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Abstract

Isolated human immunoglobulin G (1IgG) CH2 domains are promising scaffolds for novel
candidate therapeutics. Unlike other human 1gG domains, CH2 is not involved in strong interchain
interactions and isolated CH2 is relatively stable. However, isolated single CH2 is prone to
aggregation. In native IgG and Fc molecules, the N-terminal residues of CH2 from the two heavy
chains interact with each other and form hinge regions. By contrast, the N-terminal residues are
highly disordered in isolated CH2. We have hypothesized that removal of the CH2 N-terminal
residues may not only increase its stability but also its aggregation resistance. To test this
hypothesis we constructed a shortened variant of IlgG1 CH2 (CH2s) where the first seven residues
of the N-terminus were deleted. We found that the thermal stability of CH2s was increased by 5°C
compared to CH2. Importantly, we demonstrated that CH2s is significantly less prone to
aggregation than CH2 as measured by Thioflavin T (ThT) fluorescence, turbidity and light
scattering. We also found that the CH2s exhibited pH-dependent binding to a soluble single-chain
human neonatal Fc receptor (shFcRn) which was significantly stronger than the very weak shFcRn
binding to CH2 as measured by flow cytometry. Computer modeling suggested a possible mode of
CH2 aggregation involving its N-terminal residues. Therefore, deletion of the N-terminal residues
could increase drugability of CH2-based therapeutic candidates. This strategy to increase stability
and aggregation resistance could also be applicable to other Ig-related proteins.
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INTRODUCTION

Full-size engineered monoclonal antibodies (mAbs) which typically are composed of an
antigen-binding fragment (Fab) and a fragment (Fc) which mediates effector functions have
been highly successful biological therapeutics.[1:2:34.56.71 However, their large size (M.W.:
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~150kD) may not allow efficient penetration in solid normal and diseased tissues (e.g. solid
tumors) as well as unable to bind to regions on the surface of some molecules (e.g., the HIV
envelope glycoprotein (Env)) that are accessible by molecules of smaller size.[8] A number
of protein scaffolds based on immunoglobulin (Ig) domains (e.g.: antibody variable domains
(Vs)) and non-1g domains (e.g. the 10th type 111 domain of human fibronectin) have been
developed to overcome these limitationst®] . A major drawback of such scaffolds and
corresponding binders is that they lack full-size mAb functions conferred by the Ig Fc which
can bind to Fc receptors including the neonatal Fc receptor (FcRn), and is important for
extension of half-life and stability in vivo. [10]

CH2 (M.W.: ~12kD) is the penultimate constant domain of immunoglobulins (Igs) (CH2 of
IgG, IgA and IgD, and CH3 of IgE and IgM). The isolated, aglycosylated CH2 is
monomeric and independently folded domain and its crystal structure was already
determined.[!1] CH2 domain contains seven p-strands, designated as A through G, and
flexible loop regions in between the strands that are similar to the complementarity-
determining regions (CDRs) in the antibody Vs. However in contrast to V, CH2 also
contains binding sites or portions of binding sites of Fc receptors. Therefore, it has been
proposed that CH2 could be a promising scaffold for development of novel candidate
therapeutics because it could be engineered to bind to specific antigens and retain its Fc
binding related functions occurring, which is one of the important advantages of CH2-based
scaffolds compared to other scaffolds with similar size. In a previous study, we selected a
binder against the HIV-1 Env gp120 from a library based on the CH2 scaffold.[*3] However,
we found that most clones aggregated, which constrained the selection of binders with high
affinity.[13] We have hypothesized that the N-terminal residues that are not part of the Ig
fold and do not form any secondary structure, as can be seen in the crystal structures of an
intact IgG1114] | an Fc/Fc gamma receptor 111 complex[15] and an isolated CH2[11! | could
contribute significantly to the aggregation of CH2. Therefore, we constructed a shortened
CH2 variant (denoted as CH2s) by deletion of the first seven N-terminal residues of human
IgG1 CH2 preceding the first p-strand as annotated in the IMGT data base.[16] Here, we
report the biophysical and biochemical characterization of the CH2s in comparison to the
CH2, and investigate the role of the N-terminal residues in the conformation and function of
CH2. Our results indicate an important role of these residues in the stability and aggregation
resistance, which could also be applicable to other candidate protein therapeutics.

MATERIALS AND METHODS

Construction and expression of CH2 and CH2s

The plasmid for expression of CH2 with C-terminal His-tag (for purification and detection)
and FLAG tag (for detection) in Escherichia coli (E. coli) was described previously.[17.18]
The same vector was used for construction of CH2s expression plasmid. For small scale
expression, E. coli strain HB2151 cells containing the expression plasmids were grown at
37°C in 1 mL SB medium in 14-mL round-bottom tubes (BD Biosciences, CA) to an optical
density of ODggg = 0.7 — 1.0. Expression was induced with 1 mM isopropyl -D-1-
thiogalactopyranoside (IPTG) at 30°C or 37°C for 12 — 16 hrs. Bacterial cells were
harvested and re-suspened in 100 ul PBS (9.0 g/L NaCl, 144 mg/L KH,PQOy4, 795 mg/L
NasHPOy, pH 7.4). Then, 1 puL Polymyxin B sulfate (Sigma-Aldrich, MO) (0.5 mu/ml) was
added to the suspension. After 1 h rotation at room temperature, the cell lysate was clarified
by centrifugation at 18,000 x g for 30 min at 4°C. The supernatant was checked by SDS-
PAGE to compare the soluble expression levels.
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Purification of CH2 and CH2s

CH2 and CH2s were expressed in 2 L SB medium as described above. The bacterial cells
were harvested and re-suspended in Buffer A (PBS + 0.5 M NaCl, pH 7.4) at 1:10 (volume
of Buffer A: culture volume). Polymyxin B sulfate was added to the suspension (1:1000
volume of polymyxin B sulfate: culture volume). The cell lysate was subsequently clarified
by centrifugation at 18,000 x g for 45 min at 4°C. The clarified supernatant was purified by
using Ni-NTA agarose (QIAGEN, CA). After elution with Buffer B (Buffer A + 200 mM
Imidazole), the imidazole was removed by Amicon Ultra — 15 Centrifugal Filter Devices
(MILLIPORE, MA) and the purified proteins were stored in PBS. The proteins were
checked for purity by SDS-PAGE and their concentrations were determined by measuring
the UV absorbance at 280 nm (GE NanoVue Spectrophotometer, GE Healthcare, USA).

Secondary structures and thermo-stabilities of CH2 and CH2s

The secondary structures of CH2 and CH2s were determined by circular dichroism (CD)
spectroscopy. The purified proteins were diluted in PBS (pH7.4) at the final concentration of
0.4 mg/mL, and the CD spectra were recorded on AVIV Model 202 CD Spectrometer (Aviv
Biomedical, NJ). Thermo-induced unfolding was monitored at 216 nm by recording the CD
signal in the temperature range of 25 — 90°C with heating rate 1°C/min to determine the
transition thermal midpoint (Tm). The temperature was recorded with an external probe
sensor and the temperature inside the microcuvette was calculated by calibration — it was
about 2 — 30C (range from 1.9°C to 3.8°C for temperatures from 20°C to 80°C) lower that
the one measured by the external sensor. After heating, wavelength spectra were recorded at
90°C. For evaluation of the refolding, all the samples were kept at 4°C overnight and
measured at 25°C again.

The Tm of each protein was also measured by using the instrument Optim 1000 (Avacta
Analytical Ltd, UK). Briefly, proteins were prepared in PBS, pH 7.4 at 0.20 mg/mL. 9 pL
aliquots of each sample were loaded into an Optim 1000 compatible micro-cuvette. The
instrument was programmed to read fluorescence emission from the sample, excited at 266
nm. The sample temperature was increased from 30 — 85°C at 1°C/min steps and the
intensity ratios between the fluorescence at 350 nm and 330 nm were recorded and analyzed
to yield Tm.

Thioflavin T (ThT) binding experiment

40 pL 15 pM ThT was added into 40 pL 1 mg/ml protein prepared by filtering through 0.22
pm filter and 10-min centrifuging at 18,000 x g to make final 80 pL working solution. Assay
measured the change in fluorescence intensity from 0 to 250 min by excitation at 440 nm
and emission at 482 nm at room temperature.

Turbidity assay

Turbidity assay was carried out on CH2 and CH2s similarly prepared in ThT experiment
after incubation at 50°C for 0, 5, 10, 20, 30, 60 and 120 min. Turbidity was quantified by
recording the absorbance values at 320 nm (Pharmacia Biotech Ultrospec 2000 UV/visible
Spectrophotometer, GE Healthcare, USA).

Dynamic light scattering (DLS)

For comparison of aggregation tendency, both CH2 and CH2s were concentrated and
filtered through 0.22 um filter. The concentration was adjusted to 10 mg/mL then 220 pL
samples were incubated at 37°C and 4°C respectively. On day 0, day 1, day 3 and day 7, 50
uL samples were taken out and centrifuged at 18,000 x g for 10 min. The supernatants were
diluted to 1 mg/mL and 400 uL samples were used for DLS measurement to determine the
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size of protein particles. The same samples were also used to run size exclusion
chromatography (SEC) (Superdex 200 10/300GL, GE healthcare, USA).

Static light scattering

Molecular weight measurements were made using a Zetasizer Nano ZS 3600 (Malvern
Instruments Limited, MA) equipped with a 633 nm laser. All manipulations of protein
solutions prior to static intensity measurements were performed in a laminar flow hood to
minimize the introduction of dust. Dilutions of CH2 and CH2s were made in 0.22 pm
filtered PBS from protein stocks filtered with a 0.22 pm syringe filter immediately prior to
use and all concentrations centrifuged at 20,800 x g at 25°C for 15 min. Supernatants were
transferred to new tubes and measurements made in a low volume quartz cuvette (Hellma
Analytics, Germany). Time-averaged intensities of light scatter at a fixed 173° angle were
collected for each series of dilutions at 25°C in triplicate using toluene (Sigma-Aldrich) as a
scattering standard. The Zetasizer software was used to solve the Rayleigh equation, KC/
ARg = 2A,C + 1/MW at each concentration where K is the Debye optical constant calculated
using a refractive index increment dn/dC of 0.185 mL/g for proteins, C is the protein
concentration in g/mL, and ARy is the difference in the Rayleigh ratio between the protein
solution and pure solvent. The averaged values of KC/ARg were fit versus concentration as a
Debye plot for each protein and molecular weights calculated from the inverse of the y-
intercept.

Construction of recombinant plasmids for yeast surface expression of CH2 and CH2s

CH2 and CH2s were cloned into pYD?7 vector which was a modified version from
pCTCON2[1% by moving the agglutinin protein aga2p to the C-terminal of interest proteins.
The clones were verified by direct sequencing. The constructs were transformed into
EBY100 cells for surface expression according to the protocol described previously.[19]

Flow cytometry assay

Yeast cells containing pYD7-CH2 and pYD7-CH2s were grown in SDCAA medium, and
the expression was induced in SGCAA medium according to published protocols.[19:20] For
FcRn binding measurement, 5x10° yeast cells were harvested, washed by PBSA (PBS +
0.1% bovine serum albumin) (pH 6.0) and re-suspended in 50 uL PBSA (pH 6.0) containing
100 nM biotin-conjugated soluble human FcRn (shFcRn).[21] The samples was kept on ice
for 2 hrs, then the cells were washed by PBSA (pH 6.0) again and still re-suspended in 50
pL PBSA (pH 6.0). 1 uL PE-streptavidin (Invitrogen) was added into the re-suspended cells.
After incubation on ice for 30 min, the cells were washed by PBSA (pH 6.0) and re-suspend
in 0.5 ml PBSA (pH 6.0) for flow cytometry measurement. Same samples prepared in PBSA
(pH 7.4) were also measured for comparison of the fluorescence intensity shift with that in
pH 6.0. PE-streptavidin was used as negative controls. To determine the expression of CH2
and CH2s on yeast cell surface, the mouse anti-human CH2 monoclonal antibody (Abd
sterotec, NC) (primary antibody) and Alexa Fluor 488-conjuated goat anti-mouse 1gG
(Invitrogen, NY) (secondary antibody) were used for testing at pH 6.0 and pH 7.4,

Conformational changes of CH2 and CH2s detected by an anti-CH2 antibody

Enzyme-Linked Immunosorbent Assay (ELISA) was used for measurement of the binding
of CH2 and CH2s to an anit-human CH2 Fab (m01m1) targeting the conformational epitope
in CH2 selected from a human naive phage display library.[20] Briefly, CH2 and CH2s were
coated on 96-well plate at the concentration of 140 nM (about 2 pg/mL). After blocking by
PBS + 3% Milk, the 1:5 serially diluted m01m1 was added with concentrations from 0 to 3.3
UM. Horseradish peroxidase (HRP) conjugated goat anti-human Fab polyclonal antibody
(Sigma-Aldrich, MO) was used as secondary antibody.
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Binding to human serum albumin (HSA)

ELISA was used to test the binding of CH2 and CH2s to HSA. HSA was coated on 96-well
plate respectively with concentration of 30 nM (2 pg/mL) overnight. The plate was blocked
by Pierce® Protein-Free (PBS) Blocking Buffer (Thermo SCIENTIFIC, IL) at 37°C for 1 h.
The 1:3 serially diluted CH2 and CH2s in PBS from 0 to 10 pM were added and incubated
at 37°C for 2 h. 1:1000 diluted HRP-anti-FLAG (Sigma-Aldrich, MO) in PBS was used as
secondary antibody.

Computational sequence and structure-based analyses of CH2

We homology modeled the N-terminal region containing seven residues (APELLGG),
which were not seen and disordered as evident from the lack of clear electron density in the
previously determined crystal structure of an isolated unglycosylated human antibody CH2
domain at 1.7 A resolution[11] (PDB 3D9J), using SW1SS-MODEL.[22] The N-terminal
region from the human IgG Fc structure[23] (PDB 3RY6) was used as a template to build the
missing N-terminal residues of the CH2 structure. We used TANGO method[24] for the
predication of the aggregation prone regions (APRs) in CH2. Distribution of surface
charged, hydrophobic residues and crystal packing at the lattice were analyzed in detail. We
computed the solvent accessible surface areas to analyze the surface-exposure of individual
residues in CH2 using GETAREA.[25] Structural modeling, analysis and molecular
rendering were made with PyMOL..[26]

RESULTS

Expression levels of CH2 and CH2s

We constructed a shortened version of CH2 (CH2s) by deletion of the first seven N-terminal
residues (Figure 1A). The two proteins were expressed in E. coli. We found that soluble
expression of CH2s at 30°C and 37°C was much higher than that of CH2 (Figure 1B).

Secondary structures and thermo-stabilities of CH2 and CH2s

The secondary structure and thermal stability were measured by using CD. Both CH2 and
CH2s showed high B-sheet contents at 25°C (Figure 2A). The p-sheet structure was
gradually disrupted as the temperature increased (Figure 2B). At 90°C, both proteins were
completely unfolded (Figure 2A). The sigmoid curve was fitted by a two-state model which
was also previously used[X7]. Notably, 50% unfolding of CH2s occurred at 62.5+1.1°C (Tm)
which was significantly higher than that of CH2 (57.7+0.5 °C) (Tm values were calibrated
after calculation of the raw Tm values from CD data shown in Figure 2B as described
above) . The unfolding of both CH2 and CH2s was reversible (Figure 2A).

The temperature induced unfolding of CH2 and CH2s was also monitored in Avacta
Optim1000 instrument (Figure 2C). The measurement is based on the fact that proteins that
contain aromatic amino acids fluoresce when excited by ultra-violet light, and tryptophan
residues that are exposed to water (on unfolded proteins) have maximal fluorescence at a
wavelength of about 340-350 nm, whereas totally buried residues (inside native proteins)
fluoresce at about 330 nm. Therefore, fluorescence intensity ratio of 350:330 nm reflects the
change of high order protein structure during temperature ramps. We found that both
proteins displayed gradual increases in the intensity ratio of 350:330 nm but with different
Tms. The calculated Tm for CH2 was 56.2°C, whereas for CH2s was 61.3°C, which is
consistent with that measure by CD.
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Aggregation propensity

Three different methods were used to measure the aggregation propensity of CH2 and CH2s:
ThT fluorescence, turbidity and DLS. It has been reported that ThT binding could be used to
evaluate antibody aggregation.[2”] We found that the fluorescence intensity and the rate of
increase of fluorescence intensity in CH2 after binding to ThT were higher and faster than
that in CH2s (Figure 3A), indicating that there are more CH2 aggregates and they form
faster than that in the case of CH2s.

We also used a relatively simple turbidity assay for evaluation of aggregation propensity.
0OD320 was measured after different times of incubation at 50 °C (Figure 3B). The initial
absorbance at OD320 in CH2 was higher than that in CH2s, which indicated larger particles
have already formed after purification of CH2. The rate of increase of the absorbance at
320-nm for CH2 was also higher than that of CH2, which was consistent with the data
obtained by measuring the ThT fluorescence.

Finally, we used DLS to monitor the formation of soluble oligomers (Figure 4). We
observed two major peaks at day 0 (before incubation at 37°C) for CH2 but only one for
CH2s. After incubation at 37°C, the peaks from the CH2 solution shifted to larger sizes
indicating formation of large soluble oligomers. In contrast to CH2, there was only slight
increase in the peaks reflecting large CH2s which were very small. At day 7, there was large
amount of precipitates formed in CH2 and the sample became cloudy while CH2s was still
clear with no visible precipitates formed. The large particles formed more slowly at 4°C
compared to 37°C. Interestingly, after 7-day incubation at 37°C and 4°C, the supernatants
from CH2 and CH2s were still monomeric according to the results obtained by using SEC
(Figure 5) which indicates that the formation of the soluble oligomers might be reversible
and the oligomers disassociate to monomers in diluted condition when running SEC. The
predicted monomer contributions based on DLS intensity measurements for CH2 and CH2s
are given in Table 1.

The average molecular weight (M.W.) of CH2 and CHs were measured with static light
scattering method. CH2 was estimated to be 24.9 kD, which is much larger than the
calculated M.W. (14.7 kD) based on its amino acid sequence. In contrast, the average M.W.
of CH2s was 13.7 kD which is consistent with the calculated M.W. (14.0 kD).

Conformational changes

To determine whether shortening of CH2 resulted in conformational changes, we used an
anti-human CH2 Fab, m01m1, specific for a conformational epitope in CH2.[20] Fab m01m1
bound to CH2 with relatively low affinity (EC50 > 1400 nM) (Figure 6) as reported
previously.[20] However, it bound significantly better to CH2s with an EC50 of 392 nM
(Figure 6). These results indicate that there are certain differences between the
conformations of CH2 and CH2s.

CH2s binds to shFcRn at pH 6.0 better than CH2

Recently, we developed methods to produce shFcRn in mammalian cells with high yield [28]
and measure the shFcRn binding to proteins expressed on yeast cell surfacel20]. We used the
same methods to test CH2 and CH2s binding to shFcRn at pH 6.0 and pH7.4 (Figure 7). The
fluorescence intensity shift for CH2s was larger than that for CH2, indicating stronger
binding of CH2s to shFcRn than that of CH2 although both were relatively weak.

Non-specific binding of CH2 and CH2s to human serum albumin (HSA)

In order to explore the relationship between aggregation and non-specific binding, we also
compared the binding of CH2 and CH2s to HSA (Figure 8). Both CH2 and CH2s could bind
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to HSA with low EC50. The EC50 of CH2 to HSA (0.9 uM) was slightly lower than that of
CH2s (1.7 pM) indicating that decrease of aggregation could also lead to decrease of non-
specific binding to HSA.

Prediction of aggregation prone regions (APRs) in CH2

Three major APRs (cluster1-3) in CH2 predicted by TANGO method are shown in blue,
green and red in Figure 9A. All the three clusters have relatively high percent of
hydrophobic amino acids and the third cluster has the highest aggregation propensity of
more than 90% (Figure 9B). In the three APRs, certain hydrophobic residues point out at the
surface of strands B, C and E as shown in blue, green and red respectively (Figure 9C),
indicating that these residues could pose potential risk of misfolding and aggregation.
Cluster 3 is the biggest cluster and locates at the same side as cluster 1 while cluster 2 is at
the other side (Figure 9C).

Roles of surface charged and hydrophobic residues involving APRs in CH2

The predicted APRs were further analyzed in structural context by mapping the APRs
containing residues on the crystal structure of CH2 domain. The APR clusters 1 and 3 have
hydrophobic residues located at one side of the p-sheet -VV262 and V264 in strand B, and
V303 and V305 in strand E as shown in Figure 9D. The APR cluster 2 has a residue Y278 in
strand C at the other side of the 3-sheet. The analysis of CH2 structure revealed several
surface-exposed and charged residues covering those hydrophobic residues in the three
APRs (Figure 9D). The ARP clusters 1 and 3 were protected by positively charged residues
K246, K288, K290 and R301, and a negatively charged residue E258. On the outer surface
of other B-sheet, the charged residues K320, K322 and E283 surrounded the Y278. Further,
we found a few hydrophobic residues, including Y296 in the CD loop, F241 and F243 in the
strand A, and 1253 and Leu309 at the helical regions, which are partially exposed on the
surface. To understand the molecular mechanisms of the role of the N-terminal residues of
CH2 in aggregation, we modeled the seven N-terminal residues (APELLGG) that are
undefined in the CH2 X-ray crystal structure. We found that the modeled N-terminal
residues were compatible in the crystal packing as they did not create any clashes with
symmetry related molecules. Therefore, these residues could be the probable N-terminus
location of the CH2 domain. We compared the conformation of the N-terminal residues of
CH2 domain from an 1gG structurelX4] along with the modeled N-terminal residues. In the
full-length 1gG, the N-terminal residues of CH2 domains from the two heavy chains interact
together which prevents the solvent exposure of these residues (Figure 10A). By contrast,
the N-terminal residues of isolated CH2 domains were likely to be involved in intra-and
inter-molecular contacts contributing to the CH2 aggregation (Figure 10B and 10C).

DISCUSSION

Currently, there are a number of protein scaffolds of relatively small size (typically from 10
kD to 20 kD) under development because of their distinct advantages over conventional
monoclonal antibodies against certain targets. Heavy chain variable domains (VHs) and
CH2s have been extensively characterized.[8:12.29 |t was found that VVHs tend to
aggregatel30:31] and significant amount of work has been done to reduce the VH
aggregation.[32:33.34.35] CH2 is involved in Fc unfolding and aggregation.[3¢] Mutation of
several CH2 residues could reduce aggregation of full length 1gG.[37] However, aggregation
of isolated CH2 domains has not been studied. Furthermore, it has been reported that
removal of the N-terminal hexapeptide from human f2-microglobulin could increase protein
aggregation,[38] which indicates that the N-terminal residues of isolated domain may also
play a role in the aggregation. Altogether, it is important to understand the aggregation of
CH2 and its prevention for developing of CH2-based therapeutics.
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The isolated CH2 domains have been proposed as novel scaffolds for library construction
and selection of binders against specific antigens.[8] The thermo-stability of CH2 is
relatively lower than other scaffolds with similar size such as the tenth type 111 domain of
human fibronectin,[17:3940] and the pH-dependent binding of CH2 to shFcRn is very
weak.[2%] In this work, we used CH2 and a short variant (CH2s) lacking the seven residues
(APELLGG) at the N-terminus to study their aggregation, stability and possible correlations
to their sequence, structure and functional properties. Despite the exposure of hydrophobic
residues due to lack of glycosylation in E. coli CH2, we had successfully crystallized
monomeric CH2 along with 30% PEG 1500 with equal volume of protein.[!1] It is known
that PEG can be used as an effective additive for preventing protein aggregation. However,
subsequent efforts for selection of efficient CH2-based binders with desired
physicochemical properties were not as effective as selection of VH-based binders mostly
due to the intrinsic aggregation propensity of the CH2 domain. We used computational
prediction models of APRs including the TANGO method, which suggested several facial
hydrophobic residues including mainly valine residues on the outer surfaces of the $-sheets
(Figure 9C). However, close examination of the crystal structure of CH2 revealed properly
placed charged residues that largely protect those hydrophobic residues predicted as APRs
by covering over them (Figure 9D). The edges of the f-sheets in monomeric CH2 were also
well-protected by lysine residues, K288 and K334 as nature’ design for avoiding edge-to-
edge aggregation.[42] The calculated solvent accessible areas indicated contributions by
some key hydrophobic residues, F241, F243 and Y296, which are partly exposed to the
surface (Figure 9D). In addition, one of the residues from the cluster 3, L309, was found
with multiple side-chain conformations rendering potentially a hydrophobic patch.
Previously, it was clearly shown that a point mutation L309K in the CH2 domain changed
the APR which led to a reduced aggregation propensity and improved thermal stability.[42]
The specific L309K point mutation was consistently predicted to reduce the aggregation
propensity in different methods.[43] Although most of the hydrophobic residues are covered
by charged residues and not fully exposed, some of those residues might need to be
engineered since any disruption of charged residues during random mutation and selection
processes involved in the design of CH2-based binders could lead to aggregating themselves
and/or non-specific binding to targets. In addition to the TANGO predicted residues, we
noted two leucine residues in the N-terminal region which were not resolved in the crystal
structure but most likely are solvent exposed in the monomer CH2. Generally, although the
N-terminal region of isolated CH2 does not possess any regular secondary structure, the N-
terminal regions of CH2 domains in the intact IgG or Fc molecules are found interacting
with each other and form the binding site for Fcy receptors.[1415] We speculated that the N-
terminal region of monomeric CH2 in the absence of such conserved structural and
functional interactions would lead to aggregation. Therefore, to analyze the role of N-
terminal residues, we modeled the missed N-terminal residues of the isolated CH2 domain
that could be accommodated into the crystal lattice. We visualized the proximity of the N-
terminal residues to other residues, intramolecular contacts, in the CH2 as well as
intermolecular interactions observed in crystal packing (Figure 10B and 10C respectively).
The assigned probable location of the N-terminal residues was found at a close proximity
(within 8-12 A) to several residues of CH2 loop regions at the top (Figure 10B). Due to the
flexible nature of a couple of glycine residues in the N-terminal region, it is quite reasonable
to expect that the N-terminal region could interfere with the proper folding of the CH2 loops
resulting into aggregation-prone intermediates as recently observed in the folding pathways
of the a-spectrin SH3 domain.[44] On the other hand, we noticed that the N-terminal
residues of the CH2 monomer could make intermolecular contacts with other monomers in
the crystal lattice. For instance, the N-terminal region of one CH2 monomer was found to be
in close proximity with the helical region of neighboring CH2 where a solvent-exposed
hydrophobic residue 1253 was present as shown in sticks (Figure 10C). This could explain
the possible role of the N-terminal residues in creating the hydrophobic surface interactions
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that would lead to aggregation. A similar observation was previously made as suggestive to
amyloidogenic properties as the N-terminal region of the $-2-microglobulin monomer was
found to interact with the D-strand of another monomer that lost protection in the isolated
form.[45] Thus, the N-terminal residues of CH2 were most likely to play potential roles in
the CH2 intra-and or inter-molecular contacts contributing to its aggregation propensity.
Accordingly, this could explain the fact that after removal of the N-terminal seven residues,
CH2s showed significantly increased stability and aggregation resistance compared to CH2.
Furthermore, the binding of CH2s to FcRn was also enhanced.

Our results showed that the removal of the N-terminal residues of the IgG1 CH2 domains
increased stability and aggregation resistance. This could not only be used for development
of CH2-based therapeutics, but could be also useful for exploration of 1gGs and Fc-related
fusion proteins in treatment of human diseases. For example, 1gG molecules with specific
mutations that prevent Fc gamma receptor (FcyR) binding have proved particularly valuable
in the treatment of autoimmune diseases and transplant rejection, as they retain the antigen
specificity of the antibody but are unable to trigger unwanted immune-cell reactions, such as
neutrophil degranulation.[46:47] Because of the absence of the N-terminal residues in CH2
that are important for FcyR[47], the CH2s and shortened Fcs could possibly lack binding to
FcyR and still retain FcRn binding activity.
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Figure 1.

Design and expression of CH2 and CH2s. (A) Amino acid sequence alignment of wide-type
CH2 (NCB Accession No. J00228) with CH2s. (B) Comparison of the soluble expression of
CH2 and CH2s at 30°C and 37°C.
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Figure2.

Secondary structure and stability of CH2 and CH2s measured by circular dichroism (CD).
(A) Folding curve at 25°C (black), unfolding at 90°C (red) and refolding (blue) at 25°C. (B)
The fraction folded of the protein (ff) was calculated as ff = ([6] -[Om])/([61] -[6m1])- [671]
and [O\] were the mean residue ellipticities at 216 nm of folded state at 25°C and unfolded
state of 90°C. The Tm values (57.7°C and 62.5°C for CH2 and CH2s respectively) from
were determined by the first derivative [d(Fraction folded)/dT] with respect to temperature
(T). (C) Temperature induced unfolding of CH2 and CH2s. The fluorescence intensity ratio
of 350/330 indicated that tryptophan residues were exposed as the CH2 and CH2s unfolded.
The calculated Tm values were 56.2°C and 61.3°C for CH2 and CH2s respectively.
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Figure 3.

Comparison of aggregation propensity between CH2 and CH2s. (A) ThT binding
experiment at room temperature. The rate of increase of fluorescence intensity in CH2
(black) was faster than that in CH2s (red). (B) Turbidity assay of CH2 (black) and CH2s
(red) after 50°C incubation at different time points. OD320 of CH2 increased faster than that
for CH2s.
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Measurement of CH2 and CH2s aggregation after incubation at 37°C and 4°C by dynamic
light scattering (DLS). CH2 had two major peaks at day 0 while CH2s had only one peak
indicating that the populations of CH2 molecules were not uniform and reflected possible
oligomer formation after purification.
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Figureb5.

Estimation of oligomer formation of CH2 and CH2s after 7-day incubation at 37°C and 4°C
by SEC. Only monomeric peak was observed in both CH2 and CH2s indicating that the
formation of oligomer might be reversible. The insertion is standard curve.
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Figure6.

Binding of CH2 (W) and CH2s (@) to an anti-human CH2 Fab m01m1. The EC50s of
m01m1l to CH2 and CH2s were >1400 nM and 392 nM, respectively, indicating
conformational differences.
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Figure7.

Binding of yeast-expressed CH2 and CH2s to shFcRn at pH6 (red) and pH7.4 (blue). Very
slight fluorescence intensity shift occurred in the case of CH2 indicating very weak binding
to shFcRn. Stronger fluorescence intensity shift was observed in the case of CH2s indicating
enhanced binding to shFcRn. The expression of CH2 and CH2s was tested by the
corresponding antibodies. PE-streptavidin was used as negative control.
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Figure8.
Binding of CH2 and CH2s to human serum albumin (HSA) measured by ELISA. (l)
binding of CH2 to HSA (EC50 ~ 0.9 uM); (@) binding of CH2s to HSA (EC50 ~ 1.7 pM).
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Prediction of aggregation prone regions (APRs) in CH2. (A) Three major APRs, cluster 1-3,
are mapped on the CH2 amino acid sequence and highlighted by blue, green and red,
respectively, as predicted by TANGO method. (B) The TANGO profile for CH2 showing
the sequence number on X-axis and aggregation propensity (%) on Y-axis. (C) Mapping of
APRs, clusters 1-3, on the three-dimensional structure of CH2 domain. (D) Ribbon
diagrams of CH2 structure illustrating the distribution of charged residues as sticks
embedded in translucent surfaces, and hydrophobic residues in green sticks with atom colors
are shown. The location of disulfide bond is colored in yellow.
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Figure 10.

(A) An intact IgG crystal structure is shown for highlighting the N-terminal residues of CH2
domains, colored in red sticks (PDB code 1HZH). The carbohydrates moieties are shown in
gray sticks. (B) A ribbon cartoon diagram of the CH2 domain with modeled N-terminal
residues (in orange sticks and colored by atoms) showing the proximity of the N-terminal
residues to the loop regions of CH2. (C) A crystal packing view of CH2 monomers in the
lattice indicates intermolecular contacts between the N-terminal residues and helical region
of different CH2 monomers as shown by dots. Surface-exposed hydrophobic residue Leu253
at a helical region involved in the intermolecular interaction is shown as sticks.
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