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Abstract: The stability of Immunoglobulin G (IgG) affects production, storage and usability, espe-
cially in the clinic. The complex thermal and isothermal transitions of IgGs, especially their irrever-

sibilities, pose a challenge to the proper determination of parameters describing their

thermodynamic and kinetic stability. Here, we present a reliable mathematical model to study the
irreversible thermal denaturations of antibody variants. The model was applied to two unrelated

IgGs and their variants with stabilizing mutations as well as corresponding non-glycosylated forms

of IgGs and Fab fragments. Thermal denaturations of IgGs were analyzed with three transitions,
one reversible transition corresponding to CH2 domain unfolding followed by two consecutive irre-

versible transitions corresponding to Fab and CH3 domains, respectively. The parameters obtained

allowed us to examine the effects of these mutations on the stabilities of individual domains within
the full-length IgG. We found that the kinetic stability of the individual Fab fragment is significantly

lowered within the IgG context, possibly because of intramolecular aggregation upon heating,

while the stabilizing mutations have an especially beneficial effect. Thermal denaturations of non-
glycosylated variants of IgG consist of more than three transitions and could not be analyzed by

our model. However, isothermal denaturations demonstrated that the lack of glycosylation affects

the stability of all and not just of the CH2 domain, suggesting that the partially unfolded domains
may interact with each other during unfolding. Investigating thermal denaturation of IgGs accord-

ing to our model provides a valuable tool for detecting subtle changes in thermodynamic and/or

kinetic stabilities of individual domains.
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Introduction
Immunoglobulins (IgGs) are structurally rather com-

plex molecules. They consist of four polypeptide

chains containing multiple intra- and interchain

disulfide bonds. The structure of immunoglobulins is

composed of a total of 12 domains that interact in a

pair-wise fashion, thus forming four heterodimeric

and two homodimeric “super-domains” (Fig. 1). These

domains can be grouped together in different seg-

ments: the two identical antigen-binding Fab frag-

ments are connected via the hinge region with the

Fc fragment responsible for the molecule’s effector

functions—forming the well-known Y-shaped con-

formation. One of these homodimeric domains in

the Fc fragment, namely the CH2 domains, is gen-

erally glycosylated at asparagine 297, and the con-

tacts between the domains are entirely mediated by

the sugars.

Immunoglobulins are very promising candidates

in the development of new drugs with many of them

already being used successfully in the clinic.1 One of

the most important biophysical parameters character-

izing these molecules is their stability. In fact, com-

prehensive knowledge about factors determining or

even predicting protein stability in general would

clearly facilitate the development of optimal protein

frameworks, production conditions as well as solvent

formulations. In principle, there are two types of

stabilities that need to be taken into consideration:

the thermodynamic stability, dealing with equilibrium

transitions and describing the stability of the protein

as its free energy of unfolding as a function of tem-

perature, as well as the kinetic stability, reflecting

irreversible transitions and specifying the stability of

the protein as a function of time (determined by rate

constant of a rate-limiting irreversible step) with tem-

perature as a parameter.2–4 This kinetic stability can

not only determine the shelf-life, but also the in vivo

performance of an antibody.

The simplest model describing the thermody-

namic stability of a given protein is the two-state

model, where the native state (N) is in equilibrium

with the denatured state (D): N�
K

D with K being

the equilibrium constant of the reaction. In such a

case, removal of denaturation conditions (tempera-

ture, chemical denaturants, etc.) causes a shift of

the equilibrium toward the N state. Thus, theoreti-

cally, the so called half-life of a reversibly unfolding

protein is unlimited.

The simplest model for describing the kinetic

stability, on the other hand, is a particular case of

the Lumry-Eyring model5: N�
K

D�!k F that can be

simplified by the following equation: N�!k’ F, where

F is the final (denatured) state of the protein, and k

and k’ are the rate constants of the irreversible steps

of this reaction (determining the theoretical half-life

of the protein under the given conditions).

In thermal or denaturant-induced denaturations

of multidomain proteins such as IgGs, several over-

lapping transitions—often involving irreversible

steps—have to be considered for the determination

of the protein’s thermal stability. Numerous studies

highlight the power of differential scanning calorim-

etry (DSC) as the method of choice for studying

these multidomain proteins.6–8 The major advantage

of DSC is its ability to usually discernibly distin-

guish transitions that are difficult to detect and to

differentiate by other methods, such as spectroscopic

approaches. This is especially important for the

analyses of immunoglobulins, as their thermal tran-

sitions consist of two or three peaks that can be

ascribed to the reversible denaturation of CH2

domains, the cooperatively irreversible denaturation

of the Fab fragments and the cooperatively irreversi-

ble denaturation of the CH3 domains.9

Numerous studies on the thermal denaturation

of IgGs have been performed, reporting effects of

pH,10–15 formulation,16,17 as well as the cooperativ-

ity within the IgG molecules.9,10,18,19 Despite the

absence of relevant information regarding the num-

ber and reversibility of studied transitions, in all

these studies thermal transitions of IgGs were ana-

lyzed based on deconvolutions using equilibrium

transitions. This approach is, however, question-

able as the thermal transitions (besides the homo-

dimeric domain CH2) of IgGs are irreversible and

thus kinetically driven. Although it has been shown

that the thermal denaturation of several proteins,

under certain circumstances, can be interpreted in

terms of the van’t Hoff equation despite their calo-

rimetric irreversibility,20–22 the irreversibility and

Figure 1. Structure of analyzed IgGs, having the well-known

Y-shaped conformation. Both the Fab as well as the Fc frag-

ment are labeled. Individual domains are shown as differently

colored surfaces: VH is represented in dark blue, CH1 in light

blue, CH2 in brown, CH3 in green, VL in magenta and CL in

pink. The six stabilizing mutations are highlighted within one

transparent VH domain as red spheres, the glycan moieties of

the CH2 domains are shown in yellow.
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dependence of thermal denaturation on the used

scan rate exclude IgGs from this category.

In the present work, we have created a model

and derived appropriate equations that reliably

describe all transitions present. As a proof of princi-

ple, we applied this model to stability analyses of

IgGs with known, well-characterized properties. The

obtained results also incorporate kinetic stability

data and indicate, partly in contrast to previously

published data, that domains “feel” the presence of

their neighboring domains, possibly by partially

unfolded domains interacting with each other. This

is reflected in the interdependence of parameters

describing thermal denaturation of IgG variants.

This conclusion is further supported by additional

results obtained from isothermal denaturation

experiments.

Material and Methods

Purification of IgGs

Antibodies were expressed and purified from mam-

malian cell culture supernatants as described previ-

ously.23 Briefly, the supernatants were loaded onto

HiTrap Protein A columns (GE Healthcare) at 48C

at a flow rate of 1 mL/min. Chromatography was

performed using an €AKTA PrimePlus chromatogra-

phy system (GE Healthcare) at 48C. After loading,

the column was washed with 100 mM sodium phos-

phate buffer pH 8.0 containing 150 mM NaCl. Elu-

tion of IgG was accomplished by using 100 mM

glycine pH 2.7, followed by immediate neutralization

of each fraction to pH 7.5 using 1M Tris, pH 8.0. The

concentrations of the sample fractions were deter-

mined by UV-spectroscopy at 280 nm with a Nano-

Drop ND-1000 spectrophotometer (Thermo Scientific),

assuming a mass extinction coefficient of 1.37 for a

1 mg/mL solution of IgG. The samples with the high-

est protein concentration were pooled and dialyzed

twice against PBS (Sigma-Aldrich; 10 mM Na2HPO4,

1.8 mM KH2PO4, 2.7 mM KCl, 137 mM NaCl, pH

7.1) at 48C. After dialysis, the samples were filtered

through 0.22 mm filters (Millipore) and stored at 48C.

Guanidinium chloride-induced equilibrium

unfolding measured by intrinsic tryptophan

fluorescence (ITF)
Guanidinium chloride (GdmCl)-induced denatura-

tion measurements were carried out with protein/

GdmCl mixtures containing a final protein concen-

tration of 1 mM and denaturant concentrations rang-

ing from 0 to 5M (99.5% purity, Fluka, MO). These

mixtures were prepared from a 6M GdmCl stock

solution (in PBS, pH adjusted to 7.1) and equili-

brated for up to 7 days at 258C. Each final concen-

tration of GdmCl was determined by measuring the

refractive index. The intrinsic fluorescence emission

spectra were then recorded from 300 to 400 nm with

an excitation wavelength of 295 nm in an Infinite

M1000 reader (Tecan, NC). Individual GdmCl blanks

were recorded and automatically subtracted from

the data.

ANS measurements

Samples of different antibody formats were mixed

with 200 lM 8-anilino-naphthalene-1-sulfonic acid

(ANS) and incubated for 7 days at room tempera-

ture. The fluorescence emission spectra were

recorded from 430 to 550 nm with an excitation

wavelength of 390 nm in an Infinite M1000 reader

(Tecan, NC) and averaged over 10 accumulations.

Differential scanning calorimetry

DSC measurements were performed using a VP-

Capillary DSC system (Microcal, acquired by Mal-

vern Instruments Ltd). The antibody concentrations

were adjusted to 0.5 mg/mL before the measurement

unless otherwise stated. The corresponding buffer

was used as a reference. The samples were heated

from 158C to 1008C at the stated rates after initial

8 min of equilibration at 158C. A filtering period of

10 s was used and data were analyzed using Origin

7.0 software (OriginLab Corporation, MA). Thermo-

grams were corrected by subtraction of buffer-only

scans and then normalized to the molar concentra-

tion of the protein.

Analysis of DSC scans

The experimental data of the excess heat capacity of

IgG obtained from DSC were fitted by Eq. (A14) (see

Appendix). The experimental data of the excess heat

capacity of Fab fragments were fitted by Eq. (4).

DSC data were analyzed by numerical analysis in

Microsoft ExcelVR by nonlinear regression using the

Solver Add-in. Regression statistics for regression

coefficients (the standard deviations of the regres-

sion coefficients and R2), obtained by using the

Solver Add-in, were calculated by utilizing the Solv-

Stat Add-in.

Results
For analyzing the stability aspects of various for-

mats and constructs, we chose a set of already well-

characterized antibodies, IgG6B3 and IgG2C2, that

contain the same heavy chain subclass (VH6) but

dissimilar light chains, Vj3 in IgG2C2 and Vk3 in

IgG6B3.23,24 Next to the original IgG (WT for wild

type), an engineered variant with framework muta-

tions in VH (M for mutant) of the otherwise identical

IgG, displaying improved biophysical properties, was

analyzed as well. All point mutations present in the

engineered antibodies (Q5V, S16G, T58I, V72D,

S76G, and S90Y) are located outside the CDRs in

the VH framework (Fig. 1), and thus in the Fab frag-

ment of the IgG.
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Effect of the mutations and of a lack of

glycosylation on thermal stability of antibodies

The effect of the mutations and lack of glycosylation

on the thermal stability of IgG6B3 and Fab6B3 var-

iants was assessed by DSC experiments (Fig. 2). As

previously shown, the six point mutations present in

the VH domain of the engineered antibodies have a

stabilizing effect on both the Fab6B3 fragment as

well as the whole IgG6B3 molecule (Fig. 2).23 While

thermal denaturation of the whole IgG6B3 is at

least a two-step process (as indicated by two peaks),

DSC scans of the Fab6B3 fragment consist of only

one peak, indicating a one-step transition. The stabi-

lization effect of the mutations on the Fab6B3 frag-

ment is apparent from the shift of the transition

temperature, Ttrs, of Fab6B3WT from 72.88C to

76.58C measured for Fab6B3M. This improved stabil-

ity also holds true within the IgG6B3 context. The

DSC profile of thermal transition of IgG6B3WT con-

sists of a high and broad peak at Ttrs 5 71.58C fol-

lowed by a small peak at Ttrs 5 81.88C [Fig. 2(A)].

The mutations in IgG6B3M cause two apparent

changes to the thermal transitions of IgG6B3: (i) the

first peak becomes asymmetric with a shoulder at

the leading side of the peak, and (ii) the main tran-

sition shifts to higher temperature with Ttrs 5

74.48C. The position and apparent enthalpy of the

subsequent transition at Ttrs�828C is unaffected by

the mutations (Fig. 2).

The effect of absence of glycosylation on protein

stability was investigated with glycan-knock-outs of

IgG, referred to as IgGWTD and IgGMD, respectively.

These variants do not possess the NxT motif,

responsible for N-linked glycosylation at Asn297,

due to replacement of threonine at position 299 by

alanine.23 In both non-glycosylated forms of IgG6B3

(WT and M), the lack of glycosylation is accompa-

nied by an appearance of an additional transition at

�628C (Fig. 2). Both forms thus undergo now three

distinct thermally induced transitions: IgG6B3WTD

at Ttrs�628C, �72.58C, �828C and IgG6B3MD at

Ttrs�628C, �74.58C, �828C. The existence of three

transitions in thermal denaturation of IgG is in

agreement with previously published findings, stat-

ing that thermal denaturation of immunoglobulins

proceeds through three subsequent transitions, cor-

responding (from low to high temperatures) to (i)

the CH2 domains, (ii) the Fab fragment, and finally

(iii) CH3 domains.9,25,26

Detailed analyses of thermal denaturation of

the studied antibodies showed that their thermal

denaturations are both scan-rate-dependent (Fig. 3)

and become irreversible upon heating to �908C

(data not shown). Thermally denatured antibodies

are incapable to properly refold due to their aggrega-

tion in the process of thermal denaturation.27 Inter-

estingly, the thermal transitions are, however,

independent of protein concentration, as even a 10-

fold increase (from 0.25 to 2.5 mg/mL) in protein

concentration has no apparent effect on DSC chro-

matograms (Supporting Information Fig. S1). The

observed lack of dependence of the transition tem-

perature on protein concentration indicates that the

oligomerization/aggregation is not part of the rate-

limiting irreversible reaction.5,28 Furthermore, the

aggregation reaction may involve intramolecular

associations of partially unfolded domains.

Model of thermal denaturation of IgG

Closer analyses of individual thermally induced

transitions of the whole IgG (studied in this work)

and analogous IgGs (unpublished data) show that

the first transition, corresponding to the CH2

domains, is reversible, in agreement with previously

published findings.29 However, this holds true only

when heating is stopped during or right after the

first transition (�728C for glycosylated IgGs) and

the sample is (quickly) re-cooled to pre-transition

temperatures. If the protein is held at post-

transition temperatures (of the first transition) for

too long and/or the heating continues to higher tem-

peratures, the transition becomes irreversible as

well.

Thermal denaturation of IgG based on analyses

of numerous IgGs can be described by three consecu-

tive transitions (one reversible followed by two irre-

versible transitions) and is expressed by Eq. (1):

Figure 2. Thermal denaturation of different antibody IgG6B3

formats monitored by DSC. (A) IgG6B3WT (black), Fab6B3WT

(blue), and IgG6B3WTD (red); (B) IgG6B3M (black), Fab6B3M

(blue), and IgG6B3MD (red). In all cases, DSC experiments

were performed with 0.5 mg/mL of protein in PBS buffer, pH

7.4 at a scan rate of 1.0 K/min.
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N�
K

U�!k2

D�!k3

F (1)

where N is the native state, U and D are intermedi-

ate states of thermal denaturation and F is the final

(denatured) state of IgG; K is the equilibrium con-

stant of the first transition, k2 and k3 are rate con-

stants of the corresponding irreversible reactions.

The excess heat capacity, which is the parameter

measured in the DSC experiments, is expressed by

the general equation satisfying the model:

Cexcess
p ðTÞ52DH1

dnN

dT

� �
1DH2

k2nU

v

� �
1DH3

k3nD

v

� �

(2)

where DH1, DH2, and DH3 are molar enthalpy

changes for the first, second and third steps, respec-

tively; nN, nU, and nD are molar fractions of corre-

sponding states of the protein and v is the scan rate

in K/min. Substitution of molar fractions by derived

equations (see Appendix) leads to the equation:

Cexcess
p ðTÞ5DH1

K

ðK11Þ2
k2

v
1

DH1

RT2

� �
eK

1DH2
K

K11

k2

v

� �
eK1DH3

k3

v2
e3

ð
k2K

K11

eK

e3

� �
dT

(3)

where

K5
k1

k21
5exp 2

DH1

R

1

T
2

1

T1=2

� �� �

k25exp 2
Ea2

R

1

T
2

1

T�2

� �� �

k35exp 2
Ea3

R

1

T
2

1

T�3

� �� �

eK5exp 2
1

v

ð
k2K

K11
dT

� �

e35exp 2
1

v

ð
k3dT

� �

Detailed description of the derivation of Eq. (3)

is provided in the Appendix.

Figure 3. Thermal denaturations of IgG6B3s and Fab6B3 fragments as a function of scan rate monitored by DSC: Data from

(A) IgG6B3WT, (B) Fab6B3WT, (C) IgG6B3WTD, (D) IgG6B3M, (B) Fab6B3M, (C) IgG6B3MD indicate that these proteins are under

kinetic control. Measurements were performed at three different scan rates: 0.5 K/min (blue), 1.0 K/min (green), and 1.5 K/min

(red). Experimental data are shown as dots; theoretical fits based on a global fit according to Eq. (3) for IgGs (boxes A, C, D,

and F) and to Eq. (4) for Fab (B and E) are shown as solid lines. In all cases, DSC experiments were performed with 0.5 mg/mL

of protein in PBS buffer, pH 7.4.
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For fitting the thermal transition of Fab frag-

ments consisting only of a one-step irreversible tran-

sition, the following equation was used5,30:

Cexcess
p 5

DH2k2

v
exp 2

1

v

ð
k2dT

� �
(4)

where the fitting parameters have the same mean-

ing as defined above. The subscript 2 is used to

highlight that the description of this thermal dena-

turation is in agreement with the description of this

step within the whole IgG molecule (refer to Eq. (1)).

Analysis of thermal denaturation of the proteins

The DSC scans of IgG6B3 and Fab6B3 were ana-

lyzed by using Eqs. (3) and (4), respectively. Fits

were excellent in most cases. Fitting parameters of

individual fits are listed in Table S1 in the Support-

ing information. However, in order for the model to

be an adequate description of the thermal denatura-

tion, there must be consistency between the fits

achieved for the DSC profiles obtained at different

scan rates. The data were therefore fitted globally,

that is, parameters characterizing the reversible

transition such as DH (calorimetric enthalpy) and

T1/2 (transition temperature) as well as the parame-

ters of the irreversible steps like Ea (activation

energy) and T* (temperature at which the rate of an

irreversible step is equal 1 min21) were forced to be

the same for all scan rates. Fitting parameters

obtained from global fits are listed in Table I and

the fits are shown in Figure 3. These fits are in very

good agreement with the experimental data (based

on correlation coefficients as well as on visual

inspection) for all IgGs and Fab fragments, thus

indicating thus a robustness of the model. Interest-

ingly, they are consistently worse for the non-

glycosylated counterparts of IgGs, suggesting that

the thermal denaturation of non-glycosylated IgG is

more complex than the derived model, potentially

containing additional irreversible steps.

Fitting parameters obtained from thermal dena-

turations of Fab6B3WT and Fab6B3M unambiguously

show the stabilization effect of the mutations (Table

I). Both parameters characterizing the rate constant,

that is, T* and Ea, increased by 2.58C and �200 kJ/

mol, respectively. The increase in these parameters

results in a �10’000-fold increase in kinetic stability,

expressed as the “half-life” of the Fab fragment at

378C, calculated as s5ln2/k2. Interestingly, the

mutations have even a higher relative kinetic stabi-

lization effect when the Fab fragment is part of the

whole IgG. While this is not apparent in the very

similar T�2, the activation energy Ea2 of the Fab frag-

ment in the IgG context appears higher (Table I). A

treatment of this step as a reversible transition

would thus not notice the change within the Fab

fragment, but the measurements at different scan

rates have uncovered this. While indeed the Fab

fragment is separated from the Fc part and from the

other Fab fragment by the hinge region, the par-

tially denatured Fab fragments may aggregate with

each other for the wild type, but less so for the

mutant, making the differentiation between wild

type and mutant much larger than for the Fab frag-

ment. This hypothesis of an intramolecular

“aggregation” upon heating within the IgG is also

consistent with the lack of concentration dependence

(Supporting Information Fig. S1). The calculated

half-life for the IgG6B3WT is �3 days at 378C, while

the kinetic stability of IgGM is increased by 6 orders

of magnitude.

The model was also applied in the analyses of

thermal denaturations of an unrelated antibody,

IgG2C2WT and its variant IgG2C2M, containing the

same mutations as IgG6B3WT (Fig. 4).23 The thermal

denaturations of both IgG2C2WT and IgG2C2M are

scan-rate-dependent and proceed in three steps, a

first reversible transition followed by two irreversi-

ble transitions, in accordance with the model shown

in Eq. (1). Analogously, as in the case of IgG6B3, the

fits are in very good agreement with experimental

data of IgG2C2 (Fig. 4). Comparison of the fitting

parameters for individual scans of IgG2C2WT and

IgG2C2M (Supporting Information Table S1) as well

as the global fits (Table I) show that the mutations

in the context of IgG2C2 have a similar stabilizing

effect (although about 1 order of magnitude lower

than in the context of IgG6B3).

Thermal denaturations of IgG2C2WTD and

IgG2C2MD show a more complex process than for

their glycosylated variants. The non-glycosylated

variants of IgG2C2 undergo thermal denaturation

in, at least, 4 steps that are clearly distinguishable

in IgG2C2M. Therefore, the derived model cannot be

applied for the analysis of thermal denaturations of

non-glycosylated IgG2C2 variants.

Isothermal chemical denaturation of antibodies

An alternative way to address protein stability is by

isothermal chemical denaturation, usually per-

formed by denaturants such as GdmCl or urea.

However, to be able to extract proper thermody-

namic parameters (such as DGH2O values) for a

given protein, its denaturation has to be reversible

and in general should not consist of more than two

steps. In fact, when isothermal denaturation of a

protein proceeds through more than two steps, the

obtained fits are usually unreliable due to unre-

solved, overlapping transitions and/or the presence

of “hidden” intermediate states of the protein.

Unfortunately, IgGs as well as Fab fragments con-

sist of several similar domains that unfold irreversi-

bly at similar denaturant concentrations. Despite

the unsuitable properties of these proteins, we were
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interested in whether their isothermal denatura-

tions are affected by mutations and/or the lack of

glycosylation. Although the obtained results can be

considered to be only of qualitative nature, they

show stabilization effects for mutations and the gly-

cosylated state of the analyzed IgG6B3s (Fig. 5) as

described in the following section.

Isothermal chemical denaturation was performed

by monitoring fluorescence both of intrinsic trypto-

phan residues by intrinsic tryptophan fluorescence

(ITF) and of the exogenous fluorescence dye

1-anilinonaphthalene-8-sulfonate (ANS). Both polar-

ity and dynamics of the tryptophan environment

change upon denaturation as conformational transi-

tions of the analyzed protein dramatically affect their

fluorescence.31 Most tryptophans are hidden from

polar solvent in the hydrophobic core of proteins and

thus show an emission maximum at �330 nm, while

the fully solvent-exposed tryptophan residues (upon

denaturation of the protein) have their fluorescence

maximum at �355 nm. Furthermore, some of the

tryptophans are close to the intra-domain disulfide

bonds and thus are strongly quenched in the native

state. The position of the emission maximum as well

as the amplitude of fluorescence is thus both sensi-

tive probes for monitoring conformational changes in

antibodies. The analyzed IgG6B3 contains 26 trypto-

phanyl residues in its structure: each VH/VL pair con-

tains 6, each CH1/CL 3, CH2/CH2 totally 4 and CH3/

CH3 another 4 tryptophan residues.

On the other hand, ANS is a very weak fluoro-

phore in polar solvents such as water and its

Table I. Fitting Parameters for Thermal Transitions of IgGs and Fab Fragments Obtained From Global Fits of
Experimental Data to Eqs. (3) and (4), Respectively

Protein T1/2 (8C)
DH1

(kJ/mol) T�2 (8C)
Ea2

(kJ/mol)
Half-life
factora T�3 (8C)

Ea3

(kJ/mol)

IgG6B3WT 69.9 517 76.1 202 1 84.9 348
IgG6B3M 69.9 584 75.7 542 2 3 106 84.5 358
Fab6B3WT n.a. n.a. 75.2 427 1 3 104 n.a. n.a.
Fab6B3M n.a. n.a. 77.7 615 1 3 108 n.a. n.a.
IgG2C2WT 69.7 480 88.8 106 0.05 88.5 325
IgG2C2M 69.6 632 86.7 294 1 3 104 90.0 357

a The half-life factor is expressed as approximate factors relative to the half-life of IgG6B3WT at 378C.
n.a. – not applicable.

Figure 4. Thermal denaturations of IgG2C2s as a function of scan rate monitored by DSC: Data from (A) IgG2C2WT, (B)

IgG2C2WTD, (C) IgG2C2M, (D) IgG2C2MD indicate that these proteins are under kinetic control. Measurements were performed

at three different scan rates: 0.5 K/min (blue), 1.0 K/min (green), and 1.5 K/min (red). Experimental data are shown as dots; the-

oretical fits based on a global fit according to Eq. (3) are shown as solid lines for IgG2C2WT/M. DSC scans of non-glycosylated

variants were not fitted to our model due to the complex nature of their thermal denaturations. Therefore, only experimental

data are shown for the non-glycosylated variants of IgG2C2s. In all cases, DSC experiments were performed with 0.5 mg/mL of

protein in PBS buffer, pH 7.4.
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fluorescence significantly increases and shifts to

shorter wavelengths in hydrophobic environ-

ments.32,33 This feature causes a dramatic shift of

its emission maximum upon binding of ANS to

hydrophobic patches of partially un/folded protein

molecules, thus allowing the detection of intermedi-

ate structures of IgG6B3s and Fab6B3s during iso-

thermal denaturation with GdmCl.

The analyzed unfolding reactions of the studied

proteins happen rather slowly. This observation is in

agreement with previously published results,34 stat-

ing that it took nearly a month of equilibration until

no further changes in the denaturation curve could

be observed. As equilibration of the unfolding reac-

tion was not yet reached after 1 day incubation, we

re-analyzed the samples again after 7 days incuba-

tion (Supporting Information Fig. S2). After 7 days,

the intermediate states in protein unfolding can be

more easily seen than in data recorded after only 1

day incubation at room temperature. Although the

equilibrium has probably not been reached even

after this extended incubation, for qualitative com-

parison and analysis of stabilization effect of muta-

tions these recordings were sufficient.

The obtained data show that isothermal

denaturation of all studied proteins, IgG6B3WT/M,

Fab6B3WT/M and IgG6B3WTD/MD, is complex, as the

transition of each protein consists of several inter-

mediates (Fig. 5). However, the stabilizing effect of

the mutations is clearly apparent for all engineered

variants. This conclusion follows from a shift of

denaturation curves to higher GdmCl concentrations

in a concentration range between 2 and 3M. The dis-

tinct transition at �1M GdmCl measured by Trp flu-

orescence (probably belonging to CH2) is unaffected

by the mutations (Fig. 5). Interestingly, the complex-

ity of the isothermal unfolding of Fab6B3 fragments

is comparable with that of the whole IgG, despite

the missing homodimeric domains CH2/CH2 and

CH3/CH3 [Fig. 5(B)]. This is likely a result of domain

interactions between partially un/folded domains

which can occur both in the isolated Fab6B3 frag-

ment and the IgG6B3.

In contrast, ANS fluorescence clearly differenti-

ates between intact IgG6B3s, that is, IgG6B3WT and

IgG6B3WTD, and the Fab6B3WT fragment. For

IgG6B3WT and IgG6B3WTD, ANS detects two appa-

rent intermediate states as demonstrated by an

emission maximum of ANS fluorescence at �495 nm

at �2.2M GdmCl and �505 nm at �3M GdmCl [Fig.

5(A,C)], respectively. In the case of Fab6B3WT, only

one clearly defined intermediate at �2M GdmCl

with an emission maximum of ANS fluorescence at

�490 nm is detectable [Fig. 5(B)]. This observation

either indicates that the intermediate at �3M

GdmCl is not part of the Fab6B3 fragment, or that

an intermediate is formed which is stabilized by an

interaction with the other domains. Interestingly,

binding of ANS is not observed in isothermal unfold-

ing of any protein containing the stabilizing muta-

tions (red squares in Fig. 5).

The complexity of isothermal unfolding of stud-

ied IgG6B3 forms was also analyzed in phase dia-

grams.35–38 The basis of this powerful method in

revealing hidden intermediates is a pairwise correla-

tion of two different independently extensive param-

eters (e.g., spectral intensities) in the same plot. For

a two-state transition, the plot of the intensities

should be linear, as each spectrum is a linear combi-

nation of the spectra of the two states. Any nonli-

nearity corresponds to the deviation from an all-or-

none transition. The number of linear portions (n)

indicates n 1 1 species. This phase diagram method

should be applied to data measured under identical

conditions. Here, fluorescence emission intensities at

330 and 365 nm (upon excitation at 295 nm) were

interrelated and plotted as F330 versus F365 (Sup-

porting Information Figs. S3–S5). Clearly, the spec-

tral diagrams are not linear, indicating the presence

Figure 5. Isothermal denaturation of IgG6B3s and Fab6B3

fragments monitored by ITF (circles) and ANS fluorescence

(squares) for wild type (blue) and engineered (red) variants:

(A) IgG6B3WT and IgG6B3M, (B) Fab6B3WT and Fab6B3M,

and (C) IgG6B3WTD and IgG6B3MD. Numbers in the curves

indicate positions of intermediate states detected from the

phase diagram analysis (see Supporting information). Con-

necting lines serve only to lead the eye. All experiments were

performed in PBS buffer, pH 7.4.
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of intermediates and/or partially unfolded states.

There are four/five linear regions which suggest at

least five/six different species, indicated by numbers

in Figure 5 and Supporting Information Figures S3–

S5. Interestingly, the mutations just alter the posi-

tion of intermediate states in the analyzed proteins

but do not affect their number, pointing out that the

mutations do not change the unfolding reactions —

they ‘only’ stabilize the molecules against unfolding.

An intriguing conclusion follows from the com-

parison of unfolding curves of glycosylated and non-

glycosylated forms of IgG6B3WT and IgG6B3M (Fig.

6). Deglycosylation in both proteins, IgG6B3WT and

IgG6B3M, causes destabilization of the transition at

�1M and �2.5M GdmCl. Surprisingly, in the case of

IgG6B3M the absence of the glycan destabilizes all

transitions. This observation might be interpreted as

the inter- or intramolecular interaction of partially

unfolded domains with each other, thereby stabiliz-

ing this partially unfolded state with respect to the

pre-transition state.

Discussion
Immunoglobulins are multidomain proteins that

usually show complex denaturation patterns when

denatured either by high temperature or by dena-

turants. An often occurring complication in proper

analyses of thermally and chemically induced dena-

turations of multidomain proteins is caused by the

irreversible nature of the accompanying conforma-

tional changes. In such cases, thermodynamic and/or

kinetic analyses of such transitions without justified

models often lead to incorrect conclusions. In the

present work, we studied thermally and chemically

induced denaturation of wild-type and engineered

IgGs and Fab fragments as well as non-glycosylated

forms of the corresponding IgGs.

Analysis of thermal denaturations of antibodies
The analyses of thermal denaturation of Fab6B3

fragments were performed according to an already

established model based on a one-step irreversible

transition.5,30 However, for the analyses of IgGs, we

had to derive a new comprehensive model consisting

of at least 3 observable transitions.

Thermal transitions of Fab6B3 fragments moni-

tored by DSC consist of (i) single peaks (Fig. 2), (ii)

depend on the used scan rate [Fig. 3(B)] and (iii) are

irreversible—observations that are in agreement

with previously published work.18,26,39,40 These

results provide a strong basis for the analysis of

thermal denaturation according to a particular case

of the Lumry-Eyring model, consisting of one irre-

versible step: N ! F, derived by Sanchez-Ruiz and

colleagues.5,30 The parameters obtained from these

fits clearly show kinetic stabilization of the Fab frag-

ment due to our mutations in the VH domain (Table

I). This is demonstrated by a �10,000-fold extension

of the theoretical half-life of Fab6B3M at 378C in

comparison to Fab6B3WT.

The thermally induced transitions of the whole

IgGs, both for IgG6B3 and IgG2C2, are more com-

plex but still can be expressed by the scheme repre-

sented by Eq. (1). This model is in agreement with

conclusions of the work of Ionescu et al.9 where the

authors—based on the study of stability of human-

ized IgG1—concluded that DSC profiles of IgG1 gen-

erally consist of 2 or 3 visible peaks representing

unfolding of domains in the following order: CH2 <

Fab < CH3 (except for the rare cases of IgGs with

extreme Fab stabilities, where they can overlap with

CH2 at the low end or CH3 at the high end). The

newly derived equation (Eq. (3)) for calculating the

excess heat capacity enabled us to obtain fitting

parameters that characterize all individual transi-

tions of IgG thermal denaturation.

The parameters indicate that the mutations in

the Fab6B3 fragment do not influence the first and

the third transitions, that is, the unfolding of CH2

and CH3 domains, respectively. In fact, this is

exactly what one would expect considering the

location of the mutations at the “tip” of the Fab

fragment. Interestingly, however, the kinetic stabil-

ity of all analyzed Fab fragments decreased when

they were part of the corresponding full-length

IgG6B3. However, while for Fab6B3WT it decreased

by �4 orders of magnitude, the kinetic stability

was reduced only by �2 orders of magnitude for

Fab6B3M. This suggests that the partially

Figure 6. Effect of missing glycosylation on isothermal tran-

sitions of IgG6B3s monitored by ITF: (A) IgG6B3WT (white)

and IgG6B3WTD (black), and (B) IgG6B3M (white) and

IgG6B3MD(black). All experiments were performed in PBS

buffer, pH 7.4.
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unfolded Fab fragments may interact with each

other, as they do not seem to influence the dena-

turation of either CH2 or CH3, yet behave differ-

ently in the IgG than in isolation. Furthermore,

the engineering of the Fab fragments, which had

originally also been motivated by decreasing

aggregation tendency and improving expression

in E. coli,24 may also be effective in the context of

the IgG, and therefore make the engineered Fabs

in the context of the IgG behave more like in iso-

lation. Consequently, the combination of the

higher intrinsic kinetic stability of Fab6B3M and

its smaller decrease upon incorporation into

IgG6B3 results in a �6 orders of magnitude

higher kinetic stability of IgG6B3M than that of

IgG6B3WT (Table I) at 378C.

Interestingly, the relative stabilizing effect of

the mutations is similar also in IgG2C2 despite the

different light chain classes in in these antibodies.

The different composition of these Fab fragments is

apparently the reason of the different (overall)

kinetic stabilities of IgG2C2 and IgG6B3 (Table I).

Indeed, the thermal denaturations of the CH2 and

CH3 domains in IgG2C2 and IgG6B3 are described

by similar parameters. The obtained very similar

fitting parameters for CH2 and CH3 transitions

despite the relatively dissimilar thermal transitions

of full-length wild type and mutated IgG6B3 and

IgG2C2 indicate the robustness of our model.

Analogous quantitative analyses of non-

glycosylated IgGs, however, could not be performed

by our model. In the case of non-glycosylated

IgG6B3, the fitting was significantly worse for both

IgG6B3WTD and IgG6B3MD, indicating an incompati-

bility of our model with the thermal denaturations

of these forms of IgG6B3 [Figs. 3(C,F)]. Applying a

different model, for example, three consecutive irre-

versible transitions, did not significantly improve

the fits (data not shown). Analyses of thermal dena-

turations of IgG2C2D clearly show that the thermal

denaturation of these variants proceed through

more than 3 steps [Figs. 4(B,D)]. The appearance of

another transition(s) in thermal denaturation of

non-glycosylated IgGs can in principle indicate

either destabilization of the full-length IgGs by miss-

ing glycosylation with concomitant additional intra-

molecular association reactions or inhomogeneity in

the purified fraction of the protein. However, studies

of the effects of the lack of glycosylation on the sta-

bility of Fc fragments41,42 as well as of intact

IgGs43,44 are in qualitative consent with our results

and indicate destabilization of CH2 domains with

additional small effects on the thermal stability of

Fab region and CH3 domains.25 While some observa-

tions indicate only subtle modification of IgG stabil-

ity due to the absent glycosylation,43,44 in our hands,

the destabilization of the first transition, the unfold-

ing of the CH2 domain, is quite significant. The tem-

peratures of unfolding of the CH2 domains decreased

by �7–108C for the studied IgGs.

Analysis of isothermal denaturations of IgG6B3

antibodies
Isothermal denaturation curves can be analyzed

only qualitatively due to their high complexity,

extremely slow equilibration, and possibility of irre-

versibility under the experimental conditions. How-

ever, the conclusion that one can draw from our

kinetic measurements is in agreement with the cor-

responding thermal denaturation data, that is, that

the stability of IgG6B3 domains follow the order

(from low to high stability) of CH2 < Fab < CH3.

The first transition observed at GdmCl concentra-

tion of �1M is a result of the unfolding of the CH2

homodimeric domain, although one cannot exclude a

contribution of the fluorescence signal from the

Fab6B3 fragment. The former conclusion is strongly

supported by the fact that non-glycosylated IgGs

exhibit a destabilization of this transition [Figs.

5(A,C) and Fig. 6]. The latter conclusion is (at the

same time) confirmed by the observation that

unfolding of Fab6B3 fragments also contains a small

transition in this concentration range [Fig. 5(B)]. A

set of transitions between �1.5M and 3.0M GdmCl

corresponds to an unfolding of the Fab region, as

clearly follows from the unfolding of Fab6B3 frag-

ment shown in Figure 5(B). Finally, the unfolding of

the CH3 domains very likely proceeds at GdmCl con-

centrations >2.5M. This may be concluded from the

following observations: (i) the existence of the inter-

mediate state at �2.8M GdmCl present in the intact

IgG6B3 but absent in the Fab6B3 unfolding as

detected by ANS fluorescence (Fig. 5) and (ii) the

destabilization of the transitions of IgG6B3WTD/MD at

>2.5M compared to IgG6B3WT/M, due to the lack of

glycosylation. Thus, absent glycosylation in CH2

domains and its subsequent destabilization very

likely affects also the stability of the closest protein

region, the CH3 domains, possibly by interactions

between partially un/folded domains.

Glycosylation
Non-glycosylated forms of IgG have been produced

in order to reduce effector functions, and thus to

limit toxicity of some clinical candidates, such as, for

example, otelixizumab (anti-CD3 IgG1),45 clazakizu-

mab (BMS-945429, ALD518) (anti-IL-6 IgG1),46

BIIB-022 (anti-IGF-1R IgG4).47 Such non-

glycosylated antibodies simplify bioprocessing, as

glycan isoforms are avoided, but show a lower stabil-

ity and higher aggregation tendency,23,25,27,41,42,48 as

analyzed by a new DSC approach in the present

work.

This lower stability may be in part due to a

destabilization of the C’E loop of the CH2 domain in

murine IgG1
49 or the DE loop and FG loop in human
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IgG4.50 While in wt CH2 domains contacts between

the domains are entirely mediated by the sugars,

the absence of glycosylation apparently leads to

more degrees of freedom for domain orientation,

probably also contributing to a lower stability. In

crystal structures of non-glycosylated Fc regions

both open conformations and “super-closed” confor-

mations have been found.49–51 Measurements by

small-angle X-ray scattering (SAXS) in solution sug-

gest a more open orientation of the CH2 domains for

the non-glycosylated Fc.51 The altered and/or disor-

dered loop structures mentioned above are believed

to contribute to the lack of Fcg receptor binding and

the reduced complement binding of non-glycosylated

Fc regions,52,53 while the structure still supports

similar binding to the FcRn receptor and thus a long

serum half-life in humans, as evident from the clini-

cal trials cited above.

While in the Fc part, glycosylation at Asn297

has a clear biological function—supporting binding

to FcgR and complement—spurious glycosylation

may occur in the variable regions when they carry

an accessible Asn-X-Ser/Thr motif.53 It is even pres-

ent in the marketed antibody cetuximab.54 Fab gly-

cosylation can lead to inconsistency of binding,

depending on the expression host of the recombinant

antibodies, and thus, modern antibody libraries have

mostly removed such motifs, and the effect of V-

domain glycosylation on stability—if any—has not

been well investigated.

Conclusions
In summary, in this work we (i) suggest a novel

model that accurately describes the thermal denatu-

ration of IgG molecules and (ii) derive the equations

in accordance with the model to apply them in

numerical analyses of thermal denaturation of two

different antibodies and their mutants, monitored by

DSC. Our analyses confirmed and extended previous

findings, that is, that the intact IgG undergoes ther-

mal denaturation through three cooperative transi-

tions corresponding to reversible denaturation of

CH2 domains followed by two consecutive irreversi-

ble transitions of Fab and CH3 domains. Analyses of

the fitting parameters of thermal denaturation of

Fab6B3 fragments and the intact IgG6B3 variants

suggest that individual domains apparently “feel”

the presence of each other, potentially by un/folding

intermediates interacting with each other.

In fact, kinetic parameters describing thermal

unfolding of the individual Fab6B3 fragment and

the IgG6B3 indicate that the Fab fragment is kineti-

cally destabilized in the context of an IgG. Moreover,

stabilizing mutations make the Fab6B3M fragment

less sensitive towards the unfolding of other

domains of the full-length antibody, possibly as a

result of the lower abilities of the unfolded domains

to affect the conformational state of the more stable

Fab6B3 fragment. Thus, the mutations have a

greater effect on the kinetic stability of the IgG than

the corresponding Fab fragment.

We believe that applying the derived equation

in the analyses of thermal denaturation of immuno-

globulins, under the assumption that their thermal

denaturation proceeds according to the suggested

model, may provide improved information regarding

de/stabilization effect of modification(s) in the pro-

tein structures of individual domains and/or due to

different solvent formulations. This is currently

investigated in a comprehensive study and will be

presented in a different manuscript.
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APPENDIX

The total enthalpy of the system N�U ! D
! F (using state N as the reference level) is
given by

HtotalðTÞ5ð12nU2nD2nFÞHNðTÞ1nUHUðTÞ
1nDHDðTÞ1nFHFðTÞ5HNðTÞ1nUDHUðTÞ
1nDDHDðTÞ1nFDHFðTÞ

(A1)

CpðTÞ5
dHtotalðTÞ

dT
5

dHNðTÞ
dT

1nU
dDHUðTÞ

dT

1nD
dDHDðTÞ

dT
1nF

dDHFðTÞ
dT

1DHUðTÞ
dnU

dT

1DHDðTÞ
dnD

dT
1DHFðTÞ

dnF

dT

(A2)

CpðTÞ5baselineðTÞ1Cexcess
p ðTÞ (A3)

where

baselineðTÞ5CN
p ðTÞ1nUDCU

p ðTÞ1nDDCD
p ðTÞ1nFDCF

p ðTÞ
(A4)

Cexcess
p ðTÞ5DHUðTÞ

dnU

dT
1DHDðTÞ

dnD

dT
1DHFðTÞ

dnF

dT
(A5)

and

From Eq. (A5) and Eq. (A6), neglecting the
temperature dependence of DHxðTÞ

Cexcess
p ðTÞ5DH1

dnU

dT
1

dnD

dT
1

dnF

dT

� �

1DH2
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� �
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5

changing the reference level

5DH1
dð12nNÞ

dT
1DH2

dð12nN2nUÞ
dT

1DH3
dð12nN2nU2nDÞ

dT
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dnN
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dnN

dT
1

dnU

dT
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2DH3

dnN

dT
1

dnU

dT
1

dnD

dT

� �
5

using a system of differential equations

describing the model N�
k1

k21

U�!k2

D�!k3

F

dnN

dT
5

1

v
ð2k1nN1k21nUÞ

dnU

dT
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�
k1nN2ðk211k2ÞnU
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(A7)

yields

52DH1
dnN

dT

� �
2DH2

2k2nU

v

� �
2DH3

2k2nU

v
1

k2nU2k3nD

v

� �

and finally
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Cexcess
p ðTÞ52DH1

dnN

dT

� �
1DH2

k2nU

v

� �
1DH3

k3nD

v

� �

(A8)

The first two equations (A7) are independ-
ent relative to the other and in such a way
can be solved separately, in two steps
described by two consecutive reactions:

Reaction 1 : N�
K

U�!k2

Reaction 2 : �!k2

D�!k3

F

with corresponding molar heat capacities for
reactions are expressed as:

For reaction 1 : Cexcess
p;reaction 1ðTÞ52DH1

dnN

dT

� �

For reaction 2 : Cexcess
p;reaction 2ðTÞ5DH2

k2nU

v

� �
1DH3

k3nD

v

� �

The corresponding fractional occupancies
of states in Reaction 1, N and U are given by
Sanchez-Ruiz:5

nN5
1

K11
eK

nU5
K

K11
eK

(A9)

where

eK5exp 2
1

v

ð
k2K

K11
dT

� �

K5
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k21
5exp 2

DH1

R

1

T
2

1

T1=2
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k25exp 2
Ea2

R

1

T
2

1

T�2
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(A10)

The fractional occupancy of state nD in
Reaction 2 is given by third differential
equation from system (A7):

dnD

dT
1

1

v
k3nD5

1

v
k2nU (A11)

where nU is taken from Eq. (A9). Eq. (A11)
represents a nonhomogenous linear differen-
tial equation, which is solved by a general
method as follows: looking for a solution in
the form

nD5n0
DðTÞexp 2

1

v

ð
k3dT

� �
5n0

DðTÞe3 (A12)

where E3 in Eq. (A12) represents the solution
of a homogenous differential equation

dnD

dT
1

1

v
k3nD50

gives the expression for the fractional occu-
pancy of D-state, nD:

nD5
e3

v

ð
k2K

K11

eK

e3

� �
dT (A13)

Substituting the obtained values for frac-
tional occupancies of the states N, U and D
into equation for the excess heat capacity
(Eq. (A8)) describing the thermal transitions
according the model (Eq. (A7)) gives us a
final equation:

Cexcess
p ðTÞ5DH1

K

ðK11Þ2
k2

v
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DH1

RT2
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e3
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(A14)

Here EK , K and k2 are defined by Eq. (A10)
and k3 and E3 are defined as follows:

k35exp 2
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