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This study describes how charge modification affects aggregation of ovalbumin, thereby distinguishing the role
of conformational and electrostatic stability in the process. Ovalbumin variants were engineered using chemical
methylation or succinylation to obtain a range of protein net charge frdmto —26. Charge modification
significantly affected the denaturation temperature. From urea-induced equilibrium denaturation studies, it followed
that unfolding proceeded via an intermediate state. However, the heat-induced denaturation process could still be
described as a two-state irreversible unfolding transition, suggesting that the occurrence of an intermediate has
no influence on the kinetics of unfolding. By monitoring the aggregation kinetics, the net charge was found not
to be discriminative in the process. It is concluded that the dominant factor determining ovalbumin aggregation
propensity is the rate of denaturation and not electrostatic repulsive forces.

Introduction The required (partial) unfolding of the polypeptide chain is
. . . . governed by the conformational stability of the molecule. A
The' process of protein aggregatlon has bgen |n(.:re'asmgly|arge difference in free energy between the folded and denatured
associated with several aggregation-related dise&sasthin state as well as a high kinetic barrier to unfolding will limit the
this perspective, it is important to improve the current under- generation of aggregation prone protein conformers. On the basis
standing of fundamentals of protein aggregation. Factors ot comparisons of thermophilic and mesophilic protein families,
dete_rm|n|r_19 the aggregation process havq been |nyest|gated Nt could be suggested that nature employs this approach of
detail during the past decade’ Aggregation requires first  oqimization of chargecharge interactions as evolutionary
(partial) unfolding of the polypeptide'? and, second, the ability  gajectiont® Work carried out by the group of Loladze et al.
of these mqlecu[es to approach each .other close enough. Qconfirms that optimization of chargecharge interactions on the
enable efficient intermolecular interaction. The electrostatic ¢ face of proteins can be a useful strategy in the design of
contribution has been noted as an important determinant in theyparmostable proteins with a high resistance to unfoldsrig.
process? 1 It was shown in these studies that upon varying g appears that, next to interference of the colloidal repulsion
charge interactions of (partly) unfolded molecules, for example, petveen (partly) unfolded proteins, modulation of the ion pairing

by changing the solvent conditions, the propensity of polypep- on the protein surface can be used to control the aggregation
tides to form aggregates can be controlled. Moreover, it was propensity.

stated that electrostatic repulsion between particles can act as a

prime determinant for the rate of aggregati The energy Effective modulation of chargecharge intra- and intermo-

. . ? . lecular interactions between proteins can be achieved in two
barrier generated by this electrostatic repulsion that hampers . . M .
ways. First, by using site-directed mutagenesis, the newly

two proteins to reach each other’'s proximity to develop and ; ) :
= o F ; . engineered and translated primary structure is allowed to fold
stabilize van der Waals or chemical interactions is referred to .

as “colloidal stability”. However, the role of the unfolding step In an expression system. Howev_er, especially when multiple-
was not evaluated. Affecting unfolding kinetics and thus the point mutations are employed, this approach frequently results

availability of aggregation-prone molecules by introducing or n aItgrnatwe foItﬁng of the proteln C‘?r.”p?fed to the wild-type
eliminating charged residues in a protein molecule could provide protein. AI_ternatlver, che_mlcal mod|f|_cat|on_uses the folded
an alternative explanation for the observed effects of electrostat-Comcorrr.‘altlon c_)f the protein as a starting point a_nd adds new
ics on aggregation. Since it is difficult to separate the impact properties. This approach of chemical modification has been

of protein charge on the conformational stability from that on followed by many researchers. in the pést and can Iqe
the colloidal stability, a clear view on the mechanism has not employed efficiently when care is taken that structural differ-

ences caused by charge modification do not impair with the
emerged yet. objected aim of the studi?.
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Table 1. Modification and Electrostatic Description of Selected Ovalbumin Variants

# groups available/molecule charge/moleculeat pH 7.0¢ isoelectric point
ovalbumin variant carboxyl@ groups/molecule lysine? groups/molecule number of modified groups¢ calculated (IEF)
OVA-26 58 + 2 15+1 7+1 —26+2 3.7
OVA-12 50(48)¢ £+ 2 21(21)¢ +£1 -12 4.7
OVA-5 43+ 2 22+1 7+2 —-5+2 5.0
OVA-1 39+2 22+1 11+2 -1+2 57

aNumber of carboxyl groups determined using chromogenic Woodward K assay. » Number of lysine groups determined using chromogenic OPA
assay. ¢ Number of modified groups determined using the results of the Woodward K assay and OPA assay. The number indicates the number of succinyl
(in case of succinylation) or methyl groups (in case of methylation) attached to the protein. ¢ Charge is calculated on the basis of primary structure
(LOVA) input in Swiss-Prot. ¢ Between brackets: theoretical values of carboxyl groups and lysine groups derived from the primary structure of ovalbumin
(PDB-code 10VA).

modified using methylation of carboxylates and succinylation 3 1000
of lysines, and the impact of this on its structural integrity and < g0 f
its unfolding behavior is described. This provides us with the g
opportunity to discriminate the role of (net) charge on the g 600}
generation of aggregate-prone proteins from that on the kinetics g 200 F
of aggregation. g
£ 200
=
Results i 0300 3I20 34‘10 3;30 3flso 400
Preparation of Materials. To investigate the effect of charge Wavelength (nm)
on the functional properties of proteins related to the generation &
of molecules that can undergo aggregation reactions, a series = 400 b
of ovalbumin (OVA) variants was generated that differed in a T 300 F
wide range of net charge while preserving the native fold. The £ 200}
succinylation and methylation reactions of, respectively, lysine 2 100k
and carboxylate groups have been documented in detail F&fore. ”g 0 SVATE
While each methylation of a carboxylate on glutamic or aspartic 2 100 F oo
acid results in an elimination of a single charge, the impact of % 200 F V
. . . . . H . Q9 OVA- OVA-26
succinylation of a lysine residue is double as it renders it from = 300 L L . . : .
a positively charged to a negatively charged group. Although = 190 200 210 220 230 240 250 260
chemical modification is a “random” process, those charged Wavelength (nm)

groups that are least involved in ion pairing on the protein Fi L . )
. . igure 1. Structural characterization of ovalbumin charge variants.

surface are most susceptible to chemically react. As a result, yingic tryptophan fluorescence spectra (excitation at 295 nm) (a)
the heterogeneity introduced appears to be limited when theseand far-UV circular dichroism spectra (b) of charge variants of
materials are assayed using affinity chromatografidyseries ovalbumin. The protein concentrations are 2.7 uM for tryptophan
of differently charged ovalbumins can thus be obtained by fluorescence and 2.3 uM for far-UV CD in 10 mM potassium
varying experimental parameters like incubation time, temper- Phosphate (pH 7.0), and the data are recorded at 25 °C. The
ature, and reactant-to-protein ratio. The protein series used is.Codr.r ESp‘é”.d'”ﬁ C?.”’es for OVA-26, OVA-12, OVA-5, and OVA-1 are
denoted as OVA-26, OVA-12, OVA-5, and OVA-1 (Table 1) ncicated in the figure.
where the number indicates the calculated net charge of thethe core of these proteins. These results were confirmed by the
polypeptide as determined from the degree of modification using similarity in the near-UV CD-spectra of the four selected
ortho-phthaldialdehyde (OPA, for the number of lysines) and variants (presented as Supporting Information). In view of the
Woodward (for the number of carboxylates) analyses (Table readily comparable shape of the far-UV CD-spectra (Figure 1b),
1). OVA-12 is the native protein, not subjected to any where all variants show a similar zero-crossing around 203 nm,
modification. it can be concluded that also at a secondary folding level the

Since it is crucial for this study to retain under ambient charge modification had no significant impact (with estimated
conditions the intact globular structure after charge modification, secondary structure content of all variants of 38%trand, 35%
the produced ovalbumin variants were tested for their tertiary a-helix, and 13%g-turn). From analysis of the quaternary
and secondary structure using intrinsic tryptophan fluorescencestructure (gel permeation chromatography, unpublished results),
(Figure 1a), near-UV circular dichroism (CD) (provided as it was concluded that all these variants were monomeric under
Supporting Information), and far-UV CD (Figure 1b). As shown ambient conditions (10 mM phosphate, pH 7.0) eluting with an
in Figure 1a, all selected OVA variants showednax around Rf-value of 0.62. Figure 2 illustrates that the apparent isoelectric
340 nm, comparable to the wild-type ovalbumin (OVA-12). point (IEP) changed in the expected direction from 3.7 for
Interestingly, the quantum yield of the wild-type protein OVA-26 up to~7 for OVA-1. This latter variant showed a
(OVA-12) was higher than the modified proteins. This difference broad band on the gel and maybe even multiple contributions
in quantum yield has more frequently been observed by us for that could be caused by the lower solubility of the material and
charge-engineered proteins, but an explanation of its origin hasthat increased heterogeneity for this most charge-engineered
not been found thus far. Previously, it was shown by comparison variant. These results are in line with previously reported zeta-
of the fluorescence spectra of these charge variants uponpotential measurements of a comparable series charge v&fiants.
excitation at 274 and 295 nm that the efficiency of energy The results of the molecular characterization are summarized
transfer from tyrosine to tryptophan was not affected for these in Table 1. It can be concluded that the four charge variants
variants?® This suggested comparable structural constraints in selected here bear the same structural properties under ana:tBe‘?t
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P— in reactivity could be detected, except for OVA-1 which showed
a55 T a slightly higher reactivity (SE¥+ 2.81) compared to the other
' ; ovalbumin variants (SE+ 3.14-3.28, Table 2). As such, it
535 — can be concluded that the introduction or inversion of charge
' within specific restraints does not necessarily result in differ-
ences in the ability to form disulfide bonds or affect the exposed

520 <. .
. hydrophobicity of the folded molecules.
455 = — . Effect of Charge on Denaturant-Induced Unfolding.Figure
an 3 shows profiles of the normalized fluorescence intensity change
S versus denaturant concentration fromd@& M urea for the
' equilibrium urea-induced unfolding of the ovalbumin variants.
Marker OVA-26 OVA-12  OVAS  OVA-l That equilibrium has been reached in these samples was

demonstrated by the fact that in time no differences in

Figure 2. Isoelectric focusing of charge variants of ovalbumin. The
g g 9 fluorescence were observed (results not shown). Moreover, when

0.3 mM samples of the various ovalbumin charge variants (as

indicated) were applied to a ready-to-use PhastGel IEF (4.5—6.5), these samples in urea were analyzed upon prolonged storage
stained with Coomassie Brilliant Blue. The left lane indicates the (up to 2 days), no irreversible aggregation could be detected
position of a commercial calibration kit containing proteins with when these samples were analyzed using native gel electro-
isoelectric points varying from 6.5 to 2.5. phoresis (unpublished results). In Figure 3, at least two

transitions can be distinguished upon addition of increasing
concentrations of urea. For the highly charged OVA-26, a first
Imall transition takes place with a midpoint around 3.5 M urea
that is succeeded by another transition with a midpoint of 4.2
M urea. This latter transition is shifted to a higher denaturant
concentration of-5.5 M urea for the variants with a lower net

Physicochemical Properties of Selected Ovalbumin Vari- charge. The. appearance of the intermediate IS independent of
the incubation time in urea buffer (unpublished results).

ants. Intermolecular interactions are, apart from electrostatics, . . . X

dictated by the exposed hydrophobicity of the protein and the Although_ all Ya'f'ams exh|b|'g Fhls thermodynamically stab_le
presence of reactive cysteines. To isolate the effect of charge!niermeg!a:e'h't |sbmos; e;;]plluttly dqb;zrved f(_)tr QVA'l' This
on the aggregation propensity, it is important that hydrophobicity n frm? a ef ?hs een fur erstu 'te ):tmonl ofrlnglém?hast f
as well as the presence of reactive cysteines is not affected bygvin;éo%\c; A l; ureg\ (():S/r:(;n trr? |c;|n. was ou_nt ?tl clr
charge modification. Since the binding affinity of the more 330 e dth_ han S ” N _t%OFESCGHC$ n (ta_n5| yfa
commonly used probe ANS is sensitive to the protein net charge, nm and the change in peak positi Rd) as afunction 0

we used in this study PRODAN, an uncharged probe that urea concentration comcm_le, as_exampled n Flg_gre 46.‘ for
becomes an efficient fluorophore upon binding to hydrophobic OVA-5. For the OVA-1 variant (Figure 4b), a transition mid-

areas on the protein surfageto evaluate the impact of the pom'g a'.[ a urea concentrat!on Of. 52 M was obtained by
charge modification on the hydrophobic exposure of the monitoring the fluorescence intensity at 330 nm compared to a

ovalbumin variants (Table 2). As can be seen from the table, midpoint of 6.2 M when plotting the peak position as a function

the surface hydrophobicitys() determined in this way was not of urea concent_ration. The_se results_ confirm that the presence
very different for the ovalbumin variants. All variants had an ©f @n intermediate unfolding state in OVA-1 appears more
S between 59 and 68. To illustrate the (in)significance of these prono_unced compared to the OVA variants with a higher
differences, thé& value of another folded well-soluble globular negative net charge.
protein, 5-lactoglobulin, was reported to be 375as could be Effect of Electrostatics on Kinetic Partitioning upon
confirmed by us as well. Refolding. The formation of a thermodynamically stable
To enable covalent aggregation through disulfide interactions, intermediate could give rise to a difference in kinetic partitioning
in the first place reactive thiol groups from cysteine residues between aggregation and refolding. The contribution of the
have to be present in the primary structure of the protein. Using above-described unfolding intermediate to the refolding process
Ellman’s assay under both protein denaturing and nondenaturinghas therefore been examined by means of urea- and heat-induced
conditions, it was found that the number of thiol groups available unfolding studies. Far-UV CD analysis shows that heat-induced
in the proteins was not affected by charge modification (Table unfolding at a protein concentration of 2«81 is an irreversible
2). Native ovalbumin contains six cysteine residues in the process for all variants tested (shown in Figure 5a for OVA-1
primary structure of which two are involved in an internal and Figure 5b for OVA-5). The CD spectra of the proteins at
disulfide bridge. The sulfhydryl groups are not readily solvent- 90 °C (recorded after 10 min incubation at this temperature)
accessible in the variants under native conditions, but all and that after subsequent cooling of these samples taC20
expected groups can be detected in the unfolded conformers agppear very similar and show a shift of the zero-crossing from
was confirmed when determining the number of sulfhydryl 203 to 201 nm. This indicates that there is no structural change
groups in the presence of 10% sodium dodecyl sulfate (SDS). noticeable during the cooling trajectory, suggesting that all
Next to their presence, their reactivity is another functional denatured proteins are already in an aggregated state°&t. 90
property that requires evaluation. The reactivity of thiol groups This shift of the zero-crossing to lower wavelength reflects the
can be determined (at any relevant condition) using the loss of part of the3-stranded structures in the protein. Native
sulfhydryl-disulfide exchange index (SEA281t was found that gel electrophoresis confirmed that, upon refolding from a heat-
the reactivity of the thiol groups at 2% was not affected by  induced unfolded state, all protein molecules in each variant
the charge modification (Table 2) within the standard error of proceeded into an intermolecular associated state (results not
5% for this experiment. Also at elevated temperature°Gg shown), indicating that the kinetic partitioning is driven toward
but still below denaturation temperatures, no large differences aggregation. This observation is in agreement with a prev't%?/

conditions. More extreme modification leading to net positively
charged proteins or even more negative ones resulted in variant
that started to deviate from the wild-type protein in terms of its
structure (results provided as Supporting Information), placing
restraints on the charge range that could be evaluated in this
study.
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Table 2. Number of Thiol Groups, Surface Hydrophobicity (Sp), and Sulfhydryl-disulfide Exchange Index (SEI) for Ovalbumin Variants

number of thiol groups So¢ SEI®
ovalbumin variant nondenaturing? denaturing® initial slope SEls oc SElsg ¢
OVA-26 0 5+1 66 3.14 3.28
OVA-12 0 4+1 68 3.43 3.21
OVA-5 0 4+1 65 3.35 3.14
OVA-1 0 5+1 59 3.15 2.81

a Number of SH groups detected using Ellman assay. » Number of SH groups detected using Ellman assay in the presence of 10% SDS. ¢ Initial slope
(So), PRODAN fluorescence intensity/% protein, was calculated from fluorescence intensity versus protein concentration plot. ¢ OVA-26 and OVA-5 variants
were heated at 54 °C and 56 °C, respectively, to avoid denaturation. € The reproducibility of the sulfhydryl exchange index (SEI) is typically about 5%.
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Figure 3. Urea-induced unfolding equilibrium of ovalbumin variants.
The final protein concentration is 1.17 4M in 10 mM potassium
phosphate (pH 7.0) and the data are recorded at 25 °C. The
fluorescence emission intensity data recorded at 330 nm are normal-
ized and expressed as normalized fluorescence intensity change
versus urea concentration. OVA-26 (0), OVA-12 (O), OVA-5 (#),
OVA-1 (€). The excitation wavelength was 295 nm.
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Figure 4. Urea-induced unfolding equilibrium of ovalbumin variants
and intermediates. Urea-induced unfolding of (a) OVA-5 and (b)
OVA-1 in 10 mM potassium phosphate at pH 7.0 and 25 °C. Data
are obtained by monitoring the fluorescence intensity at 330 nm (#)
and the frequency shift of the fluorescence maximum (<) in the
presence of 1.17 uM of ovalbumin. The fluorescence intensity data
are normalized and expressed as normalized fluorescence intensity
change versus urea concentration.
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Figure 5. Heat-induced unfolding and refolding of ovalbumin charge
variants showing irreversibility of the refolding process. Folded,
unfolded, and refolded OVA-1 (a) and OVA-5 (b). The spectra were
obtained at 20 °C (folded, spectrum 1), 90 °C (unfolded, spectrum
2), and 20 °C after cooling (refolded, spectrum 3). The protein
concentration is 2.3 uM in 10 mM potassium phosphate at pH 7.0.

OVA-1 intermediate was populateti4aM urea (Figure 4). Upon
dilution of this sample into buffer, thereby lowering the
denaturant concentration 10 fold, it was demonstrated by native
gel electrophoresis (Figure 6) that also from the intermediate
state the preferable route for the proteins is leading to an
aggregated state. Exposing the proteina ® Murea denaturing
condition and subsequent refolding by dilution of the sample
yielded in all cases 100% aggregated material as evidenced by
native gel (results not shown).

Effect of Charge on the Heat-Induced Denaturation.
Figure 7A shows the differential scanning calorimetry (DSC)
thermograms of the OVA variants. OVA-26 shows a transition
peak between 65 and 8C and has a peak temperatuig)(of
73.8°C. A decrease in net charge tdl2 shifts theT, upward
to 78.8°C. Upon decreasing the net charge down-, the
peak temperature decreases again to 7&2and the peak
becomes broader. For OVA-1, the peak temperature decreases
even further to 76.2C. These data are summarized in Table 3.
In the cooling and subsequent second heating run (illustrated

report showing that unfolding of native ovalbumin was irrevers- for OVA-12 in Figure 7B), in none of the samples endothermic

ible25> As also for OVA-1, all unfolded proteins adopt an

transitions could be observed, indicating the irreversibility of

aggregated state by both heat-induced and urea-induced unfoldthe process for all OVA variants studied. Since the denatured
ing, and it can be assumed that accumulation of an intermediatemolecules tend to aggregate (likely to result in exothermic
state does not affect the refolding route. To verify this, the contributions to the heat flow), the enthalpy change relate&{)({/



1652 Biomacromolecules, Vol. 8, No. 5, 2007

1 2

dimer

monomer

.
-

Figure 6. Irreversible refolding of the urea-induced accumulation of
unfolding intermediate OVA-1. Native-PAGE electrophoresis of OVA-1
incubated in 4 M urea (lane 1) and upon 10-fold dilution with 10 mM
potassium phosphate buffer at pH 7.0 and 20 °C in the absence of
urea (lane 2).
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Figure 7. Heat-induced unfolding of ovalbumin variants. (A) Dif-

ferential scanning calorimetry was performed at a protein con-
centration of 0.23 mM for the OVA variants in 10 mM potassium
phosphate (pH 7.0). The heating rate was 1 °C/min. (B) Cooling (gray
line) and second heating (black line) thermogram (at 1 °C/min) of
the OVA-12 variant performed subsequently to the heating curve
shown in panel A.

denaturation is hard to establish from these thermograms,
making an analysis using the Eyring equation more complex.
The results of calculating the apparent activation energies of
the rate-limiting step as deduced by fitting the DSC profiles
(Figure 7A) by an equation using first-order irreversible
unfolding model®® are tabulated in Table 3. OVA-26 has an
activation energy of 296 kJ mol. Decreasing the net negative

Broersen et al.

OVA-12. A further decrease in net negative charge results in a
decreased activation energy of 1 (OVA-5) and 30% (OVA-1)
compared to that of OVA-26. The unfolding process is an
irreversible transition and the final “unfolded” state cannot be
defined. Therefore, it is only plausible to ascribe the found
activation energies to the transition with the highest activation
energy, which is then regarded as the rate-limiting step in the
process. Also, to interpret these activation energies in terms of
thermodynamic stability parameters, one would need to include
the activation entropy term as well. The current studies do not
provide detailed insight in this parameter. Nevertheless, from
Table 3 it is clear that the thermodynamics of the denaturation
transition is significantly altered by charge modification. It was
reported before that the denaturation of wild-type ovalbumin
can be described by a two-state irreversible first-order m&del,
and this model is shown to fit the thermal denaturation curves
of all variants adequately (Figure 7). Only the fitting of the
thermogram of OVA-1 was less accurate. This may be due to
the more pronounced population of an intermediate, also
observed for urea-induced unfolding, affecting the unfolding
kinetics (Figures 3 and 4b). Apparently, the population of
intermediates observed for urea-induced unfolding for the other
variants (OVA-26, OVA-12, and OVA-5) has no consequence
for the fitting of the DSC data with an irreversible first-order
model, suggesting that its occurrence has no influence on the
kinetics of the process.

Effect of Charge on Aggregation Kinetics.To discriminate
the impact of net charge on either the generation of reactive
conformers or the kinetics by which these reactive particles
irreversibly associate, protein solutions ranging from 5 to 40
mg/mL were heated at a temperature where the first process
was expected to be similar for all variants. On the basis of the
denaturation temperature and activation energies (Table 3) for
each variant, the temperature was determined where, according
to the Arrhenius equation, the process associated to the
endothermic transition had a rate constant of 0.04 faifthis
rate constant was arbitrarily chosen to allow us to monitor
aggregation kinetics on a time scale that could be assayed well.
These temperatures were typically abof€Cmelow the reported
Tp. By selecting this unique rate constant for all variants and
taking into consideration the assumptions mentioned in the
previous section related to the entropic contribution, we propose
that differences in aggregation kinetics can in this way be
attributed to differences in colloidal interactions in the aggrega-
tion process only. Figure 8 shows for these four variants how
the fraction monomeric protein decreases in time upon incuba-
tion. Clearly, no significant differences between the four charge
variants are observed. Moreover, no concentration dependence
on the aggregation kinetics was detectable in this protein
concentration range, indicating that the intermolecular associa-
tion process was not rate-limiting for these variants. The
monomeric fraction of the resulting incubated sample was
separated using gel permeation chromatography, and the
structural properties of this fraction were analyzed using far-
UV CD and tryptophan fluorescence. The results obtained
demonstrated that the monomeric fraction has similar structural
properties as the native proteins (results not shown).

Discussion

Net Charge Modification Affects Protein Stability. Suc-
cinylation and methylation of ovalbumin have been used in this
work to investigate the role of protein net charge on the

charge leads to an increase of the activation energy by 14% forunfolding and refolding behavior of proteins in the contextcctf)v
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Table 3. Thermodynamic Description of Selected Ovalbumin Variants

ovalbumin variant T,2(°C) AH(kJ mol~1) Eac? (kJ mol—1) k unfolding (min—1)¢ midpoint (M urea) at 330 nm9
OVA-26 73.8 465 296 0.0402 4.2
OVA-12 78.8 514 338 0.0323 55
OVA-5 78.2 aT77 293 0.0345 5.5
OVA-1 76.2 560 208 0.0442 5.2

2The thermal transition temperature was described as the peak temperature in the DSC thermogram. The accuracy of the data is 0.1 °C. The
enthalpy change was determined by integration of the peak area of the thermogram. The reproducibility was typically +40 kJ/mol. » The DSC curves are
described using first-order irreversible unfolding models?? resulting in the definition of an activation energy of unfolding. v/T? = ARe FRT{E where v is the
scan rate, E is the energy of activation, A is the frequency factor of the Arrhenius equation, R is the gas constant, and T; is the thermal transition
temperature. The reproducibility of the established numbers is less than 4%. ¢ The k of unfolding was calculated by a theoretical description of the
temperature dependence of the frequency factor and the activation energy. The typical experimental error was +0.0011 min—1. ¢ Urea concentration at
which 50% of the molecules reside in a folded state. The reproducibility of the midpoint is less than 0.1 M.

1.0 (Figure 3) or heat-induced (Figure 7) unfolding. Basically, any
8 8&:1% 8: ‘1‘8 9;:: charge modification on the wild-type protein (OVA-12) leads

0.8 O OVAS5, C=5 g/|_g to a destabilization. Although those charges that are least
O OVA-1,C=10glL involved in ion pairing on the protein surface are most eligible
4 OVA-26,C=40g/L for modification, interference of the charge distribution is likely

0.6 © OVA-26,C=10glL to result in a destabilization of the ionic network. This has been

shown effectively by experiments where specific point mutations

Fraction non-aggregated protein

0.4 of various protein primary structures were related to stability
parameterd? 3334t was shown convincingly that the contribu-

02k tion of electrostatic forces to stability is related to the specific
location of ion pairs and to the geometry of ion pair networks.

0.0 Ll i Rate of Unfolding Varied by Net Charge. An important

1 10 100 1000 ) condition to drive the aggregation process is the generation of
. . a sufficient population of (partly) unfolded protein molecules.
Heating time (min) This rate of generation is determined by the activation energy
Figure 8. Heati_ng time dependen‘ce of the fraction mono_meric prote?n of unfolding, leading to molecules that are prone to aggregation.
for charge-engineered OVA variants. The OVA solutions (protein It was found that both charge reversal (succinylation of lysines)

concentrations ranging from 5 to 40 mg/mL, pH 7.0) were heated d eliminati thvlati f b lat d th
about 7 °C below their denaturation temperature (T,) as tabulated in and elimination (methylation of carboxylates) decrease the

Table 3. The fraction monomeric material was obtained using UV280 activation enthalpy compared_ to '_[hat of the wild-type protein
absorption from the elution profile of size exclusion chromatography. (OVA-12) (Table 3). No relation is therefore found between
The dashed line is to guide the eye. net charge and the activation energy of denaturation. It has been

reported before that the unfolding rate of rubredoxin from two
different organisms can differ significantly, even though the
proteins carried a similar net charge but exhibited a different
ionic network on the protein surfaéelt was suggested that
the location of ion pairs as well as the geometry of the ion pair
network is playing a larger role in determining the rate of
unfolding than the total net charge. When breakup of ion pairs

significantly to the conformational stabili§:2°Also, increased on the protein surface is regarded as the most important kinetic

repulsion caused by introducing additional net charge decreases Vet in t_he process (because of the large s_olvation penalties of
protein—protein interactions and thus changes the colloidal dehydration followed by a favorable rehydration of the separated

stability 132 An approach that accounts for both conformational c1arges). clearly any interference with the ionic network will
and colloidal stability would reveal the relative importance of '€ad t0 @ lower activation energy of unfolding and thereby will
these two contributions in the aggregation process. speed-up the generation of denatured conformers.

To discriminate the role of protein net charge more explicity, ~ Changing the Net Charge of Ovalbumin Does Not Affect
it is essential to also investigate to what extent other factors the Unfolding/Refolding Pathway. Generally, the unfolding
that might influence the aggregation propensity are affected by process of the OVA variants can be described using a first-
the charge engineering. It was shown that the four ovalbumin order irreversible unfolding mechanism, except for OVA-1,
variants differing in net charge from1 to —26 (Table 1) did where, more pronounced than for the other charge variants, a
not differ significantly in conformation as assayed at a second- clear accumulation of a thermodynamic stable intermediate could
ary, tertiary, and quaternary level (Figure 1) nor in physico- be observed (Figures 4 and 5). It is possible that these
chemical properties as exposed hydrophobicity or chemical intermediates can either direct the protein into a refolded state
reactivity (Table 2). It was also shown that the unfolding or into an aggregated state. However, as it was found that the
pathway was in all cases via an intermediate (Figure 3) that unfolding of OVA-1 was irreversible, similar to the other OVA
appeared more pronounced for the OVA-1 variant compared variants tested, we suggest that the intermediate does not play
to the others. a role in the refolding of the protein. Even more, the accumula-

Charge modification was found to have significant conse- tion of this intermediate state at moderate urea concentrations
qguences on the apparent stability of the variants (Table 3, Figuresand subsequent dilution in urea-deficient buffer led to the
3 and 7). No clear correlation was, however, found when relating formation of aggregates (Figure 6), suggesting that this inter-
the net charge to the stability of the variants determined by urea- mediate resembles a state that is aggregation-prone. Th&@{}-

the generation of aggregate-prone particles. Aggregate formation
is generally constrained by the availability of a high concentra-
tion of (partly) unfolded molecules (conformational) and the

absence of forces opposing aggregation (colloidal). Previous
work mostly concentrated on one of these constraints in
isolation. Intramolecular electrostatic factors can contribute
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pearance of a more thermodynamically stable intermediate for ovalbumin containig 1 M methylamine was set to pH 4.6 using 1 M
OVA-1 could be the result of weakened repulsive forces that HCI and was stirred at room temperature. Subsequently, to produce
would otherwise be responsible for the fast transition of partially two charge variants with different degrees of methylation, either 150
into fully unfolded molecules; in the case of an almost net or 300 mg solid\-(3-dimethylaminopropyIN-ethylcarbodiimide hy-
neutral protein, enhanced screening of these interactions coulgdrochloride (EDC) was added stepwise in small portions, while the
occur, enabling the population of a detectable intermediate. PH Was kept at 4.6%0.1) by the addition b1 M NaOH using a pH-
Although such characterization of intermediates falls outside Stat (Metrohm). When all added EDC was dissolved, the solution was
the scope of this work, we would like to refer to the “phase stwrgpl for another 2 h. Next, the pH was raised t.o .8.0 by dropwise
diagram method” that could be very useful to identify such 2ddiion of NaOH (1 M). After anotiel h of stirring at room
intermediategs temperature, the mixture was dlalyzeq extensively against demineralized
Generation of Denatured Particles Is Dominant in the Walierirr:;r?/ gn:?:gﬁfguz); ﬁgeif/zl;s;ﬁnig'were succinylated essentially
Aggregation ProcessThe application of heat puts a continuous . 20 . .
drive on the protein system to generate (partly) unfolded reactive as descr!be.d befo.'?é' Four hundred miliiters of solution of 55 mM
particles that are eligible to undergo aggregation reactions. Itovalbumln in demineralized water was set at pH 8.0 by the addition of

. P . 3 M NaOH using a pH-stat (Metrohm) at room temperature. Then,
can be assumed that the denaturing condition as provided bysolid succinic anhydride was added in small aliquots during 30 min

heat provokes a similar denaturation pathway as by changingyie|ging a final concentration corresponding to either a mole ratio of
the solvent quality with the difference that in the latter case the ¢ 76 or 1.9 of succinic anhydride to lysine residues to produce two

(intermediate) unfolded species can be retained in that folding gitterent degrees of succinylation. During the addition of succinic
state. Despite differences in the aggregation kinetics of the fouranhydride, the pH was kept at 8:8.1) by the addition bl M NaOH
different charge variants at a given temperature, referencing theysing pH-stat equipment. Next, the solution was stirred for another 2
observed aggregation kinetics by evaluation under conditions h, followed by extensive dialysis against demineralized water°a 4
that the generation of denatured species is comparable givesand subsequent freeze-drying. The material (denoted in this work as
the remarkable result that net charge is not discriminative (Figure OVA-26) was stored at20 °C until use.
8). Colloidal repulsive interaction apparently does not limitthe  chemical Characterization. The purity of ovalbumin, before and
aggregation kinetics. The flexibility of the denatured polymer after modification, was checked using sodium dodecy! sulfate poly-
chain overcomes persistent repulsive forces, and the extent ofacrylamide gel electrophoresis (SDS-PAGEJhe apparent isoelectric
hydrophobic exposure is such that the drive to aggregate point (IEP) of the ovalbumin variants was determined as described
overrules other colloidal interactions. Also, the absence of a previously using isoelectric focusirfd.
protein concentration dependence on the observed aggregation The degree of succinylation was determined by the method previ-
kinetics (Figure 8) demonstrates unambiguously that the genera-ously describett on the basis of the specific reaction between ortho-
tion of aggregate-prone particles is the rate-limiting step in the phthaldialdehyde (OPA) and free primary amino groups in proteins.
process. However, the type of aggregate formed for these fourln the presence of 2-(dimethyl amino) ethanethiol hydrochloride (DMA),
charge variants is quite different; where OVA-26 forms fibrillar these amino groups react to alkyl-iso-indole derivatives that show light
aggregates, OVA-1 aggregates are random clusters of proteinsabsorption at 340 nm that can be monitored spectrophotometrically.
Description of the aggregate types formed by these chargeAll measurements were performed in triplicate.
variants and the impact for protein network formation is the  The available number of carboxylic acid groups on the protein was
subject of another papét. determined by a spectrophotometric method using Woodward reagent
Summarizing, in this work, we have shown that the dominant K.38 This method is based on the reaction between Woodward reagent
factor determining aggregation propensity is the rate of dena- K and free carboxylic acid groups resulting in an i_ncreas_e in absorbance
turation and not colloidal repulsive forces. The generation of &t 269 nm. All measurements were performed in duplicate.
aggregate-prone particles can be primarily varied by changing The .number of free thiol groups was Qetermingd using the chro-
charged groups on the protein surface. Involvement of these Mogenic Eliman's assay as has been published béfarehe presence
groups in the ionic network on the protein surface leads to a and absence of 10% SDS using 2-nitro-5-mercaptobenzoic acid
significant drop in activation energy related to the endothermic (DTNB)'_ o ) ) ]
process of the denaturation step. The results implicate that, when Chemical Reactivity. The sulfhydryl-disulfhide exchange index
considering charge effects on the aggregation properties of (SEI) was dete_rr_n_lned according to a prevpusly d_escrlbed protécol.
proteins, it is crucial to combine the results of conformational 1""e€ tenths milliter of 2.2« 10°* M ovalbumin solutions was reacted
stability studies as well as colloidal stability studies to evaluate with 2.7 mL 2.5 10°% M 2-pyridine disulfide in a 10 mM S.Od'um
the mechanism controlling protein aggregation. Where the first pho'_sphat_e_ buffer (pH 7.0) at 2% and at S8C. The formation of
study explores a protein-specific property, the latter one is more 2-thiopyridine (2-TP) was spectrophotometrically followed at 343 nm

imolici | litv. E ially ltid . . as a function of time. The equation for this second-order reaction has
implicit to solvent quality. Especially for multidomain proteins been published® The rate constant for pyridine disulfide reaction with

Wher.e' only partial unfolding might occur under dengt.uring protein ) or GSH () is given in mole protein per second and was
conditions, the balance between exposed hydrophobicity andsiangardized by the rate constant for glutathione reaction with 2-

net charge needs to be considered. In the case where nonpolggyrigine disulfide determined under identical conditions and expressed
residues in a denatured state could be accommodated by eithegs the sulthydryl-disulfide exchange index (SEI). SEI is defined as

residual structure or, for example, sugar moietighe role of —log(k/k®).
net charge on the aggregation propensity might become more  gxposed Hydrophobicity. Fluorescence dfl,N-dimethyl-6-propio-
iImportant. nyl-2-naphthylamine (PRODAN: BioChemika) was measured at 20
°C using a Varian Cary Eclipse Spectrofluorimeter. The amount of 0.19
Experimental Methods mM PRODAN was dissolved in methanol. The final solution was

filtered, and the concentration was determined at 365 nm using an
Materials. Ovalbumin was purified from fresh hen eggs according extinction coefficient ofezss = 1.45 x 10* M~ cm 1.6 Fluorescence
to a previously described purification protoéal. spectra were acquired & 361 nm andier, 380—-620 nm at a constant
Carboxylic acid groups in ovalbumin were methylated using a probe concentration of 9.2 1077 M and at a varying protein
previously described procedut®® A 1 L solution of 0.22 mM concentration ranging from 7.4 10°6to 1.4 x 10* M. One millilter CDV



Generation of Aggregation-Prone Conformers

guartz cuvettes were used. The initial slof) (vas calculated from
PRODAN fluorescence intensity per % protein as a function of the
protein concentration. The reproducibility & was typically less
than 5%.

Structural Characterization. Emission and excitation fluorescence
spectra of 2.7uM (charge-engineered) ovalbumin solutions in a

phosphate buffer (10 mM, pH 7.0) were analyzed using a Perkin-Elmer

(LS 50 B) luminescence spectrometer at@0)(+0.1°C). The emission

spectra from 300 to 400 nm were recorded at an excitation wavelength

of 274 and 295 nm. Excitation and emission slit widths were 5 nm,
and a scan speed of 120 nm/min was used. All spectra were correcte
for the corresponding protein-free sample.

Far- and near-UV-circular dichroism (CD) experiments were per-
formed as described previou$lysing a Jasco J-715 spectropolarimeter
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