














FIGURE 4. RP-HPLC-TOF/MS analysis of native and the variants after
1-day (a) and 4-day (b) incubation with H,0,. Following incubation with
H,0,, the samples were analyzed by RP-HPLC-TOF/MS under nonreducing
conditions at 215 nm on a Zorbax SB-300 C8 column. Note that the His/Ala
variant released a significant amount of LC (peak 1), and as a result, a partial
IgG1 molecule (HHL) missing one LC was observed at a much greater level in
the His/Ala variant compared with other His variants as indicated by an arrow.
In the Lys variants, a partial form of the IgG1 missing the Fab domain (Fab-Fc,
peak 2) and the Fab domain (peak 3) were observed.

between the native molecule (~3%) and the seven variants
(1.5-2.0%) in untreated samples and that the only difference is
an OH group in the side chain between Ala and Ser residue, the
observation of 12 times more LC released from H229A than
H229S suggests that the hydrogen bond interaction involving
the imidazole ring is capable of maintaining the structural
integrity in the upper hinge.

In contrast to the His**” variants, the Lys®*” variants showed
an increase in hinge cleavage (Fig. 4a). The products for each
Lys**” variant include the oxidized LC (Peak 1) at ~12% and a
co-eluting partial IgG1 missing a Fab (Fab-Fc, Peak 2) and the
Fab domain (Peak 3). TOF/MS analysis revealed heterogeneity
in the C terminus of the Fab that featured a ladder of cleavage
produced in the upper hinge residues of the native IgGl,
whereas variants of the sequence of CDXTHT (where X = Q, S,
or A for each variant, respectively) showed a similar cleavage
pattern and ladder of cleavage as the native IgG1 (Fig. 5). The
similarity of the C-terminal ladder between the native IgG1 and
the Lys variants suggested the same mechanism drives the
hinge cleavage. In addition, the H229S/K227S variant behaved
in a very similar manner as compared with the H229S variant,
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FIGURE 5. RP-HPLC-TOF/MS analysis of the Fab fragment released from
the native IgG1 and the variants. Shown are the deconvoluted spectra of
the Fab domain from the native molecule (a), and K227Q (b), K227A (c), and
K227S (d) variants. For clarity, each major peak was labeled with the mass and
the corresponding single amino acid code of the ending residue.

suggesting that the imidazole ring of His** plays a dominant

role in the radical reaction mechanism, promoting cleavage.
Similar cleavage profiles observed from the Lys variants sug-
gested that the side chain of Lys®*” may play an inhibitory role
in the presence of the His**° residue.

Additional information was obtained by examining the 4-day
H,O,-treated samples (Fig. 40). The oxidized LC was detected
from all samples with a similar extent of 42— 45%, differing from
the 1-day results, suggesting that most of the HC-LC disulfide
bonds were reduced after the exposure to the radical attack.
With a typical mass ratio of LC and HC at ~1:2, anon-disulfide-
bonded LC level of >40% in all of the samples indicated a recov-
ery issue with the HC-related species in the RP-HPLC. Davies
and Delsignore (24) have demonstrated that radical attack
could result in dramatic charge changes in a protein, which
could alter hydrophobicity of some HC species, resulting in a
recovery issue from RP-HPLC. This hypothesis was confirmed
by CE-SDS analysis (see below).

The partial IgG1 (Fab-Fc) generated by 4 days of H,O, treat-
ment was resolved by RP-HPLC and was found to be heavily
oxidized, attributed to the oxidation of five Met residues in the
HC according to LC-MS/MS analysis (data not shown). How-
ever, TOF/MS analysis of each peak in the RP-HPLC profiles of
the 4- and 1-day H,O,-treated samples showed that the species
were identical in mass. The absence of any detectable level of
the oxidized single chain of the HC observed suggests the inter-
heavy chain disulfide bond between Cys>** residues in the core
hinge (**'CPPC***) remained intact.

CE-SDS Analysis—The presence of the non-disulfide-
bonded LC and the absence of a single HC in the cleavage prod-
ucts after 4 days of H,O, treatment demonstrated the unique
nature of the radical-induced hinge cleavage, which was char-
acterized by selective reduction of the interchain disulfide
bonds. However, some unknowns remain because some HC
was not recovered from the RP-HPLC, which might contain the
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FIGURE 6. CE-SDS analysis of the native IgG1 and the variants after 4 days
of H,0, incubation. The control is the native molecule incubated without
H,0,. The labels for the partial molecules are as follows: L, light chain; Fd, Fab
portion of the heavy chain; Fab-Fc, partial molecule missing one Fab domain;
HH, heavy chain dimer; HHL, partial molecule missing one light chain.

TABLE 1

Summary of nonreducing CE-SDS results from the native and seven
His?*° and Lys**” variants, following 4-day H,0, incubation

The component labels are as described for Fig. 6. The sum of the species is slightly
less than 100% for most samples because of minimal levels of unclassified peaks with
migration times of ~18, 23, and 27 min in these samples. These species were not
accounted for in the table because of their low amounts and are likely attributed to
degradation products generated during sample preparation, as described by Michels
et al. (38).

Sample L Fd Fab Fab-Fc HH HHL Whole
%

Control 0.3 0.7 99.0
K227A 269 82 76 12.2 233 155 2.0
K227Q 241 70 81 11.6 21.0 195 5.0
K227S 262 77 76 11.1 231 177 3.3
Native 29.7 48 76 8.7 336 121 12
K227S/H229S 285 19 27 4.3 350 214 3.0
H229A 325 22 33 4.0 46.1 9.1 0

H229Q 284 19 22 3.9 40.6 186 15
H229S 260 17 23 3.8 353 231 5.3

single HC. To confirm the absence of the single HC chain in the
products and assess the HC related species of the 4-day H,O,-
treated samples, CE-SDS was employed to analyze these vari-
ants under nonreducing conditions (Fig. 6 and Table 1). The LC
was detected from the native molecule and the seven variants
that had a similar peak area of 30 —32%; thus, intact IgG1 in each
sample remained at a level of <5%, particularly for H229A, in
which no intact IgG1 was detected. The partial molecules that
were either missing one LC or both LCs were the main products
and accounted for ~46% of the products for the native mole-
cule, 55-58% for the His**° variants, and 39 —41% for the Lys**’
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variants. The fact that the LC and HC are at a normal level and
that there was no detectable level of degraded HC in the CE-
SDS confirmed our hypothesis of the HC recovery issue in RP-
HPLC caused by the change in hydrophobicity not by the deg-
radation of the HC.

Other products from the hinge cleavage include the HC por-
tion of Fab (Fd) (retention time at ~17 min), two Fab species
(~20and ~21 min), and a partial IgG1 missing the Fab (Fab-Fc)
(~25 min). In contrast to the Lys®*” variants that produced
more cleavage products than the native molecule, the His***
variants generated very few cleavage products (Table 1). To
confirm the two Fab species assignment, as opposed to a single
HC and a Fab, the K227S variant was further characterized.
Among the products, two major SDS-PAGE bands with a
molecular mass of ~50 kDa were separately subjected to N-ter-
minal sequencing. The results revealed the N-terminal residues
of the LC for both fragments, suggesting that the ~50-kDa spe-
cies contains more than one component and is not just LC or
HC only species. These results confirm that the interchain
disulfide bond between the HC-HC Cys®** residues
remained intact. The lack of cleavage products from the
His??® variants supports the key role of His*?° in the radical
reaction mechanism.

EDTA and DMPO Inhibit the Hinge Cleavage—We found
that EDTA and DMPO are capable of blocking the hinge cleav-
age for all the variants. Only minimal degradation (<2%) was
observed on SEC or RP-HPLC after these samples were treated
with 20 mm H,O, for 4 days at 25 °C in the presence of 50 mm
EDTA or 10 mm DMPO (data not shown), similar to our previ-
ous observations (9).

DISCUSSION

The combined approaches of structure modeling and site-
directed mutagenesis were employed in this study to explore
the role of the hinge His**” in the radical-induced hinge cleav-
age of an IgG1. Our results indicated that the imidazole ring not
only participates in the hydrogen bond that maintains the sta-
bility of the upper hinge region but also facilitates the radical
reaction after localizing the electron transferred from the
Cys**! radical. A typical ET, an energy-driven process (10, 25),
usually does not result in the cleavage of a peptide bond. The
rate of ET reduces exponentially with distance between the
donor and acceptor (25). When encountering other nearby
redox centers, the electron can tunnel from one center to
another (12, 25) with bulk water playing a minor role in the ET
reaction (26). The ET in the hinge of the IgG1 is localized
because the upper hinge is framed by disulfide bonds at its N
and C termini and lacks structurally proximal residues capable
of forming a hydrogen bond network. The fact that EDTA and
DMPO were capable of blocking cleavage suggests that the rad-
ical reaction mechanism is responsible for the hinge cleavage.
The disulfide bonds that frame the upper hinge block the
release of the elevated energy at a new radical site. Thus, we
propose that the hinge cleavage and/or reduction of the inter-
chain disulfide bond could be the outcome of an energy-driven
process in the hinge region upon the radical attack.

The Role of the Hydrogen Bond—Reduction of the HC-LC
disulfide bond suggested the involvement of redox chemistry
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FIGURE 7. The modeled structure of the His/Ser variant hinge for the
IgG1b12. The distance between Ser*?® and Asp?® was less than 3 A in this
structure, permitting formation of a hydrogen bond.

in the ET process. The theoretical mass ratio of the LC and
HC at ~1:2 implies that a single LC accounts for 16 —17% of
the antibody mass (two LCs and two HCs). Because the RP-
HPLC data shows a separate LC peak that is ~25% of the
whole antibody peak area after a 1-day H,O, treatment of the
H229A variant, both of the HC-LC disulfide bonds must
have been attacked and reduced, suggesting a negative
impact on the stability of the IgG1 from breaking the hydro-
gen bond involving His**°.

The distance of less than 3 A between the side chains of
His*** and Asp®?® in IgG1 b12 allows the formation of a hydro-
gen bond. Structure modeling of H229S illustrated that the
hydrogen bond could be maintained between Ser*** and
Asp®?°, as shown in Fig. 7. Thus, the tunneling pathway for
electron transport from the Cys*®' radical remained largely
intact with the imidazole ring being replaced by the Ser side
chain. The distance between Cys**' and the HC-LC disulfide
bond is ~16 A for one set and ~17 A for the other. Neither falls
within the typical range of the tunneling limit for electron
transfer in proteins, because Dutton and co-workers (12, 25)
estimated an electron tunneling distance of 14 A or less. Giese
et al. (15) demonstrated that if the side chain of the central
amino acid between the electron donor and acceptor contains
an aliphatic group, single-step ET can occur, but with an oxi-
dizable aromatic side chain as the central residue, a two-step
hopping processes can take place. Because the rate of electron
transfer decreases with distance (10, 12, 13), the electron trans-
ported from the Cys®*' radical may not maintain enough energy
to reduce the HC-LC disulfide bond in the H229S variant. Con-
sequently, 12 times more LC released from the H229A variant
suggests a new local conformation or conformational dynamic
in the upper hinge region that brought the HC-LC disulfide
bond more proximal to Cys®*!, allowing the reduction of the
disulfide bond. Therefore, the initial resistance to the reduction
of the HC-LC disulfide bond in the H229S and H229Q variants
during 1-day of radical attack demonstrates that the hydrogen
bond between the side chains of His*** and Asp®*® is necessary
to maintain the local hinge conformational integrity and the
ability to resist radical induced degradation.
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FIGURE 8. The three potential mechanisms of the imidazole ring function-
ing as the second radical center. Each of the three mechanisms was repre-
sented by a reaction between the imidazole ring and an electron. For clarity,
only the imidazole ring and related intermediate radical/product are illus-
trated. More details for each mechanism are described in the text.

The Role of the His Residue in the Radical Reaction
Mechanism—The electron chemistry is dominated by addition
reactions with oxidizable rings, and the additional species
formed are usually unstable and can rapidly undergo further
reaction (27). In the case of the His residue, an electron could
add to the C-2, C-4, or C-5 positions of the imidazole ring (28 —
30). In fact, the formation of the His radical at the C-5 position
of the imidazole ring through electron transfer has been
directly observed (29 —31). Thus, we propose that the imidazole
ring forms a new transient radical center that is capable of
transferring the electron by extracting a proton from its neigh-
boring residues, leading to hinge cleavage.

We consider three possible mechanisms for the role of the
imidazole ring in the radical reaction, all of which could lead to
hinge cleavage (Fig. 8): mechanism 1, electron attachment at
the C-5 position of the imidazole ring in the presence of oxygen
leads to the elimination of the ring, yielding a dehydropeptide
that can be further degraded into the pyruvyl derivative (CH;-
CO-CO-) (9); mechanism 2, the initial radical formed at the
imidazole ring undergoes base-catalyzed loss of water to give
rise to a stabilized bisallylic radical (32); and mechanism 3, the
addition of the electron to the ring results in the formation of a
transient radical anion, which can subsequently pick up a pro-
ton from its neighboring residues. The formation of the pyruvyl
derivative (CH;-CO-CO-) supports mechanism 1 but contra-
dicts the observed ladder of cleavage sites because this mecha-
nism would yield only one cleavage site. Mechanism 2 explains
the observations of the oxidative products of His into Asp, and
the formation of the pyruvyl derivative (CH,;-CO-CO-). How-
ever, the resultant stable radical of this mechanism is less capa-
ble of subtracting hydrogen from the neighboring residues,
making it prone to degradation into a variety of products,
including Asp, Asn, 2-Oxo-His, and pyruvyl derivatives
(32-34).
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We propose that His*?® forms a transient radical anion that is
capable of picking up a proton from its neighboring residues
(32), as shown in mechanism 3 in Fig. 8. The high degree of
flexibility of the upper hinge allows greater conformational
dynamics than in the rest of the IgG1 molecule (2) and facili-
tates the formation of the hydrogen bond involving the imidaz-
ole ring. The positive redox potential difference of 0.24 V
between His (E° = 1.17V) and Cys (E° = 0.93V) (35) provides
the driving force for the initial electron transfer from Cys**' to
His®*°. The new radical center at His**° can initiate the redox
chemistry to obtain a proton from its neighboring residue, lead-
ing to the radical induced cleavage of the hinge. It is possible
that mechanism 1 or 2 represents intermediates in the later
stages of the radical reaction.

We contend that the ET process in the hinge follows the
hopping mechanism that was described previously (15). It is
difficult to determine which of the two hinge Cys>*' residues
forms the radical, whereas once the Cys®*' radical is formed the
electron transfers, localizes at His**°, and forms a new radical
center. The fact that only one of the two chains of the hinge was
cleaved suggests the coupling of one thiyl radical with one imid-
azole ring, and the chain being cleaved would be determined by
the thiyl radical on the same chain. Although Thr**° precedes
His**® in the sequence, His?** forms the radical center because
it is spatially proximal to Cys**' as indicated in Fig. 1» and has a
reaction rate constant of 6.4 X 10’ M~ *s™ !, faster than Ser, Thr,
Gln, Ala, and Lys residues that have rate constants in a range of
1.0-2.0 X 10” M~ ' s~ ' at neutral pH (32). With the new radical
center formed, the spatial proximity of the upper hinge residues
to the imidazole ring determined the site and yield of the cleav-
age. In other words, the closer other upper hinge residues are to
the imidazole ring, the more cleavage sites that are possible.
In the case of the two His**” residues in proximity to each other,
the nonradical His**° could be a proton donor. As illustrated in
Fig. 1c, more cleavage occurring at Thr**® and Thr**° than
Asp??® and Lys**” would be expected as the outcome, and
indeed such is the observation in our previous study (9).

Possible Role of Lys Residue—Lys has a long side chain with a
unique C-5 position (8 carbon) as compared with Ser, Gln, Ala,
and His residues. It is known that the C-4 and C-5 positions in
Lys are the major sites for electron attachment (36). Therefore,
we explored the possible role of the C-5 position in mediating
the hinge cleavage in the presence of His**°. The three Lys**’
variants showed a similar increase in the hinge cleavage, sug-
gesting that the C-4 position did not play a role in the reaction
because a Gln C-4 position is also capable of localizing an elec-
tron (32). As shown in Fig. 1c, Lys** is proximal to the imidaz-
olering, so it is possible that the C-5 carbon of the Lys side chain
plays a role in the reaction mechanism by influencing the pro-
tonation state of the imidazole ring or the electron transfer rate.
Thus, the Lys**” variants removed these local constrains and
facilitated the radical reaction.

In summary, our results indicate that the substitution of the
hinge His*** residue with a polar residue (Ser or Gln) blocked
the radical-mediated hinge cleavage. The variants were more
stable than the native molecule and maintain the in vitro bio-
logical functions of the IgG1 (e.g. FcyR binding and caspase-3
assay). Although for some proteins, the presence of an oxidiza-
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ble side chain in the tunneling pathway is the requirement for
an increasing ET rate that enhances functional efficiency (37),
in the case of [gG1, the presence of His**” facilitates the radical-
mediated hinge cleavage. This suggests that the IgG1 upper
hinge may not be optimized to prevent hinge cleavage. Our
results indicate that it is feasible to design a new IgG1 with a
hinge that is more resistant to radical induced degradation
while maintaining its biological activity. Further characteriza-
tion of a modified upper hinge and the potential impact to ther-
apeutic applications would provide greater insight.
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