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. Refolding of proteins derived from inclusion bodies is very promising as it can provide a reliable source
. of target proteins of high purity. However, inclusion body-based protein production is often limited by
. the lack of techniques for the detection of correctly refolded protein. Thus, the selection of the refolding
. conditions is mostly achieved using trial and error approaches and is thus a time-consuming process.

* Inthis study, we use the latest developments in the differential scanning fluorimetry guided refolding

. approach as an analytical method to detect correctly refolded protein. We describe a systematic buffer
. screen that contains a 96-well primary pH-refolding screen in conjunction with a secondary additive

. screen. Our research demonstrates that this approach could be applied for determining refolding

. conditions for several proteins. In addition, it revealed which “helper” molecules, such as arginine

: and additives are essential. Four different proteins: HA-RBD, MDM2, IL-17A and PD-L1 were used

. to validate our refolding approach. Our systematic protocol evaluates the impact of the “helper”

- molecules, the pH, buffer system and time on the protein refolding process in a high-throughput

. fashion. Finally, we demonstrate that refolding time and a secondary thermal shift assay buffer screen
. are critical factors for improving refolding efficiency.

. The demand for innovative protein-based therapeutics to address drug-resistant diseases is ever more pressing.
. Although the Human Genome Project completed in 2004 has provided a wealth of biological targets for explo-
. ration by structural biology and therapeutic drug design, the number of human protein structures determined
. by NMR spectroscopy, X-ray crystallography and cryoelectron microscopy has not increased dramatically. One
. of the main obstacles is the availability of large amounts of the target protein. Although Escherichia coli (E. coli)
: isa cheap and readily accessible recombinant expression host, up to 70% of eukaryotic proteins expressed in E.
. coli are insoluble as stated by reports from the Center for Eukaryotic Structure Genomics (CESG)'-*. Despite this
© major attrition and the availability of a large number of well-established expression systems (both eukaryotic and
: bacterial), E. coli is still the most widely used expression platform for protein production, due to advantages such
- as high growth rate in inexpensive medium, rapid biomass accumulation, ease of scale-up and high productiv-
: ity®®. In addition, a great number of expression vectors, engineered strains and many cultivation strategies are
. well characterized for the high-level production of heterologous proteins in this organism. Therefore, the devel-
: opment of a systematic refolding method that can be robustly applied for a wide range of protein candidates to
. efficiently recover correctly folded and biologically active recombinant proteins from inclusion bodies is highly
. attractive.

: Inclusion bodies are composed of aggregates of unfolded, partially folded and misfolded protein. They are
: often formed due to a lack of chaperones, failing to reach a correct conformation in the reducing environment
- of the cytoplasm and potentially undergoing proteolytic degradation’. Although the protein found in inclusion
. bodies cannot be directly used for studies due to lack of biological activity, they provide a highly enriched source
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of target proteins with high purity. Consequently, several refolding methods have been extensively reported (e.g.
dilution, dialysis, chromatography and microfluidic chips'®~'*). However, as many proteins can only be refolded
under very specific conditions, the development of systematic screening methods that can screen multiple refold-
ing conditions in parallel is still challenging.

Several fractional factorial refolding kits (QuickFold [AthenaES], FoldIt [Hampton research], iFOLD
[Novagen] and QuickFold™ Protein Refolding Kit [Molecular Dimensions Limited]) designed to identify opti-
mal refolding conditions are available commercially. Despite this, refolding efforts are still limited by the lack
of analytical assays to monitor multiple refolding experiments in parallel. More often, the refolding process is
detected by surrogate assays such as turbidity or absorbance that cannot readily discriminate between properly
folded and misfolded proteins. Similarly, SDS-PAGE, size exclusion chromatography (SEC) and reversed-phase
HPLC assays can solve this problem but are time-consuming and are not compatible with high-throughput meth-
ods'>. Recently, Biter et al. demonstrated that differential scanning fluorimetry (DSF) guided protein refolding
(DGR) allows for discrimination between folded, misfolded and unfolded states of refolded protein'®. However,
the pH, Anion, Cation crystallization trial (PACT) screen described is optimized for screening protein crystal-
lization conditions rather than protein refolding. The PACT screen DGR based assay evaluates the effect of pH,
anions and cations on a sparse matrix basis and does not address widely used refolding agents, such as chaotropes
(urea) or aggregation inhibitors (arginine).

In this study, we have developed a systematic buffer screen that contains a dedicated 96-well primary pH
refolding screen, combined with a secondary additive screen to assess other refolding agents (e.g. chaotropes,
stabilizing agents, counter-ions and reducing agents) as an extension of the DGR approach. Our research demon-
strates that DGR can be applied for determining refolding conditions of proteins that contain more specific and
complex buffer compositions. To establish and validate the refolding screen, four different proteins were used:
the receptor binding domain of hemagglutinin (HA-RBD), interleukin-17A (IL-17A), mouse double minute 2
homolog (MDM2) and the inhibitory receptor ligand of programmed death receptor 1 (PD-L1). We describe
the development of a dedicated and systematic protocol that is able to evaluate the impact of pH, buffer system,
time, redox couples as well as a range of additives on the protein refolding process. We also show that a secondary
thermal shift assay (TSA) screen performed on the refolded material provides improved dialysis conditions for
the removal of refolding agents.

Methods

Protein expression. For protein expression experiments, 5mL of an E. coli overnight culture was used
to inoculate 1 L Luria-Bertani broth. The cells were grown at 37 °C with shaking (180 rpm), 1 mM isopro-
pyl-B-D-1-thiogalactopyranoside (IPTG) was added when the ODg, reached 0.6. After induction, the temper-
ature of the culture was lowered to 18 °C and the cells were incubated overnight. The cells were subsequently
harvested by centrifugation at 5,000 g for 20 min.

Isolation of inclusion bodies from cell pellets. The cell pellets were resuspended in lysis buffer (50 mM
Tris-HCI, pH 8.0; 300 mM NacCl; 5% glycerol; 3 mM (-mercaptoethanol (3-ME) and 5 mM ethylenediamine-
tetraacetic acid (EDTA)). The cell suspension was sonicated for 2 min and 2mM MgSO,, 0.01 mg/mL DNAse and
0.1 mg/mL lysozyme were added. The solution was incubated at room temperature for 15min. Cell debris was
removed by centrifugation (19,000 g). The resuspension, sonication and centrifugation procedure was repeated
4 times using lysis buffer with 0.5% Triton X-100. The inclusion bodies were incubated in lysis buffer with 0.5%
Triton X-100 overnight. Finally, the inclusion bodies were washed twice in wash buffer (50 mM Tris-HCI, pH 8.0;
300 mM NaCl; 5% glycerol; 3mM 3-ME and 5mM EDTA).

Solubilisation/denaturation of proteins from inclusion bodies. Inclusion bodies were resuspended
in either 8 M urea or 6 M guanidine-HCI. Insoluble material was removed by centrifugation at 19,000 g for 20 min.

Refolding screen in 96-well format. The denatured target protein was refolded by shock dilution at
a ratio of 1:20. 10 uL of denatured protein solution at ~5mg/mL was added into each well of a 96-well plate.
Subsequently, 190 puL of refolding buffer from a pre-prepared master plate was transferred to the plate containing
the denatured protein. Each well contained a final volume of 200 pL. After set up, the plate was incubated with
gentle shaking at room temperature or 4 °C.

Detection of a refolding buffer by DGR.  For the 96-well refolding detection assay, a 25x dilution of the
5000x SYPRO Orange stock (Invitrogen) was prepared in water. For each well, 5L of this diluted SYPRO Orange
and 45 pL of the refolding sample was added. The plate was covered with sealing tape and centrifuged at 600 g for
1 min to remove any air bubbles. A BioRad CFX96 RT-PCR machine was programmed with a 3 min equilibration
time at 22 °C. Subsequently, the plate was heated from 22 to 90 °C with stepwise increments of 0.5 °C per 30, fol-
lowed by the fluorescence reading optimized for SYPRO Orange at 485 nm (Excitation) and 530 nm (Emission)
after each step. The 200 puL refolding sample prepared allows for the refolding experiments to be analyzed by DGR
at four different time points, aiding the identification of the optimal incubation time for the refolding process.

Scale-up refolding for Protein stability buffer screen. The subsequent step uses a TSA analysis to
screen for dialysis conditions to remove refolding agents. 2.5 mL of denatured protein sample (~12.5 mg) was
added dropwise into 50 mL of the refolding buffer identified above, under continuous stirring. The mixture was
incubated under stirring for a period of time (as identified from the time points tested in the previous screen).
The optimal buffer for subsequent purification and/or concentration could then be identified using a more stand-
ard thermal shift assay approach (DSF/TSA)". Briefly, samples from the up-scaled refolding step were concen-
trated to a maximum of 1 mg/mL and spun to remove any precipitation (5 minutes at 18,000 g). SYPRO Orange
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Figure 1. (a) Process flow chart: The inclusion bodies of the protein of interest were first purified and
solubilized. This was followed by a primary pH refolding screen in 96-well plate, detected the refolding by
DGR at different time points. From this screen, initial refolding conditions (pH/Buffer system/Arginine) can
be identified. The initial refolding conditions are then combined with an additive screen and assayed using the
same procedure to identify the final refolding buffer. Subsequently, protein refolding was scaled up. The first
batch of refolded protein was concentrated and directly used for TSA to obtain an optimal protein stability
buffer. Finally, the protein refolding was scaled up again and the refolded protein was dialyzed to the protein
stability buffer, concentrated and used for characterization. (b) Composition of the primary pH screen; Buffer
conc.: 50 mM; Salt conc.: 100 mM; Arginine conc.: 0.4 M; MIB: sodium malonate, imidazole and boric acid;
CHC: citric acid, HEPES and CHES; MMT: DL-malic acid, MES and Tris-HCI; ***: pH 4.5-5.5 (Citric acid),
pH 6-6.5 (MES), pH 7-7.5 (HEPES), pH 8-8.5 (Tris-HCI), pH 9-10 (CHES); C12, G12: Citric acid at pH 4; (c)
Composition of the secondary additive screen.

(Invitrogen) was prepared by diluting 2.5 pL of the stock solution in DMSO into 500 pL of the concentrated
refolded protein sample. For each well in the 96-well plate, 5L of protein/SYPRO Orange solution was diluted
with 45 pL of the buffer screen formulation. Then the plate was centrifuged at 600 g for 1 min before the start of
the assay to remove any air bubbles. The TSA analysis was performed as described above.

Scale-up refolding for Protein production. After identification of a suitable dialysis buffer, scale-up
refolding was repeated and the refolded sample was dialyzed against the dialysis buffer identified. The dialyzed
sample was then concentrated to 20 mL using an Amicon 6050 concentrator and further concentrated by a
Vivaspin 20 centrifugal concentrator (Sartorius) at 2,000 RCF at 4 °C.

Size Exclusion Chromatography (SEC) and Static light Scattering (SLS).  The concentrated pro-
teins were purified via SEC using a Superdex 200 10/300 or HiLoad 16/60 Superdex 75 column (GE Healthcare)
pre-equilibrated with the identified dialysis buffer using an NGC liquid-chromatography system (Bio-Rad).
Where necessary, the molecular masses of the proteins in solution were determined using static light scattering
(SLS). A miniDAWN TREOS from Wyatt technology was connected in line with the NGC system. Proteins were
concentrated to 2mg/mL before injection.

Results

Development of a Dedicated Refolding Screen.  Our refolding buffer screen is composed of a “primary
pH screen” (Fig. 1b) and a “secondary additive screen” (Fig. 1c). The first screen identifies a “basic buffer” with the
optimal pH in the best buffer system for protein refolding; the second screen uses the “basic buffer” in combina-
tion with a wide range of additives (mostly protein stabilizers)'$-22
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Primary pH Screen. The first part (row A-D) contains a variety of buffer systems in combination with
100 mM NaCl. Similarly, the second part (row E-H) contains these buffers combined with 0.4 M L-arginine
hydrochloride, the most commonly used aggregation inhibitor to suppress aggregation and enhance protein
refolding?*-%. This screen covers a pH range from 4.0 to 10.0 (the pH of MMT buffer was 4.0-9.0). Importantly,
we use 4 different buffer systems: MIB buffer, CHC buffer, MMT buffer and single buffers. These buffer systems
are composed of several reagents, ensuring pH stability over a large range. The different buffer systems not only
allow us to explore the effect of pH, but also the impact that different buffer compositions may have on the protein
refolding process. The initial DGR screen (Fig. 1b) focuses on the choice of pH and buffer system in the presence
or absence of arginine. Information from this screen is used to perform the secondary screen (Fig. 1c), which
focuses on identifying further buffer components that will improve refolding efficiency (i.e. chaotropes, stabiliz-
ing agents, counter ions and reducing agents).

Secondary Additive Screen. The optimal condition found in the primary pH screen was used as a stand-
ard composition to prepare a secondary additive screen, by diluting the additives into the identified conditions
of the primary screen. Conditions A1-A9 are used to analyze the effect of 3 different sugars: glucose, sucrose and
lactose at three different concentrations. Conditions A10-A12 contain 3 different detergents, which can bind
to protein surfaces to prevent aggregation. Conditions B1-B8 contain 2 different chaotropic agents (0.5-2 M):
guanidine-HCl and urea, which are commonly used for dissolving protein inclusion bodies and may promote
refolding at lower concentrations. Glycerol and PEG (200-20,000) are commonly used protein stabilizers and are
screened in conditions B9-C12. Conditions D1-D12 compare the effect of different concentrations of arginine
(0.4-1M) and 3 amino acids (alanine, glycine and proline). Conditions E1-E12 are included to analyze protein
refolding in the presence of NaCl/KCl over a wide concentration range (50-1000 mM). This allows exploration of
whether low or high ionic strength will contribute to protein refolding process. Several metal salts with different
valences are contained in conditions F1-F9. EDTA was also included in this group to investigate the refolding
process in the absence of divalent metals. The buffer found in the primary pH screen in triplicate was contained
in F10-F12 to ensure that the results from the assay are robust and reliable. G1-G12 is used to evaluate the effect
of 12 different salts. Finally, two different reducing agents (3 -ME and Dithiothreitol (DTT)) in several concen-
trations are included in H1-H12.

HA-RBD. The receptor-binding domain of Hemagglutinin (HA-RBD) is one of the major surface proteins of
the influenza virus and plays an important role at the beginning of the viral cycle’”3'. HA-RBD is located within
residues 63-286 of the influenza virus HIN1 and has a molecular weight of approximately 25kDa, containing 4
cysteine residues. A synthetic gene corresponding to A/HIN1/2009 influenza virus hemagglutinin was cloned
into the pETM11 vector®? and expressed in E. coli BL21* (DE3) cells. The inclusion bodies were denatured in
Tris-HCI buffered 8 M urea solution (pH 8) at a protein concentration of 5mg/mL. The denatured inclusion
bodies were first submitted to the pH refolding screen. The results showed that pH and the presence of arginine
play a key role in the refolding process. Firstly, when refolding experiments were performed over a pH range in
single buffers (Fig. 1b, Row H), a clear melting transition signal was seen for pH values above 7.5 (Fig. 2a). Further
inspection revealed that the addition of arginine to the refolding buffer resulted in a further improvement of the
melting curves (Fig. 2b). Finally, it is clear that the single buffer system using Tris-HCI pH 8.0 gave the best refold-
ing signal (Fig. 2¢). As the T values estimated from the curves shown in (Fig. 2a-c) are very similar (~45°C),
refolding efficiency was judged by the highest fluorescence intensity and lowest initial background. Thus, our
initial screen identified an optimal pH, buffer component and additive for the refolding of HA-RBD (Tris-HCl
pH 8.0 and 0.4 M arginine).

This buffer was then used as a standard addition in follow-up refolding experiments using the secondary addi-
tive screen (Fig. 1c). These experiments demonstrated that only the addition of 3-ME resulted in an improved
signal (Fig. 2d). All other conditions screened by plate 2 resulted in either no effect or a reduction in the refolding
process as judged from the melting curves. This includes an analysis of increasing salt concentrations (Fig. 1: Plate
2: Row E), suggesting that 100 mM NaCl represented the optimal ionic strength for refolding.

Our results also showed that refolding time has a substantial impact on the refolding process (Fig. 2e). When
the protein was refolded over 1h, clear melting transition signals could be measured. Surprisingly, when the
refolding time was ~6 h, the melting transition signals disappeared. This conclusion is also confirmed by the
preparative-scale (50 mL) refolding experiment. Initially, the refolding solution was clear, while after 1 h the
refolding solution showed minor precipitation, increasing to larger degrees of precipitation at 6 h.

The above analysis resulted in the identification of a suitable refolding buffer (50 mM Tris-HCl pH 8, 100 mM
NaCl, 0.4 M arginine, 3mM (3-ME). A second DSF-based screen (TSA buffer screen), similar in approach to that
used in other laboratories!’, was used to identify an dialysis buffer for the removal of refolding agents. From this
screen, four key factors were found to stabilize the refolded protein: 50 mM Tris buffer at pH 8, 200 mM sodium
chloride and 10 mM sodium citrate (Fig. 2f). Surprisingly, while the presence of 3-ME was shown to be a positive
factor in the refolding of HA-RBD, this second analysis demonstrated that the presence of 3-ME was a negative
factor on HA-RBD stability once it is refolded. When the sample was dialyzed to this new buffer, the protein could
be easily concentrated to 7 mg/mL, whereas the protein dialyzed into 50 mM Tris-HCI, pH 8, 100 mM NaCl and
3mM (3-ME (ie. the refolding buffer omitting arginine) could not be concentrated above 0.5 mg/mL. The increase
in ionic strength and addition of citrate ions seem to play a very important role in protein stabilization after the
removal of arginine.

Refolded HA-RBD appeared homogeneous via size-exclusion chromatography and we were able to crystal-
lize the refolded HA-RBD (100 mM Tris-HCI, pH 8.8 and 36% PEG 2000) in the space group P2, with unit-cell
parameters a=39.5 A;b=73.74A;c=73.7A and . =90% B=100.72°~=90° (Fig. 2g)*. The structure was solved
to 1.9 A resolution (Fig. 2h and i).
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Figure 2. DGR of HA-RBD. (a) Melting transition curves of samples in single buffer at different pH values.
(b) The impact of arginine on refolding. (c) Comparison of sample refolded in different buffer systems at pH 8
in the presence of arginine. (d) Melting transition curves of samples in the presence of the additive 3-ME. (e)
Melting transition curves collected at different time points. (f) Results of TSA buffer screen. (g) Size exclusion
chromatogram of refolded HA-RBD. (h) Crystals of HA-RBD and (i) Molecular replacement solution of

refolded HA-RBD.

IL-17A.

Interleukin-17A (IL-17A), produced by Th17 cells, has been implicated in the pathogenesis of various

autoimmune diseases such as rheumatoid arthritis®. A synthetic codon optimized gene encoding human IL-17A
was also cloned into a pETM11 expression vector and expressed in E. coli BL21*¥ (DE3) cells. The inclusion bodies
were denatured in a buffer containing 20 mM Tris pH 8.5, 6 M guanidine-HCI, 100 mM NaCl, 5mM EDTA and
10mM DTT. From the first pH refolding screen, it is clear that pH and choice of buffer system have a substantial
effect on the refolding of IL-17A. Results showed that IL-17A only gave a clear melting transition signal at pH 9.5
(Fig. 3a and b). At this pH, the CHC and CHES buffer systems showed a refolding signal while the MMT and MIB
buffer systems did not. By comparing the refolding curve in CHES refolding buffer with and without arginine
at pH 9.5, it is clear that arginine was also an indispensable additive for the refolding of IL-17A (Fig. 3b). In the
presence of arginine, both refolding curves in the two buffer systems showed a T\, at around 60 °C. However, the
Ty was decreased to around 40 °C when the arginine was removed, suggesting that IL-17A was misfolded at pH

9.5 without arginine.

Refolding time was also found to play an important role in the refolding of IL-17A (Fig. 3¢). Three time points
(5min, 3h and 15h) were selected to evaluate the impact of time on the refolding of IL-17A. No melting transi-
tion signals were found when the protein was refolded for 5min. However, when the refolding time is over 3h, a
melting transition signal can be detected.

As a result of this analysis, 50mM CHES at pH 9.5, 100 mM NaCl, 0.4 M arginine were selected as the refold-
ing buffer. A subsequent TSA assay demonstrated that IL-17A was more stable in MES buffer (pH 6) than CHES
Buffer (pH 9.5) (Fig. 3e). In addition, increasing the ionic strength (NaCl) from 100 mM to 300 mM also contrib-
utes to the stability of IL-17A. While immediate dialysis of IL-17A against MES buffer at pH 6 resulted in a large
degree of precipitation, the refolding yield was improved to 50% by step-wise dialysis of the refolded material
against buffers at pH 9, pH 8 and finally pH 6, all at 300 mM NaClL

As IL-17A has been previously refolded in buffer with redox couples, the impact of them on the refolding
was further explored®. By adding 5mM cysteine and 0.5 mM cystine to the refolding buffer described above, we
were surprised to see a clear transition curve when the protein was incubated in refolding buffer for only five min
(Fig. 3d). In addition, the Ty, and fluorescence intensity of the refolding curve did not further increase when the
protein was refolded for 15h. This suggests that the redox shuffling system significantly increases the refolding
rate of IL-17A, while having little impact on the refolding yield.

Recombinant IL-17A was successfully refolded as a homodimer from inclusion bodies as confirmed by
SLS (Fig. 3f). The SLS experiment showed that the average molecular mass of refolded protein was 38.6kDa
(£3.515%) with a polydispersity of 1.005 Mw/Mn (£4.997%), in agreement with previously published results
(dimeric IL-17A)%. The sample was also successfully crystallized in 100 mM Sodium citrate, pH 5.5, 9%
2-propanol and 10% PEG 10000 (Fig. 3g), conditions similar to those reported previously*.
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Figure 3. DGR of IL-17A. (a) Melting transition curves of IL-17A in CHC buffer at pH 9-10 in the presence
or absence of arginine. (b) Melting transition curves of IL-17A in single buffer at pH 9-10 in the presence or
absence of arginine. (c) Melting transition curves collected at different time points in CHES pH 9.5, 0.4 M Arg.
(d) Melting transition curves in CHES pH 9.5 in the presence of redox agents. (e) Results of the TSA buffer
screen. (f) Characterization of refolded IL-17A by SLS, demonstrating presence of dimer. (g) Crystal of IL-17A.

MDM2. MDM2, the negative regulator of transcription factor p53, has emerged as a novel non-genotoxic
target for acute myeloid leukemia (AML) treatment®. A gene encoding MDM2 in pETM 20(b+) expression
vector (a kind gift of Prof. Tad A. Holak, Jagiellonian University, Poland) was expressed in E. coli BL21* (DE3).
The inclusion bodies were dissolved in a buffer containing 20 mM Tris pH 8.5, 6 M Guanidine-HCI, 100 mM
NaCl, 5mM EDTA and 100 mM DTT. The refolding screen was first conducted at room temperature, however,
no clear transition curves was shown by DGR. Then the refolding was further explored at 4°C. In sharp contrast
with IL-17A, MDM2 showed transition signals in nearly all conditions of the buffer systems at a lower temper-
ature (Fig. 4a—d). Based on an initial analysis of the DGR curves, refolding was attempted in HEPES at pH 7.5.
However, this was unsuccessful as the protein precipitated readily after refolding. A re-analysis of the DGR curves
suggested that refolding performed in the MMT buffer at pH 8.5 (Fig. 4c) showed the lowest degree of misfold-
ing, as judged from the initial fluorescence intensity. Unlike HA-RBD and IL-17A, the presence of arginine does
not improve the refolding of MDM2. The total fluorescence intensity became lower and the initial fluorescence
background increased when the arginine was added (Fig. 4e). Subsequent refolding attempts using arginine as an
additive also demonstrated that the protein readily precipitated under these conditions.

As aresult, 50mM MMT buffer and 100 mM NaCl at pH 8.5 was chosen as the refolding buffer and refolding
time was 15h (Fig. 4f). A subsequent TSA assay demonstrated that pH 8 and 200 mM NaCl provided more sta-
bility than the refolding buffer for the refolded sample (Fig. 4g). In addition, 1 mM CaCl, was shown to stabilize
the protein. As predicted, MDM2 shows improved stability in this buffer (50 mM MMT buffer pH 8 and 200 mM
NaCl, 1 mM CaCl,). Correct folding of MDM2 is indicated by size-exclusion chromatography and strong binding
to a known inhibitor of the MDM2:p53 protein-protein interaction (Fig. 4h and i).

PD-L1. The inhibitory receptor ligand of programmed death receptor 1 (PD-L1), which plays an important
role in the maintenance of peripheral immune tolerance, has become a very promising target for the treatment
of melanoma and other types of cancer®” *. A partial gene encoding for the interacting extracellular domains
of human PD-L1 (amino acids 18-134) was cloned into a pET21b expression vector (a kind gift of Prof. Tad A.
Holak, Jagiellonian University, Poland) and expressed in E. coli Rosetta 2(DE3) pLysS. The inclusion bodies were
denatured in buffer containing 50 mM MES (pH 8.0), 10 mM Na-EDTA, 1 M urea, 6 M guanidine-HCl and 1 mM
DTT. As shown in Fig. 5a,b,c and d, apparent transition signals were observed over a wide range of pHs among
the buffer systems in the presence of arginine. In the absence of arginine, only weak transition signals could be
detected (Fig. 5¢). When the refolding pH is lower than 7.5, a significant reduction in the fluorescence intensity
can be seen (Fig. 5d). In an MMT refolding buffer, a clear transition signal is also detected at pH values above 8,
and fluorescence intensity increased as the pH increased (Fig. 5¢).
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The results also showed that the refolding incubation time has an influence on the refolding process. From
(Fig. 5f), no transition curves are seen when the refolding time was less than 3 h. However, when the refolding
time is over 15h, a clear melting transition signal was shown. Similarly to IL-17A, the influence of a redox couple
(0.25mM Glutathione (GSH)/0.25 mM Glutathione disulfide (GSSG)) was also explored (Fig. 5g). We observed
that a clear melting curve was found when the protein was refolded for 3 h and the fluorescence intensity was fur-
ther increased when the refolding time was 15h. In this example, the addition of a redox couple again appears to
make a significant difference to the refolding rate. However, we cannot exclude the possibility that redox couples
may stabilize the final folded state, rather than drive the refolding process. SEC and MicroScale Thermophoresis
(MST) experiments showed that PD-L1 was correctly refolded (Fig. 5h and i). The MST results show that the
refolded protein was homogenous and binds with PD-1 with an estimated Ky, of 0.5 uM.

Discussion

In the post-genome era, the large proportion of proteins overexpressed in E. coli that are sequestered to the
insoluble fraction of the cell has become a major bottle neck in the protein structure analysis and therapeutic
drug development. Expression in other systems such as yeast, insect cells, mammalian cells and cell-free sys-
tems may overcome folding problems and produce biologically active proteins that contain post-translational
modifications, but expression in these systems often gives lower yields of the recombinant proteins and the cost
is relatively high for large scale protein production. In this context, recovering biologically active proteins from
bacterial inclusion bodies is attractive because of the high protein expression yields and low cost. However, there
is no universal procedure that satisfies all protein folding requirements to date. In particular, the refolding process
is highly limited by the lack of reliable biophysical methods to rapidly detect the formation of correctly refolded
protein. In this assay, we established a systematic refolding procedure with the help of the DSF/DGR technique
that allows for the detection of the protein refolding in an efficient manner. In addition, the refolding buffer
screens we designed allow for the exploration of a wide pH range, different buffer systems, time, temperature as
well as a large number of chemical additives in a high throughput manner.

Refolding pH buffer screen. It is well known that pH plays an important role in protein solubility, under-
scoring the necessity of exploring a broad pH range for our generalized primary refolding screen. Based on our
primary pH screen results, it is clear that we can establish an effective refolding pH for all four proteins investi-
gated. By comparing the DGR signal of our samples, we can also conclude that the effect of the pH on protein
refolding is protein-specific. MDM2 showed a very broad refolding pH range, HA-RBD and PD-L1 showed a
narrow pH range while IL-17A could only be refolded at a single defined pH.

Although pH is important, it is not the only variable to consider in our primary refolding screen. We also
introduced four different buffer systems to the primary screen. The advantage of using different buffer systems
was demonstrated by our results. In each case, differences in the type of buffer can be observed. In particular
IL-17A could only be successfully refolded following our approach in the CHC or CHES buffers. These results
strongly indicate that the reagents composing the buffer system can have an impact on the refolding process and
are an essential parameter to screen.

In the presence of arginine, the fluorescence transition signals of HA-RBD and PD-L1 were significantly
increased and the Ty, of IL-17A became significantly higher. Our screen allows the examination of the effect of
arginine in combination with different buffer system and is shown to be another essential parameter in successful
refolding. Arginine was selected for our screen based on a literature survey that demonstrated that it is the most
frequently used “helper” molecule in refolding. While we do not currently explore the use of other frequently
used “helper” molecules (such as the detergent Non-Detergents Sulfobetaines (NDSB)), these could be added to
the protocol with an expansion of the primary screen and an associated increase in sample/experimental time.

We have also designed a secondary additive screen that consists of different types of protein stabilizers. By
screening these additives the refolding yield of HA-RBD could be increased. As the combination of aggregation
inhibitor with protein stabilizer has been reported since 1990s, we believe that it is a very promising combinato-
rial approach to increase refolding yield*. Finally, by deconvoluting the effects of pH, ions and additives we can
achieve a more efficient screening of the complex chemical space that governs protein refolding.

Refolding time and redox.  Our refolding procedure also allows for detection of the refolding signal at
different time points. Our data shows that this can be an essential parameter to monitor. In our study, HA-RBD
had the optimal refolding efficiency when the refolding time was lower than 1h and the protein melting transition
signal disappeared after 6h. IL-17A and MDM2 showed the opposite effect: a weak DSF signal was found at 3h,
while the transition signal increased with time and the highest refolding signal was found at 15h. A signal for
PD-L1 was only observed when the protein was refolded for 15h. These results indicate that time is also an impor-
tant factor in refolding efficiency and that initially poor refolding results may not be indicative of the ultimate
refolding efficiency in any given buffer.

Our data also confirm that the addition of redox couples can be a critical factor in successful refolding. In
two cases (IL-17A and PD-L1) refolding could be detected as soon as 5 minutes incubation in the presence of the
“correct” redox couple. However, in both cases successful refolding could be achieved over a longer incubation
time in the absence of the redox couples. This indicates that the redox state of the solution may play a role in the
rate of refolding of these proteins, but is not necessarily essential. However, we cannot exclude that the redox state
is essential for the final stability of the refolded protein.

Protein stabilization buffer screen.  After refolding, it was necessary to remove the “helper molecules”,
such as arginine, that might affect the measurement of the protein concentration or other downstream exper-
iments. However, one problem we normally encountered was that the refolded protein is frequently prone to
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aggregation after the sample was dialyzed to the refolding buffer without the “helper” molecules. This is poten-
tially due to the sample containing a sub-fraction of mis-folded protein or the samples being partially refolded.
Indeed it appears from our data that buffers optimal for protein refolding are not necessarily ideal for subsequent
sample stability. Hence, we suggest that the simple step of performing a TSA buffer screen to determine an ideal
stabilizing buffer for the refolded protein can dramatically improve the overall yield of protein from a refolding
protocol. Interestingly, we found that the best pH and additives for refolding generally have differences with the
buffer that is optimal to stabilize the refolded protein. For HA-RBD, sodium citrate was shown to stabilize the
refolded protein after the arginine was removed and that concentration of HA-RBD to over 0.5 mg/mL was not
possible in the absence of sodium citrate. However, citrate was not observed to have a significant effect on the
refolding of HA-RBD, as judged from the DGR signals. MDM2 was more stable at pH 8, rather than in the refold-
ing buffer at pH 8.5 and 1 mM of the divalent metal CaCl, also helped. Again, CaCl, was not identified to be a
major contribution to the refolding of MDM2, as judged from the results of the additive screen. Additionally, the
optimal pH for stabilizing IL-17A was found to be at pH 6, rather than refolding pH of 9.5. Based on our results,
we concluded that while the refolding buffer can refold the protein into its native state, it does not necessarily
mean that the refolding buffer is optimal for long term-protein stability. Therefore, screening for a protein stabi-
lization buffer screen is critical after refolding the protein. It is possible that a buffer condition that supports the
transition from an unfolded to a folded state (eg. by stabilizing an intermediate state) may act in a destabilizing
manner on a folded for exactly the same reasons. Thus, we believe that many refolding protocols could be signif-
icantly improved by assaying for buffers that stabilize the final refolding state and that the combination of DGR
and TSA provides a rapid mechanism to perform these analysis.

Our data further demonstrates the utility of DGR in establishing refolding conditions as pioneered by Biter et
al. We have further expanded their approach to include an analysis of critical factors, such as time, redox couples,
buffer composition and a secondary TSA to increase the chances of a successful refolding experiment.

References
1. Kane, J. F. & Hartley, D. L. Formation of recombinant protein inclusion bodies in Escherichia coli. Trends Biotechnol. 6, 95-101
(1988).
. Kopito, R. R. Aggresomes, inclusion bodies and protein aggregation. Trends Cell Biol. 10, 524-530 (2000).
. Christendat, D. et al. Structural proteomics of an archaeon. Nat. Struct. Mol. Biol. 7, 903-909 (2000).
. Ventura, S. & Villaverde, A. Protein quality in bacterial inclusion bodies. Trends Biotechnol. 24, 179-185 (2006).
. Yang, Z. et al. Highly efficient production of soluble proteins from insoluble inclusion bodies by a two-step-denaturing and refolding
method. PloS one 6, €22981 (2011).
6. Endo, Y. & Sawasaki, T. High-throughput, genome-scale protein production method based on the wheat germ cell-free expression
system. Biotechnol. Adv. 21, 695-713 (2003).
7. Holz, C., Hesse, O., Bolotina, N., Stahl, U. & Lang, C. A micro-scale process for high-throughput expression of cDNAs in the yeast
Saccharomyces cerevisiae. Protein Expr Purif 25, 372-378 (2002).
8. Baneyx, F. & Mujacic, M. Recombinant protein folding and misfolding in Escherichia coli. Nat Biotechnol. 22, 1399-1408 (2004).
9. Hartl, F. U. & Hayer-Hartl, M. Converging concepts of protein folding in vitro and in vivo. Nat. Struct. Mol. Biol. 16, 574-581 (2009).
10. Tsumoto, K., Ejima, D., Kumagai, I. & Arakawa, T. Practical considerations in refolding proteins from inclusion bodies. Protein Expr
Purif 28, 1-8 (2003).
11. Clark, E. D. B. Refolding of recombinant proteins. Curr Opin Biotechnol 9, 157-163 (1998).
12. Li, M,, Su, Z. G. & Janson, J. C. In vitro protein refolding by chromatographic procedures. Protein Expr Purif 33, 1-10 (2004).
13. Yamaguchi, H., Miyazaki, M., Briones-Nagata, M. P. & Maeda, H. Refolding of difficult-to-fold proteins by a gradual decrease of
denaturant using microfluidic chips. J. Biochem 147, 895-903 (2010).
14. An, P,, Winters, D. & Walker, K. W. Automated high-throughput dense matrix protein folding screen using a liquid handling robot
combined with microfluidic capillary electrophoresis. Protein Expr Purif 120, 138-147 (2016).
15. Maxwell, K. L., Bona, D., Liu, C., Arrowsmith, C. H. & Edwards, A. M. Refolding out of guanidine hydrochloride is an effective
approach for high-throughput structural studies of small proteins. Protein Sci 12,2073-2080 (2003).
16. Biter, A. B., Andres, H., Thapar, R,, Lin, J. Z. & Phillips, K. J. DSF guided refolding as a novel method of protein production. Sci. Rep.
6 (2016).
17. Reinhard, L., Mayerhofer, H., Geerlof, A., Mueller-Dieckmann, J. & Weiss, M. S. Optimization of protein buffer cocktails using
Thermofluor. Acta Cryst. F 69, 209-214 (2013).
18. Singh, S. M. & Panda, A. K. Solubilization and refolding of bacterial inclusion body proteins. J Biosci Bioeng. 99, 303-310 (2005).
19. Alibolandi, M. & Mirzahoseini, H. Chemical assistance in refolding of bacterial inclusion bodies. Biochem Res Int. (2011).
20. Yamamoto, E., Yamaguchi, S. & Nagamune, T. Synergistic effects of detergents and organic solvents on protein refolding: Control of
aggregation and folding rates. J Biosci Bioeng. 111, 10-15 (2011).
21. Yamaguchi, S., Yamamoto, E., Mannen, T. & Nagamune, T. Protein refolding using chemical refolding additives. Biotechnol. ] 8,
17-31(2013).
22. Newman, J. Novel buffer systems for macromolecular crystallization. Acta Cryst. D 60, 610-612 (2004).
23. Buchner, J. & Rudolph, R. Renaturation, purification and characterization of recombinant Fab-fragments produced in Escherichia
coli. Nat Biotechnol. 9,157-162 (1991).
24. Bell, S., Hansen, S. & Buchner, J. Refolding and structural characterization of the human p53 tumor suppressor protein. Biophys
chem 96, 243-257 (2002).
25. Asano, R., Kudo, T., Makabe, K., Tsumoto, K. & Kumagai, I. Antitumor activity of interleukin-21 prepared by novel refolding
procedure from inclusion bodies expressed in Escherichia coli. FEBS letters 528, 70-76 (2002).
26. Reddy, K., Charan, R,, Lilie, H., Rudolph, R. & Lange, C. L-Arginine increases the solubility of unfolded species of hen egg white
lysozyme. Protein Sci 14, 929-935 (2005).
27. Baynes, B. M., Wang, D. I. & Trout, B. L. Role of arginine in the stabilization of proteins against aggregation. Biochemistry 44,
4919-4925 (2005).
28. Arakawa, T. et al. Suppression of protein interactions by arginine: a proposed mechanism of the arginine effects. Biophys chem 127,
1-8 (2007).
29. Hamada, H. & Shiraki, K. L-argininamide improves the refolding more effectively than L-arginine. J. Biotechnol. 130, 153-160
(2007).
30. Aguilar-Yéfiez, J. M. et al. An influenza A/HIN1/2009 hemagglutinin vaccine produced in Escherichia coli. PLoS One 5, 11694
(2010).
31. DuBois, R. M. et al. The receptor-binding domain of influenza virus hemagglutinin produced in Escherichia coli folds into its native,
immunogenic structure. J. Virol. 85, 865-872 (2011).

G W N

SCIENTIFICREPORTS |7: 9355 | DOI:10.1038/s41598-017-09687-z 9



www.nature.com/scientificreports/

32. Diimmler, A., Lawrence, A. M. & De Marco, A. Simplified screening for the detection of soluble fusion constructs expressed in E.
coli using a modular set of vectors. Microb Cell Fact. 4, 34 (2005).

33. Zhu, S. & Qian, Y. IL-17/IL-17 receptor system in autoimmune disease: mechanisms and therapeutic potential. Clin. Sci 122,
487-511 (2012).

34. Wu, B. Y. et al. Expression, refolding and purification of a human interleukin-17A variant. Cytokine 53, 107-114 (2011).

35. Liu, S. P. et al. Crystal structures of interleukin 17A and its complex with IL-17 receptor A. Nat. Commun. 4, 1888 (2013).

36. Kojima, K. et al. MDM2 antagonists induce p53-dependent apoptosis in AML: implications for leukemia therapy. Blood 106,
3150-3159 (2005).

37. Zak, K. M. et al. Structure of the complex of human programmed death 1, PD-1, and its ligand PD-L1. Structure 23, 2341-2348
(2015).

38. Lin, D. Y. W. et al. The PD-1/PD-L1 complex resembles the antigen-binding Fv domains of antibodies and T cell receptors. Proc.
Natl. Acad. Sci. 105, 3011-3016 (2008).

39. Nohara, D., Matsubara, M., Tano, K. & Sakai, T. Design of optimum refolding solution by combination of reagents classified by
specific function. J Ferment Bioengineer 82, 401-403 (1996).

Acknowledgements

Y. Wang would like to thank the Chinese Scholarship Council Program for financial support, A. Ali gratefully
acknowledges the Qatar Research Leadership (QRLP)-Qatar Foundation for financial support and A. Adawy
would like to thank Daiichi Sankyo Company, Limited for funding through their TaNeDS program.

Author Contributions

M.R.G. designed the research. Y.W. performed the DGR experiments and wrote the manuscript. A.L.A.
performed refolding of HA-RBD; N.v.O. performed MST of PD-L1, A. Ali performed refolding of MDM2 and A.
Adawy performed the S.L.S. experiment. M.R.G. and A.S.S.D. supervised the research.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 9355 | DOI:10.1038/s41598-017-09687-z 10


http://creativecommons.org/licenses/by/4.0/

	A Systematic Protein Refolding Screen Method using the DGR Approach Reveals that Time and Secondary TSA are Essential Varia ...
	Methods

	Protein expression. 
	Isolation of inclusion bodies from cell pellets. 
	Solubilisation/denaturation of proteins from inclusion bodies. 
	Refolding screen in 96-well format. 
	Detection of a refolding buffer by DGR. 
	Scale-up refolding for Protein stability buffer screen. 
	Scale-up refolding for Protein production. 
	Size Exclusion Chromatography (SEC) and Static light Scattering (SLS). 

	Results

	Development of a Dedicated Refolding Screen. 
	Primary pH Screen. 
	Secondary Additive Screen. 
	HA-RBD. 
	IL-17A. 
	MDM2. 
	PD-L1. 

	Discussion

	Refolding pH buffer screen. 
	Refolding time and redox. 
	Protein stabilization buffer screen. 

	Acknowledgements

	Figure 1 (a) Process flow chart: The inclusion bodies of the protein of interest were first purified and solubilized.
	Figure 2 DGR of HA-RBD.
	Figure 3 DGR of IL-17A.
	Figure 4 DGR of MDM2.
	Figure 5 DGR of PD-L1.




