. The denatura-
tion enthalpy of non-fractionated blood plasma from an
individual with AML is 3.96 + 0.20 cal/g, which is com-
parable to denaturation enthalpy of CLL and “healthy”
plasma. Lastly Figure 1 shows a specific thermogram of
plasma from an individual with MM. Three main transi-
tion peaks for most abundant plasma proteins can be cha-
racterized. A similar thermogram for this disease was ob-
tained by Todinova et al.'” Thermally induced peaks are
shifted to higher temperatures to an even greater extent
than those characteristic for proteins from CLL and AML
plasma samples. Also in contrast to AML and CLL sam-
ples protein concentration in MM plasma was increased
above reference range (94 g/L) due to monoclonal IgG
fraction (M spike) typical for MM. Thermogram exhibits
three distinct peaks (T,~62 °C, T, ,~71 °C and T, ,~82
°C) and is dramatically different from other thermograms.
The determined enthalpy of denaturation for non-fractio-
nated MM plasma was 4.57 + 0.23 cal/g, which is appro-
ximately 20% higher from denaturation enthalpies of ot-
her samples. These results suggest that the amount of un-
folding enthalpy is not a determining factor for disease
conditions. We believe that only the shape of plasma ther-
mograms can serve as a diagnostic tool for disease deter-
mination.

3. 2. Fractionation and Characterization
of Proteins in Blood Plasma

To gain further insight into thermal behavior of dif-
ferent blood plasma samples, fractionation of plasma
samples and thermal denaturation of obtained fractions
were carried out. The thermogram of the flow-through
fraction of plasma from an individual with CLL in Figure
2 shows a distinct drop in signal intensity in the region
characteristic of HSA, as a result of HSA depletion by a
CIM oHS A column. As a result, transition peaks for other
proteins are more pronounced. Along with enrichment of
less abundant proteins we can observe an entirely new
peak at approximately 65 °C, which seems to have been
previously masked by HSA. We hypothesize that this peak
is a result of haptoglobin denaturation.
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Figure 2. Thermograms of blood plasma from an individual with
CLL (top). DSC thermogram of a non-fractionated blood plasma
sample (full line) is compared to thermograms of flow-through
(dotted line) and bound fraction (dashed line) obtained from HPLC
fractionation. The right AC  axis corresponds to the bound fraction.
SDS-PAGE of blood plasma from an individual with CLL (bot-
tom); P. L. — protein library, CLL, — non-fractionated blood pla-
sma (1 mg/mL), CLL, — flow-through fraction (1 mg/mL), CLL,
—bound fraction (0.8 mg/mL).

The obtained unfolding enthalpy of the flow-
through fraction of CLL plasma was 2.94 + 0.15 cal/g
(Table 1), which is 22% lower than that of non-fractiona-
ted plasma. The thermogram of the bound fraction in Fi-
gure 2 shows a major exothermic effect above 82 °C due
to protein aggregation. We hypothesize that this pheno-
menon is due to elution of HSA with HCOOH, even
though this fraction was intercepted by high capacity buf-
fer to neutralize acid. Very acidic conditions are non-
physiological for HSA and can change its structure in a
way that favors aggregation. Similar behavior of bound
fractions was observed in all plasma samples and repor-
ted by other researchers'®!” and will not be discussed any
further. Together with the thermogram of the flow-

Brudar et al.: Use of Differential Scanning Calorimetry

567



568

Acta Chim. Slov. 2017, 64, 564-570

through fraction, results of SDS-PAGE (Figure 2) show
that only partial HSA depletion was achieved even
though the applied concentration was bellow theoretical
binding capacity. This was most likely due to complexity
of plasma samples and overuse of our CIM aHSA co-
lumn. Even though HSA is still present in the flow-
through fraction, the corresponding thermogram seems to
be missing peak assigned to HSA denaturation. We have
to assume that HSA unfolding is masked by the unfol-
ding of other plasma proteins. CLL, lane (bound frac-
tion) displays an intensive band at 66 kDa, characteristic
of HSA, no slower migrating bands and some low inten-
sity bands in lower MW region that could correspond to
heavy (~50 kDa) and light (~25 kDa) IgG chains. Results
of flow-through fraction PAGE can be seen in CLLy, la-
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Figure 3. Thermograms of blood plasma from an individual with
AML (top). DSC thermogram of a non-fractionated blood plasma
sample (full line) is compared to thermograms of flow-through
(dotted line) and bound fraction (dashed line) obtained from HPLC
fractionation. The right AC, axis corresponds to the bound fraction.
SDS-PAGE of blood plasma from an individual with AML (bot-
tom); P. L. — protein library, AML, — non-fractionated blood pla-
sma (1 mg/mL), AML;, — flow-through fraction (1 mg/mL), AML,
— bound fraction (0.7 mg/mL).

ne. An intensive band at ~180 kDa, representing a subunit
of o,,-macroglobulin, is present in the high MW y-region.
Below in the B-region lies a distinct band at 80 kDa, cha-
racteristic of transferrin. HSA band is less intensive but
still present because in order to reduce the number of
fractionations, high concentration of plasma with HSA
concentration on the limit of binding capacity was injec-
ted on CIM oHSA column. Beneath the band represen-
ting HSA there is a broader band consisting of BJ-fibri-
nogen at ~56 kDa, transthyretin at ~55 kDa and heavy Ig-
G chains at ~50 kDa. The band at ~15 kDa could not be
identified.? It is clear that intensities of all bands, which
were weaker in the whole plasma sample are noticeably
increased in the CLL, lane, suggesting that enrichment
of less abundant proteins was successful.
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Figure 4. Thermograms of blood plasma from an individual with
MM (top). DSC thermogram of a non-fractionated blood plasma
sample (full line) is compared to thermograms of flow-through
(dotted line) and bound fraction (dashed line) obtained from HPLC
fractionation. The right AC  axis corresponds to the bound fraction.
SDS-PAGE of blood plasma from an individual with MM (bottom);
P. L. — protein library, MM — non-fractionated blood plasma
(1 mg/mL), MM, — flow-through fraction (1 mg/mL), MM, —
bound fraction (0.5 mg/mL).
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The thermogram of the flow-through fraction of
AML plasma (Figure 3) shows that depletion of HSA
from blood plasma resulted in well-defined peak at 62 °C
which in our opinion is a result of haptoglobin denatura-
tion. Signals for other plasma proteins, such as fibrinogen
at 53 °C and transferrin at 86 °C are also slightly enriched.
The remaining peak at 72 °C can be attributed to IgG de-
naturation. The obtained unfolding enthalpy for the flow-
through fraction was 2.89 + 0.14 cal/g (Table 1), which is
approximately 27% lower than for non-fractionated AML
plasma. Thermogram obtained from thermal denaturation
of the bound fraction of AML plasma (Figure 3) displays
an intensive endothermic peak, followed by a steep exot-
hermic effect characteristic of protein aggregation. Re-
sults of SDS-PAGE of AML plasma (Figure 3) show an
intensive HSA band in AML, lane, suggesting that we
have successfully depleted the majority of HSA from the
AML plasma. Some faster migrating bands corresponding
to heavy (=50 kDa) and light (~25 kDa) IgG chains can al-
so be seen in AML, lane. AML, lane corresponds to the
flow-through fraction and contains a band at 66 kDa sho-
wing that not all of HSA was removed. The intensities of
other bands are increased, proving that we have succeeded
in increasing the relative concentration of other proteins.

When comparing thermograms of non-fractionated
sample and flow-through fraction of the MM plasma (Fi-
gure 4), a distinct drop in signal intensity at temperature
of 71 °C and increase in signal intensity at temperature of
82 °C are observed. The denaturation enthalpy of the
flow-through fraction was 4.27 + 0.21 cal/g, which is only
7% lower than for non-fractionated MM plasma. SDS-
PAGE of MM flow-through fraction, MM, shows de-
creased intensity of HSA band at 66 kDa and increased in-
tensities of other bands (Figure 4). On the other hand
SDS-PAGE of MM bound fraction, MMp,, shows strong
band, characteristic of HSA along with weaker bands re-
presenting heavy and light IgG chains. SDS-PAGE results
suggest that almost all of the HSA is removed from flow
through fraction which could be associated to drop in
DSC signal intensity at temperature of 71 °C. Thermo-
grams of MM plasma show that HSA and IgG unfolding
have shifted to higher temperature, perhaps due to interac-
tions with drugs®' or interactions with monoclonal immu-
noglobulin.”> About 25 % drop in DSC signal intensity at
temperature of 71 °C does not correspond to drop in band
intensity observed in SDS-PAGE which means that HSA
is unfolding in the same region as other proteins. Compa-
rison of lanes with bound fractions in Figures 2, 3 and 4
reveals that the intensities faster migrating bands are
strongest in the case of MM plasma. This could be a result
of HSA-IgG complex formation, non-specific interactions
or column degradation and should be further investigated.
The stained gel (Figure 4) gives information not only
about the effectiveness of MM plasma fractionation, but
also of multiple myeloma signs. This is especially evident

from several protein bands in MM, lane. A weak band,
characteristic of HSA and abnormally intensive bands,
characteristic of heavy and light IgG chains can be obser-
ved. Both phenomena are typical of multiple myeloma
and it should be emphasized that MM plasma was obtai-
ned from patient with IgG clonality and light chain kappa
restriction.

4. Conclusions

DSC provides a unique signature of the three exami-
ned diseases (chronic lymphocytic leukemia, multiple
myeloma and acute myeloid leukemia), thus showing po-
tential for plasma proteome investigation. Because only 3
plasma samples were investigated we have to emphasize
that obtained results may not be used to generalize diffe-
rences for the three investigated diseases. IAC with the
use of a CIM otHSA column enables enrichment of less
abundant plasma proteins, thus providing the tool to en-
hance the relative presence and/or influence of potential
disease biomarkers. Enrichment of plasma proteins in
flow-through fractions was verified with SDS-PAGE and
analyzed with DSC. The obtained results suggest that
combination of DSC and IAC could be introduced as a
possible novel and non-invasive diagnostic tool, although
further research in this field is required.
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Diferenc¢na dinami¢na kalorimetrija (DSC) nam nudi svojevrsten vpogled v lastnosti proteoma krvne plazme.
Termogrami krvne plazme bolnih posameznikov so specifi¢ni in se razlikujejo med seboj, kakor tudi od krvne plazme
zdravih posameznikov. Z DSC smo izmerili termograme krvne plazme posameznikov s kroni¢no limfati¢no levkemijo,
plazmocitomom in akutno mieloi¢no levkemijo ter jih med seboj primerjali. Da bi pridobili dodatne informacije o ter-
micno inducirani denaturaciji plazemskih proteinov, smo uporabili imunoafinitetno kromatografijo. S kromatografsko
kolono z imobiliziranimi anti-HSA protitelesi smo izvedli imunoekstrakcijo HSA in s tem poviSali deleZ manj pogostih
proteinov v krvni plazmi. To nam je omogocilo snemanje termogramov frakcij z razli¢no proteinsko sestavo in s tem
boljse razumevanje interakcij med proteini, ki sestavljajo krvno plazmo. U¢inkovitost odstranitve HSA in sestavo frak-

cionirane krvne plazme smo preverili z uporabo SDS-PAGE.
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