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Highly Perturbed pK, Values in the Unfolded State of Hen Egg
White Lysozyme

John Bradley, Fergal O’'Meara, Damien Farrell, and Jens Erik Nielsen*

School of Biomolecular and Biomedical Science, Centre for Synthesis and Chemical Biology, University College Dublin Conway Institute,
University College Dublin, Dublin, Ireland

ABSTRACT The majority of pK, values in protein unfolded states are close to the amino acid model pKj values, thus reflecting
the weak intramolecular interactions present in the unfolded ensemble of most proteins. We have carried out thermal denatur-
ation measurements on the WT and eight mutants of HEWL from pH 1.5 to pH 11.0 to examine the unfolded state pK, values
and the pH dependence of protein stability for this enzyme. The availability of accurate pKj, values for the folded state of HEWL
and separate measurements of mutant-induced effects on the folded state pK, values, allows us to estimate the pK, values of
seven acidic residues in the unfolded state of HEWL. Asp-48 and Asp-66 display pK, values of 2.9 and 3.1 in our analysis, thus
representing the most depressed unfolded state pK, values observed to date. We observe a strong correlation between the
folded state pK, values and the unfolded state pK, values of HEWL, thus suggesting that the unfolded state of HEWL possesses

a large degree of native state characteristics.

INTRODUCTION

A good understanding of the determinants of protein
stability remains an essential requirement for the successful
design of novel biocatalysts and protein-based therapeutics.
Our present understanding of protein stability derives
mostly from extensive studies of the folded state of proteins
as observed in x-ray structures combined with experimental
measurements of AAGy,, values. Such studies have yielded
valuable information on the strength of e.g., hydrogen bond
interactions and van der Waal’s forces, and have been used
to construct numerous algorithms (e.g. (1-4).) for predicting
mutant-induced changes in protein stability. These algo-
rithms have been constructed on the premise that the
unfolded state consists mostly of weak local interactions
and play no particular part in determining the stability
of a protein. However, in recent years there is a growing
awareness that the mutant-induced changes in the energy
of the unfolded state are important. Aune et al. (5) early
noted that several proteins contained residual structure in
the acid- and heat-denatured states, and studies on the
ovomucoid third domain (6), barnase (7), RNase SA (8),
N-terminal domain of the ribosomal protein L9 (9) and
CI2 (10) pointed to perturbed unfolded state pK, values.
NMR studies have shown significant residual structure in
unfolded states and a growing body of evidence points to
the presence of significant interactions in protein unfolded
states (11-15). Electrostatic interactions play a particularly
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interesting role in protein stability due to their long-range
nature and their role in determining protein pK, values
and thereby the pH dependence of protein stability (16).
The latter is of significant interest in both academic studies
(17-20) and in industrial applications that often take place
at unphysiological pH values (21,22). The pH dependence
of protein stability is determined by the difference in pK,
values between the folded and unfolded states of the protein
(see later), and a detailed understanding of protein pH-
stability profiles therefore necessitates the measurement of
site-specific protein pK, values.

Site-specific pK, values can be measured in the folded
state of proteins using a number of techniques, but the
method of choice is NMR spectroscopy (23). Folded state
pK. values have been found to be significantly shifted
compared to the so-called model pK, values for amino
acid side chains that approximate the pK, value of the amino
acid side chain in solution (24-26). Several research groups
have identified shifted pK, values in the unfolded states
of proteins (7,10,27,28) using NMR spectroscopy or dena-
turation experiments of mutant proteins. Typically, these
experiments have found unfolded pK, values for acidic
residues to be slightly lowered compared to their model
compound pK, values, thus indicating the existence of
stabilizing electrostatic interactions in the unfolded state.
However, presently known pK, values for unfolded states
are relatively unperturbed compared to their model pK,
values as shown by an average absolute perturbation of
0.17 pK, units for currently known pK, values in the
unfolded states of proteins (data not shown). The corre-
sponding value for the folded state pK, values of the same
residues is 0.36 units, and the average absolute perturbation
of pK, values in the PPD (24) is 0.84 units, thus amounting
to a significant difference in the average perturbation of
folded and unfolded pK, values. We hypothesize that the

doi: 10.1016/5.bpj.2012.02.048


mailto:jens.nielsen@gmail.com
http://dx.doi.org/10.1016/j.bpj.2012.02.048
http://dx.doi.org/10.1016/j.bpj.2012.02.048

Unfolded State pK,s in HEWL

lower average pK, perturbation reflects the small size and
relative disorder of the unfolded states of the proteins
studied until now, and we therefore set out to examine if
titratable groups with significantly perturbed pK, values in
the unfolded state could be found in proteins with more con-
strained unfolded state ensembles.

In this work, we use the detailed knowledge of the pK,
values of the folded state of HEWL ((23,29) and B. M.
Tynan-Connolly, H. Webb, F. O’Meara, J. E. Nielsen,
unpublished) in combination with site-directed mutagen-
esis and CD temperature-denaturation measurements to
determine pK, values of seven acidic residues in the
unfolded state of the protein. We examine the pK, values
in terms of their similarity to the pK, values in the folded
state of HEWL, and we examine the ability of an
MD/PBE-based protocol to reproduce the unfolded state
pK, values.

Understanding the pH dependence of HEWL
stability

The pH dependence of HEWL stability was studied exten-
sively in the 1960s with several landmark works in the field
(31,32), and its heat-denatured state was found to contain
significant amounts of residual structure (5). Furthermore,
the denaturation process was found to be essentially revers-
ible and two-state, and although the latter contradicts with
the more high-resolution work on HEWL folding (33) the
former conclusion can easily be confirmed with a simple
reheating experiment in a CD spectropolarimeter (Fig. S1
in the Supporting Material). The heat-denatured state of
HEWL is thus a logical place to look for significantly
shifted pK, values due to its compactness, which presum-
ably is induced by the four disulfide bonds that stabilize
the protein. Earlier work (31) has speculated on the
existence of perturbed pK, values in the unfolded states,
but to our knowledge these hypotheses have never been
confirmed.

The pH-dependent stability of proteins has been an active
area of research for several decades following the seminal
work of Linderstrgm-Lang (34). Theoretical investigations
center on the framework derived by Tanford and Wyman
(16,35) that describes the pH-dependent stability of revers-
ibly folding proteins as being a function of the difference
between the net charge of the folded and unfolded states:

pH
AAGj,; = In(10)RT / AQdpH, (1)

PHytart

where AGy,, is the free energy of folding, R is the gas
constant, 7 is the temperature, and AQ = Zg — Z, with Zg
and Zy being the net charge in the folded and unfolded
states, respectively. Studies that exploit mutation-induced
differences in pH-stability profiles have been used to
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examine and determine pK, values in the folded and
unfolded states of proteins (7,36-38) and have generally
been of great use in explaining the pH-stability profiles of
proteins. Recently, NMR studies have started to provide
pK, values for unfolded states of proteins under native
conditions (27,39—-41), thus significantly expanding our
understanding of the unfolded ensembles of proteins.

MATERIALS AND METHODS
Construction of mutants

HEWL mutants were constructed using Escherichia colilPichia pastoris
shuttle vector, pPic9 (Invitrogen) using the QuikChange site-directed
mutagenesis kit (Agilent Technologies). Mutagenic primers were designed
using the DNATool component of PEATDB (42) and incorporated a silent
mutation to introduce a unique restriction site. After initial transformation
into E. coli XL-1 blue supercompotent cells (Agilent Technologies) mutant
clones were identified by colony polymerase chain reaction and restriction
digests.

E. coli colonies displaying the correct restriction digest pattern for the
mutant DNA sequence were used for plasmid extraction. Plasmid extraction
was performed using a QIAprep Spin Miniprep Kit (Qiagen) and 2 mL
cultures of LB-ampicillin, (100 pg/mL), incubated overnight at 37°C,
200 rpm. Purified plasmid was eluted in 20 uL of sterile MilliQ water
and stored at —20°C.

Plasmids were linearized using Pmel, (2 h at 37°C), before transforma-
tion into the methylotrophic yeast strain P. pastoris. Newly made trans-
formants were incubated at 30°C in 250 uL NZY broth, without shaking,
before aliquoting 25 uL of cells onto minimal dextrose agar plates for
incubation at 30°C, 48 h. The identity of all mutants was confirmed by
sequencing the entire hewl gene to ascertain that only the desired mutations
were present.

Fermentation

WT and mutant strains of P. pastoris were cultured using a 2 L bioflo-110
bio-reactor unit (New Brunswick Scientific). The Pichia strain was used to
inoculate an MD plate and incubated at 30°C for 48 h. A single colony from
this was used to inoculate 2 mL of buffered minimal dextrose, BMD,
(60 mL deionized water, 10 mL dextrose (10% w/v), 10 mL ammonium
sulfate (15% w/v), 10 mL yeast nitrogen base (13.4% w/v), 10 mL of
1.0 M potassium phosphate buffer, 0.2 mL biotin (20% w/v)), and incubated
at 30°C for 18 h, at 225 rpm.

This 2 mL culture was then used to inoculate a further 98 mL of BMD,
and incubated at 30°C, 225 rpm for an additional 18 h. This 100 mL BMD
culture was used to inoculate 800 mL sterile basal salts media (calcium
sulfate dihydrate (0.00028% w/v), magnesium sulfate heptahydrate,
(0.0046% w/v), phosphoric acid (0.0084% v/v), adjusted to pH 3.0 with
KOH, and 140 mL of nutrients solution (40 mL dextrose (10% w/v),
90 mL ammonium sulfate (15% w/v), 5 mL biotin (20% w/v), 5 mL Pichia
trace metals).

The culture was maintained at pH 5.0 throughout the fermentation using
2 M KOH. The temperature was maintained at 30°C using a heater blanket,
and dissolved oxygen levels were maintained at 30% via automatic
agitation.

Induction was initiated 24 h after inoculation by the addition of 50 mL of
7% (v/v) methanol, to a final concentration of 0.05% v/v. Methanol levels
were maintained at 0.05% by the further addition of methanol solution over
the course of 72 h until cells were harvested by centrifugation.

To harvest, cells were separated from the media by centrifugation at
10,000 x g for 20 min in an F-10 fixed angle rotator at 4—C. Supernatant
was kept, and filtered using Whatman microfiber filters, 0.47 um, and
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durapore membranes; 0.45 um. Filtered supernatant was stored at 4°C until
purification could be achieved.

Protein purification

Initial purification was performed using IEX-FPLC (UPC-900 Amersham
Biosciences) and 50 mL of Source 30S anion exchange resin (GE Health-
care). The column was equilibrated with six column volumes of loading
buffer, (50 mM Tris-Base, pH 7.5) before loading the supernatant. After
loading, the column was washed with three column volumes of loading
buffer to remove any unbound protein. Purification of lysozyme was
obtained by the application of a salt gradient provided by the elution buffer
(50 mM Tris-Base with 1 M NaCl, pH 7.5). A gradient of between 0% and
40% elution buffer was applied over six column volumes, with HEWL
eluting from the column at ~22% elution buffer, or 220 mM NaCl.

Individual fractions from this purification were pooled and diluted 1:5
with MilliQ water to perform a second round of purification, this time using
30 mL of Source 15S anion exchange resin (GE Healthcare). Sample
loading, washing, and elution steps were as described previously. Purified
fractions were pooled and stored at 4°C.

CD temperature denaturation scans

The temperature-induced denaturation of WT and mutant HEWL proteins
was determined at pH 1.5, 2.0, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0,
10.5, and 11.0 in a 50 mM Britton-Robinson buffer (50 mM NasPO,,
50 mM H3BO;, and 50 mM acetic acid) adjusted by KOH or HCI to
the appropriate pH. CD spectropolarimetry was performed using a Jasco
J-810 equipped with a Peltier element for sample temperature control.
A volume of 650 uLL HEWL (0.1 mg/mL) was heated from 10 to 95°C in
a 2 mm quartz cuvette. We used a scanrate of 1.0°C/min and followed
the change in ellipticity at 222 nm. Changes in the ellipticity signal were
measured for every 0.1°C increases in temperature. The bandwidth for
the incident light was 1 nm.

Fitting thermal denaturation data

Ellipticity as a function of temperature was converted to fraction folded
using the relationship:

Y() — (YN — mNT)
u = 3 2
f (YU—mUT)—(YN+mNT) ( )

where fi; is the fraction unfolded, Y, is the signal obtained from the CD, Yy
is the y-axis intercept for the native baseline, Yy is the y-axis intercept for
the unfolded baseline, my and my; are the slopes of the native and unfolded
baselines, respectively.

After conversion of ellipticity into fraction unfolded, the data were
analyzed using the van’t Hoff equation:

_As am

In(K) R RT 3)

to determine 7;,,, AS°, and AH" for each protein. These values are given for
all proteins and pH values in the Supporting Material.

Conversion of T, values to AAG’ ;.4 values

AAGy,q for all proteins (mutants and the WT) at each pH value was deter-
mined using the 7,,, for WT HEWL at pH 1.5 and the Schellman equation:
AAG = AS°,,AT,, (43). Because there is a significant amount of variation in
the AS°,, values as determined by the van’t Hoff analysis, we used a range
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of AS®,, values to properly assess the uncertainty of the AAG®f,; values
(see Supporting Material).

Fitting pH-stability profiles

pH-stability profiles were fitted using the well-known equation derived
by Tanford (16) relating the pH-dependent stability of a protein to the
difference in charge between its folded and unfolded states:

pH

Gou(pH) = In(10)RT / AQdpH, 4

PHytart

where R is the gas constant, T'is the temperature, and AQ is the difference in
charge between the folded and unfolded states:

If we assume that all titratable groups behave as perfect Henderson-
Hasselbalch groups, the charge of a given state can then be calculated using
a simple summation using the Henderson-Hasselbalch equation:

N
Zj
Zy = Z—,v(prpKa_i : (6)

where Zy is the charge of the protein in state X, z; is +1 for a base and —1 for
an acid and pK, 1 is the pK, of group i in state X. N is the number of titratable
groups in the protein.

The insertion of Eqs. 5 and 6 into Eq. 4 leads to Eq. 7 relating the pK,
values of the folded and unfolded states of the protein directly to its
pH-stability profile:

pH
7.
AGy,.,(pH :1n10RT/ _—
f ld(p ) ( ) ; lozi(PH*PKm‘.F) 1
PHyart
Zj

"~ 10=(PH-pK,U) +1 )

In this work we fit this equation to the pH-stability profiles and the differ-
ences between WT and mutant pH-stability profiles using the simplex
nonlinear fitting routines as implemented in SciPy (http://www.scipy.org)
toolkit for python (http://www.python.org).

Because we have measurements for almost all of the pK, values in the
folded state of HEWL, the only unknowns in Eq. 7 are the pK, values of
the titratable groups in the unfolded form of the protein.

Fitting mutant-induced differences in pH-stability
profiles

The mutation of a titratable group to a nontitratable group (or the introduc-
tion of a titratable group) will change both the pH-independent and the pH-
dependent stability of the protein. The pH-dependent changes (i.e., the
differential pH-stability profile) will reflect the difference in the AQ
(change in charge) between the folded and unfolded states of both the
mutant and WT proteins, whereas the pH-independent changes (AAGy,4
in Eq. 8) will shift the entire pH-stability profile.

If we assume that the mutation does not change any other pK, values in
the protein (i.e., in neither the folded nor the unfolded state of the protein),
then both the unfolded and folded pK, value of the mutated titratable group
can be determined directly from the differential pH-stability profile by
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fitting to Eq. 8¢ where we consider only the pK, value of the titratable group
that has been mutated:

AAG(pH) = AAGyu,; + AAG(pH)

|
AAGy(pH) = AAGua,; + (AGfold,mut(pH)
—AGyuwr(pH))
|
AAGfO[d(pH) = AAGfaldj + — 1n(10)RT
pH
/ Zi Zi
X p—
107 (pH_pKz\i,F> 10% (pH_pKai.U)
PHsrare

(8a, 8b, 8¢)

However, because even conservative point mutations quite often intro-
duce pK, value shifts in the folded states of proteins, the assumption is
not justified for the folded state. Luckily, because we have knowledge of
the mutant-induced ApK, values in HEWL for mutations of the residues
considered here, we can expand Eq. 8c to include the titratable groups
whose pK, values change, and then use the expanded Eq. 8c to fit the differ-
ential pH-stability profiles.

Specifically, this means that we explicitly evaluate Eq. 7 for both the WT
and the mutant protein to account for the pK, shifts observed in the folded
state.

In all cases we assume that the mutations do not affect the pK, values of
the unfolded state.

Assessing the error on the derived pK, values

The uncertainty of each pK, value was determined by randomly varying the
observed AAG®y,; values using a Gaussian distribution (mean 0 kJ/mol,
standard deviation by 1 kJ/mol) and refitting to Eq. 7. In addition to varying
the experimental energies in this way, the starting values of all free pK,
values were varied around the model pK, value of the residue using
a Gaussian distribution with a standard deviation of 2 pK, units, mean
0.0 pK, units.

The refitting procedure was repeated 100 times to obtain the average pK,
values and their standard deviations.

In addition to this exercise we also used a range of values for AS°,, to
properly reflect the uncertainty in the experimental data and these results
are shown in Table S4.

Calculation of the contact order

The contact order of a residue is calculated using the equation
CO =1/NY " AS;;, where N is the total number of contacts, AS;; is the
sequence separation of contacting residues i and j. The sum is over all pairs
of contacting residues. Two residues are in contact if they have heavy atoms
with 6A of each other.

Calculating pK, values for the unfolded ensemble

A 10 ps MD simulation in vacuo was carried out with Yasara (http://www.
yasara.com) at 700 K using the WT HEWL structure with PDB ID 2LZT to
produce a starting point for constructing the unfolded ensemble. The last
frame of the 700 K MD simulation was solvated, and subjected to steepest
descents energy minimization with Gromacs (44). This was followed by
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a restrained MD simulation at 360 K for 50 ps to allow for water relaxation.
Finally, the unfolded ensemble was constructed by simulating for 500 ps at
360 K using standard Gromacs settings with particle-mesh Ewald summa-
tion and a Berendsen temperature and pressure coupling.

One hundred evenly spaced snapshots from the last 400 ps of the simu-
lation were used for pK, calculations with the WHAT IF pK, calculation
suite (45) using a uniform protein dielectric constant of 8. A dielectric
constant of 80 was used for the solvent and the ionic strength was set to
0.144 M. The WHAT IF pK, calculation routines use DelPhi II (46) to solve
the PBE and employs a hydrogen-bond optimization algorithm (47) to
achieve realistic modeling of protonation states.

pK., values for the unfolded ensemble were calculated by simple aver-
aging of the pK, values from the 100 snapshots.

RESULTS AND DISCUSSION

We investigate the determinants of HEWL pH-dependent
stability by measuring the T, using CD spectropolarimetry
at 13 pH values for the WT protein and 8 mutant proteins.
Specifically, we mutate Asp-18, Asp-48, Glu-35, Asp-52,
Asp-66, Asp-87, Asp-101, and Asp-119. In the following
we measure site-specific pK, values for the temperature-de-
natured disulfide-intact unfolded state of HEWL using anal-
ysis of single mutant thermal denaturation scans. We use the
information on mutant-induced ApK, values in the folded
state from separate NMR titration experiments (B. M.
Tynan-Connolly, H. Webb, F. O’Meara, J. E. Nielsen,
unpublished) in combination with the mutant-induced
changes in the pH dependence of AGy,,; calculated from
the thermal denaturation analysis. In this way we indirectly
determine the pK, values of seven titratable groups in the
unfolded state. We continue to investigate the structural
features determining the pK, values in the unfolded state
using MD simulations and structure-based pK, calculations.

Rationalizing the WT HEWL pH-stability profile

HEWL displays an irregular pH-stability profile with its
thermal stability being maximal at pH 4-5 (Fig. 1).
HEWL consists of 32 titratable groups (7 Asp, 2 Glu, 1
His, 6 Lys, 11 Arg, 3 Tyr, and 2 termini), carries a strong
net positive charge (48) at pH 7.0, and has a pI of 11.0.
We currently have direct or indirect experimental measure-
ments of 21 of the pK, values of the folded state of HEWL.
This leaves only the pK, values of the Arginine residues
unknown in the folded state. In the following we assume
that the pK, values of Arg in both the folded and denatured
states of HEWL are >12.0 and that they therefore do not
contribute to the pH-stability profiles we have measured
here. This assumption is justified because a deprotonated
Arg, to our knowledge, never has been observed in a biomol-
ecules between pH 0 and pH 12.

We thus have knowledge of all 32 pK, values in the folded
state of HEWL, and furthermore assume that we know the
pK., values of the 11 Arginines in the unfolded state. This
leaves 21 undetermined pK, values in the HEWL unfolded
state, which can be fitted to obtain agreement between the
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HEWL pH-stability profile
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FIGURE 1 Experimentally measured pH-stability profile of WT HEWL
(blue) and the calculated pH-stability profile assuming nonperturbed model
pK. values for the unfolded state (green). The large discrepancy illustrates
that the pK, values for the unfolded groups are highly perturbed from their
model values.

observed pH-stability profile of HEWL and that calculated
using Eq. 7.

A first approximation is to assume that all pK, values in
the unfolded state are unperturbed compared to their model
compound pK, values. The green line in Fig. 1 shows the pH
dependence of AGy,,; calculated assuming model pK,
values for the unfolded state, and clearly illustrates that
this assumption does not hold for HEWL.

We therefore adopt a mutational strategy to estimate the
pK, values of the acidic residues in the unfolded state to
gain a better understanding of the structural features that
determine pK, values in the unfolded states of proteins.

Fitting mutant-induced differences in the HEWL
pH-stability profile

We constructed nine single mutants (D18A, E35Q, D48A,
D52N, D52A, D66A, D87A, D101A, and D119A) to probe
the unfolded state pK, values of HEWL. D87A could not be
expressed in sufficient amounts for thermal denaturation
analysis and we were consequently left with eight mutants
that were subjected to CD-temperature denaturation scans
at 13 pH values.

Fig. 2 shows the pH dependence of AGy,;; for WT HEWL
and the mutants determined using CD-monitored tempera-
ture denaturation experiments with the Schellman equation
as detailed in the Materials and Methods. Of the eight
mutants, only D101A and D52N are more stable than the
WT across the pH range (for D52N this is true except for
pH 3.0), whereas D48A, D66A, D119A, and D18A are de-
stabilizing over the entire pH range. Mutants E35Q and
D52A are destabilizing at low pH values, but become stabi-
lizing above pH 4-5.
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FIGURE 2 Raw (A) and differential (B) pH-stability profiles for the
single mutants examined in this study. The AGy,,; values were determined
from CD temperature-denaturation experiments as described in the Mate-
rials and Methods.

It is immediately clear that the differential pH-stability
curves of the HEWL mutants are much more complicated
than those recently reported in the elegant SNase experi-
ments (37), and that we therefore cannot assume that folded
state pK, values do not change upon the introduction of
mutations. Consequently, we cannot determine reliable
pK, values for both the folded and unfolded states from
the pH-stability profiles alone. However, because we in
parallel have measured folded state mutant-induced ApK,
values for a similar set of mutants using >N NMR pH-titra-
tions (Table 1 and B. M. Tynan-Connolly, H. Webb, F.
O’Meara, J. E. Nielsen, unpublished), we use these data to
supply the folded state pK, values for the mutant proteins
and in this way determine the pK, values in the unfolded
state. Using this approach it is possible to achieve reasonable
fits of the majority of the differential pH-stability curves and
thus determine reliable pK, values for the unfolded state of
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TABLE 1 Known and assumed pK, values in the folded state changes and use experimental data <= pH 8.0 because we
of HEWL used in this study are interested only in determining pK, y values for the acidic
Titratable residues in HEWL. In the following we briefly comment
group WT  D48N/D48A DSZN/DS2A DOON/D66A E3SA - on the fitting of each differential pH-stability profile before
N-term 7.9 performing a structural analysis of the data.

Lys-1 10.1

Arg-5 >10.0% D18A

Glu-7 2.6 . . o .

Lys-13 9.9 The differential pH-stability profile of D18A displays a
Arg-14 ~10.0% single transition with a decrease in stability of ~3.5 kJ/mol
His-15 5.5 from pH 1.5 to 7. This curve is fit satisfactorily with a
Asp-18 28 AAG of 0.0 £ 0.7 kJ/mol and a pK,U of 3.4 (0.2). Note
Tyr-20 10.3 that although the variation in AAG; is quite large, the pK,
Arg2l  >10.0% . . .

Tyr23 038 of the unfolded state can still be fit with a high accuracy.
Lys-33 9.9

G}llu—35 6.2 5.8/5.8% 5.0/5.0* 5.8/5.8% - £35Q

Arg-45  >10.0* Glu-35 is the catalytic proton donor in HEWL, and has
j:zg:g ;'2 3373 ~ UL 24 an elevated pK, value of 6.1-6.2 according to NMR pH-titra-
Tyr-53 12.1 o o ' tion data (23). The differential pH-stability profile of E35Q
Arg-61 ~10.0% clearly describes the large destabilizing effect that the
Asp-66 1.2 - elevated pK, value of Glu-35 has on HEWL by undergoing
Arg-68  >10.0* a stabilizing effect of 8 kJ/mol from pH 1.5 to pH 7 equivalent
ﬁgi:g >120;)* to a change in pK, of 1.4 units. Fits to Eq. 7 yield an optimal
Lys-96 102 agreement with experimental data with a pK, y of 5.0 thus
Lys-97 9.6 giving a ApK,,y . value upon folding of 1.1-1.2 units.
Asp-101 45

Arg-112 >10.0% D4sA

Arg-114  >10.0*

Lys-116 0.3 Asp-48 is situated in the 3-domain of HEWL close to Asp-

Asp-119 35 66 and Asp-52, and plays an important role in maintaining
Arg-125  >10.0% the hydrogen bond network around Asp-52. The mutation
Arg-128  >10.0% of Asp-48 induces changes in the pK, values of Asp-52
C-term 27 and Glu-35 (Table 1) that allow for a good fit of the differ-

Data are compiled from Webb et al. (23). Assumed (i.e., nonmeasured) pK, ential pH-stability profile. The pK, of Asp-48 in the
values are marked with an asterisk. For the mutant proteins, only changed unfolded state is measured to be 2.9, thus showing a very
PK, values are shown. large drop compared to its model pK, value.

HEWL (Table 2). Upon examination of Fig. 2 B, a number of DS2N/D52A

mutant-induced changes to the pH-stability profile above Aspartic acid 52 is situated in the active site cleft of HEWL,
pH 8 are visible. In the current analysis we ignore these and has a relatively unperturbed pK, value compared to the

TABLE 2 pK, values for the folded and unfolded states of HEWL with RMSD values from differential pH-activity profile fits for all
mutant proteins

Mutant RMSD (kJ/mol) AAG 1, (KI/mol) pK.u ApK, . PKan ApKan ApKayn
DISA 0.7 (0.1) 0.0 (0.7) 3.4(0.2) —0.6 2.8 -12 —0.6
E35Q 1.1 (0.2) 5.3 (0.7) 5.0 (0.2) +0.6 6.1 +1.7 +1.1
D48A 0.9 (0.1) 1.0 (1.2) 2.9 (0.3) ~1.1 14 26 -15
D52A 1.1(0.2) 1.8 (0.8) 4.0 (0.2) 0.0 36 —04 —04
D52N 1.0 (0.2) ~1.5(0.7) 4.1(0.2) +0.1 3.6 —04 -05
D66A 1.3 (0.2) —0.8 (0.7) 3.1(0.1) —09 1.2 —28 -19
D101A 1.0 (0.2) —~1.1(0.7) 4.4(0.2) +0.4 45 +0.5 +0.1
D119A 0.9 (0.2) 2.7 (1.0) 3.6 (0.2) —0.4 35 -05 -0.2

pK. values for the unfolded state are fitted and reported as averages of the fitted solutions with RMSDs <= two times the lowest RMSD from a total of
100 fits. Values in parentheses indicate standard deviations. RMSD, RMSD between experimental and fitted AAGy,;; values; AAG;, pH-independent effect
of mutation; pK, v, fitted value for the pK, value in the unfolded state. ApK, y—n indicate the pK, change produced by the reversible folding of HEWL
(transition between the U and N states). ApK, y and ApK, v indicate the difference between the model compound pK, value (Asp-4.0 and Glu-4.4) (45)
and the pK, values for the unfolded and folded states, respectively. Note that the errors in this table only reflect the fitting errors, and thus do not include
errors that stem from the determination of AG using the Schellman equation (see Table S5).
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Asp model compound pK, value. Despite this, the differen-
tial pH-stability profiles of D52N and D52A display large
changes. Both profiles are characterized by a decrease in
stability at low pH (pH < 4.0) of ~3 kJ/mol (D52A) and
0.7 kJ/mol (D52N). This decrease in stability is followed
by a large increase in stability (>5.0 kJ/mol for D52A,
and ~4.0 kJ/mol for D52N) at pH 4-8. Comparison of '°N
NMR titration curves from WT HEWL and D52N reveal
that the pK, value of Glu-35 drops by 1.1 units, thus
agreeing with the increase in stability (a 1.1 unit decrease
in an acidic pK, value stabilizes a protein by 6.3 kJ/mol).
The decrease in stability of ~3 kJ/mol at low pH is presumed
to arise from the loss of the favorable interactions that D52
makes with its neighbors, In WT HEWL Asp-52 accepts
hydrogen bonds from the side chains of Asn-44 and
GIn-59 and therefore has a slightly lowered pK, value
accounting for the destabilization when this residue is
mutated. However, Asp-52 is part of a complex hydrogen
bond network involving Asn-44, GIn-59, Ser-50, Asn-46,
Asp-48, and Arg-61, and the mutation of Asp-52 is therefore
likely to affect the pK, value of Asp-48, the structure of this
part of the HEWL (-domain, and thereby possibly the pK,
value of Asp-66.

Comparisons of the '°N titration curves of Asp-48, Asp-
66, Ser-50, and Asn-44 reveal changes in the titrational
behavior of Asp-48 and Asp-66, and the mutations therefore
induce local structural changes that affect the pH-stability
profile. This is clearly observed in the fits of the differential
pH-stability profiles of D52N and D52A (Fig. S1), which
have difficulty reproducing the position of the destabilizing
peak assuming unaltered pK, values for Asp-48 and Asp-66.
This is especially pronounced for D52N, where only the
adjustment of the pK, values of Asp-48 and Asp-52 in the
folded state yields a fit with a satisfying error.

D66A

The differential stability profile of D66A displays a large
decrease in stability of 7 kJ/mol accumulating from pH
1.5 to 4.0, followed by a modest increase in stability from
pH 6 to 8. This difference is fit well using ApK, values
of —0.3 and —0.5 for Glu-35 and Asp-52, respectively,
and these are supported by '°N titration curves of WT
and D52N HEWL that display ApK, values of —0.2 and
—0.25 for these two residues. The difference between the
two sets of pK, values is well within the uncertainty of
the methods applied. The pK, value of Asp-66 in the
unfolded state is found to be 3.1, thus displaying a significant
drop compared to its model pK, value.

D101A and D119A

The differential pH-stability profiles of D101A and D119A
are fairly flat with no distinctive titrations evident at low
pH. The noise in these pH-stability profiles therefore is of
the same magnitude as the signal, and consequently the
fitted solutions are tentative and give pK, values for the
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unfolded state of 4.4 *= 0.2 and 3.6 * 0.2, respectively.
However, due to the absence of any large pH-dependent
changes in protein stability we can safely assume that the
pK., values of these two residues are relatively unperturbed
compared to the folded state.

Fitting global pH-stability profiles

The determination of the pK, values of the six aspartic acid
residues and Glu-35 in the unfolded state leads to new
possibilities for fitting the global pH-stability profile of
HEWL using a progressive fitting strategy. In the following
we assume model pK, values for any unknown pK, values,
and examine the size of the pK, shifts that would be needed
to reproduce the HEWL pH-stability profile.

We start by noting that the only remaining groups with an
unfolded pK, value likely to be lower than 5.0 are Glu-7,
Asp-87, and the C-terminus. A fit of the WT pH-stability
profile data up to pH 5.0 with three free parameters gives
a good solution with pK, values of 1.6, 3.3, and 3.3. Because
we do not perform the fitting in a structural context, it is not
possible to rigorously assign these pK, values to specific
residues, but we tentatively speculate that the C-terminus
has the most depressed pK, value in the unfolded state
due to its sequence-proximity to Arg-128 and Arg-125.

Assigning these pK, values to Glu-7, Asp-87, and the
C-terminus allows for a fit of the pK, value of His-15 using
the data from pH 5.0 to pH 8.0 yielding an essentially
unchanged pK, value (5.6) compared to the native state.

We speculate that the next group to titrate in the unfolded
state is the N-terminal, but it is not possible to obtain a good
fit of the overall pH-stability profile by adjusting only the
unfolded state pK, value of the N-terminus. Instead, fitting
the unfolded pK, value of any of the lysines and the pK,U
of the N-terminus shows that slightly shifted pK, values
for such two groups can reproduce the pH-stability profile
fairly well (Fig. S3). However, we would like to emphasize
that the previous pK,U values inferred from fits of the
global pH-stability profile are very speculative, and repre-
sent merely one scenario that is able to reproduce the
pH-stability profile of HEWL fairly well.

Rationalization of unfolded state pK, values

Fig. 3 plots the difference between the observed pK, value
and the model compound pK, value for both the folded
and the unfolded states. The R* between these two ApK,
values (ApK,N and ApK_,U) is 0.91 with a slope of 0.39,
thus suggesting that the HEWL unfolded state retains
some of its native state characteristics in accordance with
the expectation that the HEWL thermally denatured state
contains residual structure. Calculation of a residue-specific
contact order reveals that most of the mutated residues make
native state contacts with residues close in sequence
(Table 3). The exception to this is Glu-35 whose contacts
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FIGURE 3 Correlation between ApK, values in the folded and unfolded
states for the seven residues examined here. The R* value is 0.93 and the
slope of the regression line is 0.39.

are predominantly long range in sequence space (contact
order 10.1). It is striking that the largest disulfide bond-
induced reduction in contact order occurs for Glu-35 and
one might speculate that a possible role for disulfide bonds
is to reduce the contact order of residues with unfavorable
ApK.,s so as to minimize the energetic costs incurred upon
folding. The low contact order for the majority of the
mutated residues means that the contacts affecting their
pK, values will also be close by in the unfolded state.
Thus, providing a tentative explanation for the perturbed
pK, values in the HEWL unfolded state.

Calculation of unfolded pK, values from
an unfolded ensemble

It is of interest to investigate if structure-based calculations
can reproduce the pK, values in the HEWL unfolded
state. To this end we produced temperature-denatured struc-
tures of HEWL using MD simulations as detailed in the
Materials and Methods, and calculated the pK, values for
100 unfolded structures using a standard PBE-based pK,
calculation algorithm. Table 4 shows the pK, values calcu-
lated for the seven residues using this approach and yield
and a root mean-square deviation (RMSD) to the experi-
mental values of 1.7 pK, units, which is not able to beat
the null model (RMSD 0.7 units).

TABLE 3 Effect of disulfide bonds on the absolute contact
order of the titratable groups studied in this work

Residue CO no disulfides CO disulfides present Difference
Asp-18 43 3.9 —-0.4
Glu-35 26.0 10.1 —159
Asp-48 4.1 4.1 0.0
Asp-52 49 49 0.0
Asp-66 5.2 42 -1.0
Asp-101 7.6 4.0 -3.6
Asp-119 2.1 2.1 —-32

Overall the contact order is very low for all titratable groups, thus indicating
that their pK, values are determined mostly by sequence-local interaction.
Strikingly, the largest disulfide bond-induced decrease in contact order is
observed for Glu-35.
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TABLE 4 pK, values from MD simulations of the unfolded
state compared to the experimentally measured pK, values and
to the null model

GTOUP pKaU.cxp pKasim 360K pKasim 460K Null model
Asp-18 3.4 3.3(0.3) 2.4 (0.9) 4.0
Glu-35 5.0 4.4(0.2) 3.8 (0.6) 4.4
Asp-48 2.9 4.0 (0.1) 2.7 (0.9) 4.0
Asp-52 4.05 3.9(0.3) 3.4 (04) 4.0
Asp-66 3.1 3.2(0.9) 2.3 (1.1) 4.0
Asp-101 44 1.6 (0.7) 2.7 (1.1) 4.0
Asp-119 3.6 0.8 (0.6) 1.8 (0.9) 4.0
RMSD - 1.6 1.2 0.7
DISCUSSION

The work presented here shows that estimates of unfolded
state pK, values can be determined using a combination
of NMR spectroscopy and CD-monitored thermal denatur-
ation. The interpretation of the data is challenging, the noise
in the measurements is substantial, and it is important to
stress that we do not measure unfolded state pK, values
directly. However, despite this it is possible to derive esti-
mates of pK, values for the acidic residues in the unfolded
state of HEWL.

It is remarkable that the pK, y values of Asp-18, Asp-48,
and Asp-66 are shifted downward by more than half a pK,
unit. We speculate that sequence-local contacts (Lys-13,
Arg-14, His-15, and Arg-21 for Asp-18, Arg-45, Thr-47,
and Ser-50 for Asp-48, and Asn-65, Arg-68, and Thr-69
for Asp-66) are responsible for these shifts. Indeed, the
strong correlation between folded state and unfolded state
ApK, values suggests that native contacts are responsible
for perturbing the pK, values in the unfolded state of
HEWL. The low contact order observed for all the groups
except Glu-35 is a further indication that sequence-local
contacts can produce a stable structure, thus further support-
ing the role of local interactions.

The results are subject to the assumption that the titratable
groups titrate independently in the unfolded state and
that their pK, values in the unfolded state therefore are
not affected by the point mutations we construct. It is not
possible to test the validity of this assumption with the
present experimental data, but we consider it more likely
that interactions in the unfolded state are provided by resi-
dues that are close in sequence. The residual structure of
the unfolded state of HEWL makes it plausible that some
of the acidic titratable groups could interact at longer
distances, but this is a less likely scenario. The most obvious
candidates for unfolded state interactions between titratable
groups are Glu-35-Lys-33 (2 residues apart), His-15-Asp-18
(3 residues apart), Lys-116-Asp-119 (3 residues apart), and
Asp-48-Asp-52 (4 residues apart), whereas all other residue
pairs are more distant. We note that only interactions
between pairs of residues that both have pK, values <8.0
will have an effect on the validity of our analysis because
we only consider pH values from 1.5 to 8.0. The effect of
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interactions between acidic residues in the unfolded state
would be to artificially decrease the difference between
folded state and unfolded state pK, values and thus make
the unfolded state pK, values appear more shifted toward
their folded state values. We cannot rule out that our results
partly are a product of this effect, but we consider it highly
unlikely that the much shifted pK, values in our data set
result exclusively from strong interactions between titrat-
able groups in the unfolded state.

MD simulations indicate that local contacts can indeed
influence the pK, values in the unfolded state as evidenced
by the pK, values calculated with a PBE-based pK, calcula-
tion routine. However, serious discrepancies were found
between the calculated and experimentally measured pK,
values, thus suggesting that more extensive simulations
are needed before reliable pK, values can be obtained using
an MD-based strategy as the one outlined here.

CONCLUSION

In this work we have demonstrated that several of the pK,
values in the heat-denatured state of HEWL are significantly
shifted from their model pK, values. We find a strong
correlation between folded state pK, values and unfolded
state pK, values thus indicating that the heat-denatured state
of HEWL is likely to be quite compact. Using a progressive
fitting strategy, we are able to arrive at approximate pK,
values for a number of additional groups, and show that
the full pH-stability profile of HEWL can be explained by
adjusting only a few additional pK, y values.

Furthermore, we investigated the use of structure-based
pK, calculations to predict unfolded state pK, values
when applied to an unfolded structural ensemble produced
by a simplistic MD protocol. We observe a good agreement
for approximately half of the titratable groups, and find
the predictions for two groups (Asp-101 and Asp-119) to
be seriously wrong due to the persistence of salt bridge
interactions in the MD simulations.

SUPPORTING MATERIAL
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biophysj/supplemental/S0006-3495(12)00288-3.

This work was supported by the following grants to J.N.: Science Founda-
tion Ireland, President of Ireland Young Researcher Award (PITYRA) grant
(04/Y11/M537); a project grant from the Irish Health Research, Board (RP/
2004/140); a Science Foundation Ireland Research Frontiers Program
Award (08/RFP/BIC1140). J.B. was supported by a University College
Dublin (UCD) Ad Astra Scholarship.

REFERENCES

1. Johnston, M. A., C. R. Sgndergaard, and J. E. Nielsen. 201 1. Integrated
prediction of the effect of mutations on multiple protein characteristics.
Proteins. 79:165-178.

Biophysical Journal 102(7) 1636-1645

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

. Aune, K. C., A. Salahuddin,

. Fu, H., G. Grimsley, ..

Bradley et al.

. Gilis, D., and M. Rooman. 2000. PoPMuSiC, an algorithm for predict-

ing protein mutant stability changes: application to prion proteins.
Protein Eng. 13:849-856.

. Kortemme, T., and D. Baker. 2002. A simple physical model for

binding energy hot spots in protein-protein complexes. Proc. Natl.
Acad. Sci. USA. 99:14116-14121.

. Guerois, R., J. E. Nielsen, and L. Serrano. 2002. Predicting changes in

the stability of proteins and protein complexes: a study of more than
1000 mutations. J. Mol. Biol. 320:369-387.

..., C. Tanford. 1967. Evidence for
residual structure in acid- and heat-denatured proteins. J. Biol. Chem.
242:4486-4489.

. Swint-Kruse, L., and A. D. Robertson. 1995. Hydrogen bonds and the

pH dependence of ovomucoid third domain stability. Biochemistry.
34:4724-4732.

. Oliveberg, M., V. L. Arcus, and A. R. Fersht. 1995. pKA values of

carboxyl groups in the native and denatured states of barnase: the
pKA values of the denatured state are on average 0.4 units lower
than those of model compounds. Biochemistry. 34:9424-9433.

., C. N. Pace. 2010. Increasing protein stability:
importance of DeltaC(p) and the denatured state. Protein Sci. 19:1044—
1052.

. Cho, J. H., and D. P. Raleigh. 2005. Mutational analysis demonstrates

that specific electrostatic interactions can play a key role in the dena-
tured state ensemble of proteins. J. Mol. Biol. 353:174-185.

Tan, Y. J., M. Oliveberg, ..., A. R. Fersht. 1995. Perturbed pKA-values
in the denatured states of proteins. J. Mol. Biol. 254:980-992.

Anil, B., Y. Li, ..., D. P. Raleigh. 2006. The unfolded state of NTL9 is
compact in the absence of denaturant. Biochemistry. 45:10110-10116.
Quijada, J., G. Lopez, ..., M. L. Tasayco. 2007. On the NMR analysis
of pK, values in the unfolded state of proteins by extrapolation to zero
denaturant. Biophys. Chem. 129:242-250.

Marsh, J. A., and J. D. Forman-Kay. 2009. Structure and disorder in an
unfolded state under nondenaturing conditions from ensemble models
consistent with a large number of experimental restraints. J. Mol. Biol.
391:359-374.

Cho, T. Y., N. Byrne, ..., P. G. Debenedetti. 2009. Structure-energy
relations in hen egg white lysozyme observed during refolding from
a quenched unfolded state. Chem. Commun. (Camb.). (29):4441-4443.
Meng, W., B. Shan, ..., D. P. Raleigh. 2009. Native like structure in the
unfolded state of the villin headpiece helical subdomain, an ultrafast
folding protein. Protein Sci. 18:1692—1701.

Tanford, C. 1970. Protein denaturation. Part C. Theoretical models for
the mechanism of denaturation. Adv. Protein Chem. 25:1-95.

Yang, A. S., and B. Honig. 1993. On the pH dependence of protein
stability. J. Mol. Biol. 231:459-474.

. Yang, A. S., and B. Honig. 1994. Structural origins of pH and ionic

strength effects on protein stability. Acid denaturation of sperm whale
apomyoglobin. J. Mol. Biol. 237:602-614.

Elcock, A. H. 1999. Realistic modeling of the denatured states of
proteins allows accurate calculations of the pH dependence of protein
stability. J. Mol. Biol. 294:1051-1062.

Bowler, B. E. 2007. Thermodynamics of protein denatured states. Mol.
Biosyst. 3:88-99.

Cherry, J. R., M. H. Lamsa, ..., A. H. Pedersen. 1999. Directed evolu-
tion of a fungal peroxidase. Nat. Biotechnol. 17:379-384.

Bessler, C., J. Schmitt, ..., R. D. Schmid. 2003. Directed evolution of
a bacterial alpha-amylase: toward enhanced pH-performance and
higher specific activity. Protein Sci. 12:2141-2149.

Webb, H., B. M. Tynan-Connolly, ..., J. E. Nielsen. 2011. Remeasuring
HEWL pK(a) values by NMR spectroscopy: methods, analysis, accu-
racy, and implications for theoretical pK(a) calculations. Proteins.
79:685-702.

Toseland, C. P., H. McSparron, ..., D. R. Flower. 2006. PPD v1.0—an
integrated, web-accessible database of experimentally determined


http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)00288-3
http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)00288-3

Unfolded State pK,s in HEWL

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

protein pK, values. Nucleic Acids Res. 34(Database issue):D199-
D203.

Grimsley, G. R., J. M. Scholtz, and C. N. Pace. 2009. A summary of the
measured pK values of the ionizable groups in folded proteins. Protein
Sci. 18:247-251.

Farrell, D., E. S. Miranda, ..., J. E. Nielsen. 2010. Titration_DB:
storage and analysis of NMR-monitored protein pH titration curves.
Proteins. 78:843-857.

Lindman, S., M. C. Bauer, ..., S. Linse. 2010. pK(a) values for the
unfolded state under native conditions explain the pH-dependent
stability of PGB1. Biophys. J. 99:3365-3373.

Meng, W., and D. P. Raleigh. Analysis of electrostatic interactions in
the denatured state ensemble of the N-terminal domain of L9 under
native conditions. Proteins. 79:3500-3510.

Bartik, K., C. Redfield, and C. M. Dobson. 1994. Measurement of the
individual pK, values of acidic residues of hen and turkey lysozymes
by two-dimensional 1H NMR. Biophys. J. 66:1180-1184.

Reference deleted in proof.

Aune, K. C., and C. Tanford. 1969. Thermodynamics of the denatur-
ation of lysozyme by guanidine hydrochloride. I. Depdendence on
pH at 25 degrees. Biochemistry. 8:4579—4585.

Sophianopoulos, A. J., and B. J. Weiss. 1964. Thermodynamics of
conformational changes of proteins. I. Ph-dependent denaturation of
muramidase. Biochemistry. 3:1920—-1928.

Radford, S. E., C. M. Dobson, and P. A. Evans. 1992. The folding of
hen lysozyme involves partially structured intermediates and multiple
pathways. Nature. 358:302-307.

Linderstrom-Lang, K. 1924. On the ionization of proteins. Compt.
Rend. Trav. Lab. Carlsberg. 15:1-29.

Wyman, Jr., J. 1964. Linked functions and reciprocal effects in hemo-
globin: a second look. Adv. Protein Chem. 19:223-286.

Lindman, S., S. Linse, ..., I. André. 2007. pK(a) values for side-chain
carboxyl groups of a PGB1 variant explain salt and pH-dependent
stability. Biophys. J. 92:257-266.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

1645

Isom, D. G., C. A. Castafieda, ..., B. Garcia-Moreno E. 2010. Charges
in the hydrophobic interior of proteins. Proc. Natl. Acad. Sci. USA.
107:16096-16100.

Lambeir, A. M., J. Backmann, ..., R. K. Wierenga. 2000. The ioniza-
tion of a buried glutamic acid is thermodynamically linked to the
stability of Leishmania mexicana triose phosphate isomerase. Eur. J.
Biochem. 267:2516-2524.

Tollinger, M., J. D. Forman-Kay, and L. E. Kay. 2002. Measurement of
side-chain carboxyl pK(a) values of glutamate and aspartate residues in
an unfolded protein by multinuclear NMR spectroscopy. J. Am. Chem.
Soc. 124:5714-5717.

Tollinger, M., L. E. Kay, and J. D. Forman-Kay. 2005. Measuring pK(a)
values in protein folding transition state ensembles by NMR spectros-
copy. J. Am. Chem. Soc. 127:8904-8905.

Tollinger, M., K. A. Crowhurst, ..., J. D. Forman-Kay. 2003. Site-
specific contributions to the pH dependence of protein stability. Proc.
Natl. Acad. Sci. USA. 100:4545-4550.

Farrell, D., F. O’'Meara, ..., J. E. Nielsen. 2010. Capturing, sharing and
analysing biophysical data from protein engineering and protein char-
acterization studies. Nucleic Acids Res. 38:e186.

Fersht, A. R. 1999. Structure and Mechanism in Protein Science: A
Guide to Enzyme Catalysis and Protein Folding. W. H. Freeman and
Company, New York.

Lindahl, E., B. Hess, and D. d. Spoel. 2001. GROMACS 3.0: a package
for molecular simulation and trajectory analysis. J. Mol. Model.
105:306-317.

Nielsen, J. E., and G. Vriend. 2001. Optimizing the hydrogen-bond
network in Poisson-Boltzmann equation-based pK(a) calculations.
Proteins. 43:403-412.

Nicholls, A., and B. Honig. 1991. A rapid finite difference algorithm,
utilizing successive over-relaxation to solve the Poisson-Boltzmann
equation. J. Comput. Chem. 12:435-445.

Hooft, R. W., C. Sander, and G. Vriend. 1996. Positioning hydrogen
atoms by optimizing hydrogen-bond networks in protein structures.
Proteins. 26:363-376.

Biophysical Journal 102(7) 1636—1645



	Highly Perturbed pKa Values in the Unfolded State of Hen Egg White Lysozyme
	Introduction
	Understanding the pH dependence of HEWL stability

	Materials and Methods
	Construction of mutants
	Fermentation
	Protein purification
	CD temperature denaturation scans
	Fitting thermal denaturation data
	Conversion of Tm values to ΔΔG°fold values
	Fitting pH-stability profiles
	Fitting mutant-induced differences in pH-stability profiles
	Assessing the error on the derived pKa values
	Calculation of the contact order
	Calculating pKa values for the unfolded ensemble

	Results and Discussion
	Rationalizing the WT HEWL pH-stability profile
	Fitting mutant-induced differences in the HEWL pH-stability profile
	D18A
	E35Q
	D48A
	D52N/D52A
	D66A
	D101A and D119A

	Fitting global pH-stability profiles
	Rationalization of unfolded state pKa values
	Calculation of unfolded pKa values from an unfolded ensemble

	Discussion
	Conclusion
	Supporting Material
	References


