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Abstract

a-Lactalbumin {@-LA) undergoes a pH-dependent unfolding from the native state to a partially unfolded state (the
molten globule state). To understand the role of electrostatic interactions in protein denaturation, NMR and CD pH
titration experiments are performed on guinea pig a-LA. Variation of pH over the range of 7.0 to 2.0 simultaneously
leads to the acid denaturation of the protein and the titration of individual ionizable groups. The pH titrations are
interpreted in the context of these coupled events, and indicate that acid denaturation in «-LA is a cooperative event that
is triggered by the protonation of two ionizable residues. Our NMR results suggest that the critical electrostatic
interactions that contribute to the denaturation of a-LA are concentrated in the calcium binding region of the protein.
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a-Lactalbumin (@-LA) offers an opportunity to study protein fold-
ing in the context of electrostatic interactions and metal binding
(Hall & Campbell, 1986; McKenzie & White, 1991; Brew & Grob-
ler, 1992; Sugai & Ikeguchi, 1994). Guinea pig a-LA contains 11
lysines, 4 histidines, 6 glutamic acids, and 16 aspartic acids that
result in an isoelectric point of pH 4.65 (Fig. 1). a-LA isolated
from milk contains an equimolar amount of bound calcium, which
stabilizes the native structure, but other divalent metal ions includ-
ing Mn2", Zn?*, and Cu?" can also bind to the protein (Kronman
et al., 1981; Rao & Brew, 1989). The structure of a-LA consists of
two domains, an a-helical and a B-sheet domain (Acharya et al.,
1989, 1991; Pike et al., 1996), and a calcium binding loop in which
two carbonyl groups corresponding to K79 and D84, and three
carboxyl groups corresponding to D82, D87, and D88, act as ligands.

a-LA undergoes a pH-dependent unfolding from the native state
(N-state) to the acid denatured (A-state) or molten globule state
(Kuwajima et al., 1980; Sommers & Kronman, 1980). The low pH
form of a-LA is an ideal model system for studies of protein
folding because the “molten globule” state that it adopts at low pH
has been postulated to be analogous to an early intermediate on the
protein folding pathway (Kuwajima et al.,, 1985; Ptitsyn et al,,
1990). The low pH form of a-LA has been extensively studied by
CD, NMR, and other spectroscopic and physicochemical methods
(Dobson, 1994; Ptitsyn, 1995; Kuwajima, 1996). It is highly het-
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erogeneous, with defined secondary structure and the absence of
rigid tertiary interactions (Dolgikh et al., 1981; Damaschun et al.,
1986; Baum et al., 1989; Kuwajima, 1989; Ptitsyn et al., 1990,
Ewbank & Creighton, 1991; Alexandrescu et al., 1993; Chyan
et al., 1993; Peng & Kim, 1994; Peng et al., 1995; Schulman et al.,
1995; Wu et al., 1995). Hydrogen exchange NMR studies of the
acid denatured state of guinea pig and human «-LA’s have indi-
cated that the molten globule state contains specific amides that are
protected in the a-helical domain of the protein, suggesting that the
a-domain forms the nucleus of the molten globule state and that
the B-domain is essentially unfolded (Baum et al., 1989; Alexan-
drescu et al., 1993; Chyan et al., 1993; Schulman et al., 1995). In
addition, unfolding studies of the molten globule state in increas-
ing concentrations of urea show that the low pH state is not formed
cooperatively (Schulman et al., 1997).

The electrostatic interactions that are important to acid denatur-
ation in @-LA are examined using CD and NMR. NMR provides a
powerful method for determining pK, values of individual ioniz-
able groups. Most NMR studies have been performed on proteins
that do not undergo conformational changes in the pH range that is
studied (Haruyama et al., 1989; Cocco et al., 1992; Forman-Kay
et al., 1992; Bartik et al., 1994; Oda et al., 1994; Szyperski et al.,
1994; Oliveberg et al., 1995; Qin et al., 1996). For pH denaturing
proteins, such as @-LA, apomyoglobin, and barnase, a pH fitration
results simultaneously in the denaturation of the protein and the ti-
tration of ionizable groups (Cocco et al., 1992; Oliveberg et al., 1994,
1995). In this paper, we present a model for interpreting NMR pH
titration experiments in proteins that undergo acid denaturation. Our
approach allows us to relate the pH titration of individual ionizable
groups to the protein denaturation, and to identify the ionizable
groups that are critical to the denaturation of a-LA.
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Fig. 1. X-ray crystal structure of guinea pig a-LA (Pike et al., 1996). The
protein contains four e-helices located in the a-domain labeled A, B, C,
and D. The side chain of ionizable D, E, and H residues are shown: H10,
H32, H47, H107. E11, E25, E49, E62, E116, EI121. D14, D20, D37, D46,
D57, D59, D74, D78, D82, D83, D84, D87, D88, DY7, D102, and D113.
The structure was created by MolScript (Kraulis, 1991).

Results

NMR spectra of a-LA as a function of pH

The 'H-"N HSQC (Bax et al.. 1990) spectrum of the N-state
(pH 7.0) (Fig. 2A) is typical of a folded globular protein and
shows large chemical shift dispersion and well-defined resonance
peaks. Assignments in the native state have been obtained by triple
resonance experiments on *C and "N doubly labeled protein
(Kim, 1997). The A-state spectrum (Fig. 2B). obtained at pH 2.1,
is very different from the N-state spectrum. with broadened peaks
and narrowed chemical shift dispersion. The small chemical shift
dispersion is consistent with the partially unfolded character of the
A-state, and the line broadening arises from chemical exchange on
the millisecond time scale (Baum et al., 1989: pers. obs.). The
HSQC spectra between pH 3.5 and 7.1 show that a significant
number of 'H-'SN peaks change in chemical shift as a function of
pH. The change in chemical shift of the NH atoms is attributed to
the titration of neighboring ionizable groups. The protonated and
deprotonated states of the ionizable residues are in fast chemical
exchange on the NMR time scale, and the observed chemical shift
is a weighted average of the chemical shift of the two species. The
HSQC spectrum (Fig. 2C) in the transition pH region (pH 3.5)
appears as a superposition of the N- and A-state spectra. The two
sets of distinguishable peaks indicate that the N- and A-states are
in slow conformational exchange on the NMR time scale, allowing
us to measure pH titration curves for the N-state independently of
those of the A-state.

Measurement of individual pK,, values by NMR

The pK, values of individual ionizable groups are measured by
NMR to determine which electrostatic interactions are critical to
the denaturation of a-LA. Changes in chemical shifts of backbone
"H and "N resonances were used to monitor pH titrations of acidic
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residues. Using the crystal structure, pK, values obtained from the
NH titration curves were assigned to a specific ionizable group by
determining close distances between acidic residues and amide
protons (Bundi & Wiithrich, 1979; Szyperski et al., 1994; Pike
et al., 1996).

NH groups are used to obtain information on the ionization
constants of residues (D, E, H) in spatial proximity, and criteria for
selection of the NH group that is assigned to represent a particular
ionizable group is important. All distances between backbone N
atoms and any ionizable groups are calculated based on the crystal
structure and the closest distance varies mostly from 3 to 8 A,
A contact map (Fig. 3), between the ionizable oxygen and nitrogen
atoms and the nitrogen atoms of backbone amides, was plotted to
establish which ionizable groups are near a given NH. The contact
map was plotted with a distance cutoff of 4 A to show unique
contacts and was also plotted with a 6 A cutoff to indicate possible
multiple contacts. The contact map, with a distance cutoff of 4 and
6 A. indicates that a specific NH atom is always close to the
ionizable atom corresponding to its own residue, and in certain
cases is close to a neighboring ionizable residue as well. Long-
range electrostatic effects are observed in two regions only, cor-
responding to the anti-parallel 8-sheet of the S-domain, and the
turn structure in the Ca®>" binding helix-turn-helix motif.

Assignment of a pH titration curve to a specific ionizable group
was based on the contact map using the following criteria. In the
simplest case, if there is only a single contact within 5 A, then the
SN or 'H is unambiguously assigned to that ionizable group. In
more complicated cases, if multiple contacts are found, we choose
the "*N or "H exhibited the fewest number of other neighboring
ionizable groups within 5 A. For example, the titration curve of
L12 was assigned to E11 because El1 is within 5 A of both E11
and H10, whereas L12 is close to E11 only, while the NH titration
curve of D14 was assigned to represent D14 (Table 1).

lonization constants are obtained from the analysis of the pH-
dependent chemical shift changes of >N and 'H resonances
(Fig. 4). The pH titration data were divided into three groups, and
representative examples are shown in Figure 4. In the first group
the titration data have a simple sigmoidal shape as a function of pH
(H10, E11, D14, D20, E25, H32, D37, E49, D59, E62, D74, D78,
D84, D97, D113, EI16, and EI121); in the second group, the data
show more complicated titration curves (D46, H47, D57, D83, and
D88): and in the third group, the NH groups show no chemical
shift change and do not titrate as a function of pH (D82 and D87).

Measurement of pK, values was accomplished by fitting 'H or
SN pH-titration curves with a single pK, for the simple sigmoidal
shapes, or two independent pK,’s for the more complicated titra-
tion curves (Forman-Kay et al., 1992). The single or two-pK,, fit to
the experimental data and the expected interactions between ion-
izable groups based on the contact map of Figure 3 are consistent
with one another. Although selected pH titration curves could be
modulated by ionizable groups that are greater than 6 A, the small
curve fitting error for the pK, measurements indicates that these
long-range interactions are not significant. Table | lists the assign-
ments for the ionizable residue, the reporter residue, and the ex-
perimental pK,. When two independent pK,’s were required for
the fit. the residues that contributed to the fit are listed. For ex-
ample, the pK, values of D46 and H47 were obtained from a pH
titration curve of H47 by a two-pK,, fit. When pK, values were
modeled by a single pK, fit, errors were small and estimated at
=(0.1. For two-pK,, fits, errors were larger and estimated at +=0.4.
With the exception of two residues, all the other titration curves
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Fig. 2. 'H->N HSQC spectra of a-LA. The N-state spectrum (A) was taken at pH 7.0 and the A-state spectrum (B) at pH 2.1. The
spectrum (C) near the denaturation midpoint was taken at pH 3.5 in the acid denaturation. Two sets of peaks arising from the
equilibrium between the A- and N-states indicate that they are in slow conformational exchange on the NMR timescale. All spectra

were acquired at 25 °C.
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Fig. 3. Contact map between ionizable groups and amide groups in guinea
pig e-LA. Distances are measured between ionizable CO or N atoms of D,
E, and H residues, and backbone N atoms in the X-ray crystal structure of
guinea pig a-LA. Open circles are contacts that are within 6 A, and closed
circles are within 4 A.

Table 1. Measurement of pK, values

Tonizable Measured Measured

residue residue nucleus pK, Two-pK, fit*
H10 H10 N 6.5

Ell L12 N 5.7

D14 D14 N 39

D20 D20 H 44

E25 T22 H 5.8

E25 T22 N 5.7

H32 F31 H 6.0

H32 H32 N 59

H32 D88 H 5.7 H32, D88
D37 Q39 H 4.0

D46 H47 H 4.3 D46, H47
D46 H47 N 4.3 D46, H47
H47 H47 H 6.3 H47, D46
H47 H47 N 6.9 H47, D46
H47 K58 H 6.4 H47, D57
E49 E49 N 44

D57 K58 H 42 D57, H47
D59 F60 H 4.1

E62 E62 N 5.1

D74 D74 N 5.0

D78 D78 H 3.5

D82 NDP

D83 D83 H 4.0 D83, H10, or H47
D84 D84 H 4.1

D87 NDP

D88 D88 H 36 D88, H32
D97 D97 N 4.1

D102 NA¢

H107 NA®

D113 D113 N 33

Ell6 Ell6 H 4.3

E121 El21 H 5.2

When two independent pK,’s were required for the fit, the residues that
contributed to the fit are listed. Otherwise, a single pK, fit was used.

"Not determined.

¢Not assigned.
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could be well fit with a single or two independent pK,, values. The
pK, values of 3 histidines, 6 glutamic acids, and 13 aspartic acids
are determined (Table 1). The pK, values for D82 and D87 could
not be obtained, as these residues showed no chemical shift change
as a function of pH. In addition, there are two unassigned ionizable
residues (D102 and H107).

CD Denaturation profile of a-LA as a function of pH

a-LA undergoes a conformational transition from the N-state to the
A-state as a function of pH (Fig. 5). The denaturation was moni-
tored by CD by measuring the ellipticity at 280 nm as a function
of pH. The denaturation profile is sharp and occurs in the range of
pH 3.0 t0 5.0

A model of acid denaturation of a-LA, which simultaneously
includes the denaturation to the A-state and the protonation of
ionizable residues, is presented in Figure 6 (Tanford, 1968, 1970;
Anderson et al., 1990; Oliveberg et al., 1995). It is assumed that at
least four states are in equilibrium with one another (Fig. 6) and
that n cooperative protonation sites are required for denaturation to
occur. The equilibrium states are the deprotonated N-state (N"7),
the protonated N-state (N"H), the protonated A-state (A"M), and the
deprotonated A-state (A"”), assuming n cooperative protonation
sites. The respective equilibrium constant between the N”™ state
and the N"H state is Ky, between A"~ and A™ is K, between N~
and A"~ is K,, and between N7 and A™ is K. The calcium
binding dissociation constant (K} is not explicitly included in the
model, but is directly related to K, or K, by K, = K,[Ca**] or
K,[Ca?" ], assuming that the N-state is Ca®* bound and the A-state
is Ca?* free. The N”~ and N"! states are indicated as being in fast
chemical exchange on the NMR time scale because of the contin-
uous chemical shift changes in the pH titration, and the N"H and
A" states are in slow conformational exchange because the de-
naturation midpoint shows two sets of independent peaks that arise
from the N- and A-states.

The number of cooperative protonation sites, n, and the equi-
librium constants that define the acid denaturation can be obtained
by fitting the CD curve (Fig. 5) to the equations that describe acid
denaturation (Fig. 6). A minimized solution is obtained and values
for the equilibrium constants, pK,,,.. pK,,. K, and for n, the num-
ber of cooperative protonation sites, are derived from the fit (curve-
fitting errors are within 2%). The number of cooperative protonation
sites, n, required for denaturation of a-LA is small, and equal to
2.14. We assume, therefore, that the cooperative protonation of two
residues is critical to triggering acid denaturation. For this group of
critical residues, the equilibrium constant, K,,, between the proton-
ated N-state (N"*') and the protonated A-state (A™) is large (K, =
164), implying that the N"H population is negligible during the
denaturation process and that the population is shifted toward the
A-state.

Average pK, values in the N- and A-states, for the two cooper-
ative protonation sites corresponding to r, can be obtained from
the fit of the CD data to the model in Figure 6. The average pK,
value of the two critical residues is 2.84 in the N-state (pK,,
2.84) and 4.76 (pK,,, = 4.76) in the A-state. It is interesting to note
that the pK, values of the critical residues involved in the dena-
turation of the protein (pK, = 2.84) do not correspond to the pH
midpoint of the denaturation curve (pH = 3.8) (Yang & Honig,
1993). The equilibria between the native and denatured states
(Fig. 6) imply that the pK, values of both of these states are
important in specifying the pH at which denaturation occurs, and
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Fig. 5. Acid denaturation monitored by CD at 280 nm. Titrations from
pH 7.0 to pH 2.0 (open circles) and from pH 2.0 to pH 7.0 {closed circles)
were done reversibly at 25 °C. The fraction of the N-state (Fy) decreases
sharply as a function of pH. The denaturation midpoint is pH 3.8.

that the pK,, values of the native state alone are not sufficient to
predict the midpoint of the acid denaturation.

The pH dependence of the Ca®* binding constant can be deter-
mined from the pH denaturation curve, because the key ionizable
groups that induce acid denaturation are Ca®* binding ligands. K,
in the acid denaturation is related to the Ca*>* binding constant of
a-LA in the N-state, and K|, is related to the Ca®* binding constant
in the A-state (Fig. 6). K, and K, have the following relationship

with pK,,, and pK,,.
K, K, 10MH-pke)
K, Ky 1070H P

The ratio of K, and K, is 7.8 X 1077 from CD data. This indicates
that Ca?* is bound 10%~10° times more strongly in the native state
than in the A-state. The measured CaZ* binding constants of a-LA
range from 10-10° M ™!, depending on the method of measure-
ment and the species (Segawa & Sugai, 1983; Kronman, 1989).
The N-state binding constants, together with the ratio of K,/K,,,
suggest that the A-state binds Ca®" very weakly, and confirms
previous observations (Permyakov et al., 1981, 1985; Kronman,
1989). In addition, it has been shown that the denaturation mid-
point and the denaturation cooperativity depend on the Ca* con-

[N-State] [A-State]
=
nH* nH*
fast Ky Ka

Ky
@ slow
Fig. 6. Mechanism of acid denaturation. In acid denaturation, at least four
states are in equilibrium: N~ (deprotonated N-state), N"! (protonated
N-state), A™ (protonated A-state), and A"~ (deprotonated A-state), assum-

ing n protonation sites. The related equilibrium constants are Ky = [N"" ]/
[N™M], Ky = [A""1/[A™M], K, = [A")/[N™M], and K, = [A"7]/[N"7).
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centration in the media (Permyakov et al., 1985). The pH dependence
of the Ca?" binding constants will mirror the pH denaturation
curve.

Interpretation of NMR pH titration curves
for residues involved in denaturation

The pH titration curves of the residues that are critical to acid
denaturation depend on the equilibrium constants shown in Fig-
ure 6. The NMR pH titration curves for the N-state are defined by
the population of the N”~ and N"H states, which are determined by
the equilibrium constants K,,, K,, and the pK,, of the titratable
group. From the fit of the acid denaturation curve shown in Fig-
ure 5, K, is large (>>150), implying that the population of N"" will
be very small for the critical residues involved in denaturation.
Therefore, the NMR pH titration curves of the critical residues will
reflect primarily the population of the N*™ state, and no chemical
shift change will be expected as a function of pH for these key
residues. Examination of the data in Table 1 indicates that two
residues do not show chemical shift changes as a function of pH
and have flat pH titration curves below pH 5.5. These residues
correspond to D82 and D87 and are believed to be critical to acid
denaturation in a-LA. The chemical shift changes between pH 7.0
and pH 5.5 seen for D82 and D83 result from the neighboring
titration of H47 or H10 and do not reflect the titration of the Asp
groups. Because the titration curve is flat for D82 and D87, the pK,,
values cannot be measured directly from the NMR pH titration
experiments.

The fact that the NMR data suggest that there are two residues
that are critical to acid denaturation is internally consistent with the
fact that n, the number of cooperative protonation sites involved in
denaturation by CD, is also two. Therefore, the two residues, D82
and D87, which are believed to be critical to acid denaturation
based on the NMR data, are equated with the two cooperative
protonation sites in the CD denaturation profile. This suggests that
the average pK, values of D82 and D87 are the average pK,, values
(2.84 in the N-state and 4.76 in the A-state) of the two cooperative
binding sites calculated from the CD denaturation profile.

Discussion

NMR and CD pH titration experiments were performed on guinea
pig a-LA to determine the electrostatic interactions that are critical
to acid denaturation. Variation of pH over the range of 7.0 to 2.0
leads simultaneously to titration of individual ionizable groups and
to the acid denaturation of the protein. NMR pH titration profiles
were obtained for 24 residues; of these, 22 titrations resulted in the
determination of pK,, values and two residues, D82 and D87, showed
a flat pH titration curve over the pH range that was examined.
Curve fitting to the CD denaturation profile of a-LA as a function
of pH indicated that cooperativity for denaturation from the native
state to the acid unfolded state is on the order of 2, and that the
population of the protonated form for residues that are critical to
denaturation is essentially negligible. Therefore, protonation of
residues D82 and D87, both of which have flat titration curves as
a function of pH, is critical to acid denaturation. Examination of
the crystal structure shows that the carboxyl groups of D82 and
D87 form ligands for Ca%* binding. The Ca?" binding motif of
a-LLA is composed of the C helix from the a-domain and a 3,
helix from the 3-domain, with the ligands D87 and D82 located in
the two separate domains (Fig. 7).
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Fig. 7. Ca’" binding site of guinea-pig a-LA (Pike et al., 1996). The
helix-turn-helix motif of the Ca®" binding site consists of a 3 helix in the
B domain, a Ca*>" binding loop, and the C helix from the a domain. The
calcium binding loop contains five aspartic acids, and the ionizable groups
of D82, D87, and D88 are involved in the Ca’* binding. The carboxyl
groups of D83 and D84 are not ligands. D82 and D87 are key residues that
protonation triggers the acid denaturation. The structure was plotted using
MolScript (Kraulis, 1991).

Given the pH titration experiments described here, and the en-
ergetics of denaturation obtained by Privalov (Griko et al., 1994),
it is interesting to speculate on the electrostatic interactions that are
critical to acid denaturation and on the factors that stabilize the
native state of the protein. Privalov has measured the excess heat
capacity function of holo a-LA as a function of pH and analyzed
the data in terms of a hierarchical cooperative model (Griko et al.,
1994). At pH values greater than five, the transition is close to two
state, and thermal denaturation results in complete unfolding with
no significant population of compact denatured molecules. These
data imply that the protonation of residues at pH values greater
than 5.0 do not contribute to the formation of the compact dena-
tured state. Below pH 4.2, the transition results in a progressively
higher proportion of compact denatured molecules, and the free
energy of unfolding at pH 4.2 corresponds to ~17 kJ/mol, given
Privalov’s enthalpy and entropy values (Griko et al., 1994). Table 1
shows that the aspartic acids in a-LA titrate in the pH range for
which the free energy of unfolding changes as a function of pH,
suggesting that protonation of some, or all, of the aspartic acids
contribute to the denaturation process.

The lowest of the experimentally determined pK,’s in the native
state arises from residues D82 and D87 (pK,, = 2.84, calculated
from the pH denaturation curve) and is shifted by 1.9 units relative
to the average pK, value in the A-state (pK,, = 4.76). The signif-
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icant difference in the pK, values of the native and acid unfolded
states suggests that the largest contribution to the stability of the
native state derives from the strong stabilization of the charged
form of D82 and D87 with the calcium. It is difficult to estimate
the energetic contributions from the protonation of the remaining
aspartic acids to the stabilization of the native state, because the
pK, values in the acid unfolded state are not known. However,
based on the large pK, difference between the native and acid
unfolded states of residues D82 and D87, and the more uniform
pK, values of the remaining aspartic acids, it is reasonable to
propose that electrostatic interactions of the remaining aspartic
acids are a secondary contribution to the stabilization of the native
state. Of particular interest is D88, whose carboxyl group acts as a
ligand for Ca’>* binding along with D82 and D87. Our data indi-
cate that protonation of D88 does not trigger denaturation to the
acid unfolded state. Although protonation of D88 may result in a
small change in the free energy of unfolding, the charge balance of
the Caz*' is maintained by the ionized form of D82 and D87. The
pK, shifts described here are consistent with previous potentio-
metric titrations in which abnormally titrating carboxyl groups
were observed in acid denaturation (Robbins et al., 1967; Kita
et al., 1976; Kuwajima et al., 1981).

a-LA and lysozyme are very similar proteins in terms of their
amino acid sequence and global folds, but they differ in ligand
binding properties and folding behavior (Acharya et al., 1994,
Sugai & Ikeguchi, 1994). a-LA undergoes a pH-dependent con-
formational change, whereas lysozyme conforms more closely to a
two-state model, and has no well-defined equilibrium intermediate
state (Kuwajima et al., 1985). In lysozyme many of the ionizable
groups have significantly shifted pK, values relative to the model
compounds (Bartik et al., 1994), whereas the pK, values in a-LA
appear to be more uniform. It is, however, difficult to make a direct
comparison between the two proteins because the pK, values in the
A-state are not known for a-LA.

With regard to their unfolding behavior, it appears an important
difference between a-LA and lysosymes arises from their calcium
binding properties (Haezerbrouck et al., 1993; Nitta et al., 1993;
Van Dael et al., 1993; Griko et al., 1995; Pardon et al., 1995; Wu
et al., 1996; Kuhlman et al., 1997). Recently, the functional role of
the calcium binding residues in a-L'A was investigated by site-
directed mutagenesis (Anderson et al., 1997). The mutations pro-
vide information about whether the different aspartic acid ligands
are required for calcium binding, and are complementary to our
data, which report on the role of charge interactions, between the
aspartic acids and the Ca”", in triggering denaturation. Taken to-
gether with previous work, our results suggest that the electrostatic
interactions between the @- and B-domains, mediated by calcium
binding to D82 and D87, are important to the stability of the native
state, and that the loss of these interactions results in the denatur-
ation to the A-state (Wu et al., 1996; Kuhlman et al., 1997).

Materials and methods

Preparation of sample

ISN-Labeled guinea pig a-LA (M90V mutant) was produced using
an E. coli expression system (Kim et al., 1997).

NMR spectroscopy

For acid denaturation, a protein solution (0.3 mM) was prepared in
10 mM sodium phosphate buffer at pH 7.0, 1 mM CaCl,, and 10%
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D,0. Excess Ca’* was used because a-LA is a calcium binding
protein. pH titrations were performed reversibly. Titrations from
pH 7.1 to 2.1 and from pH 2.1 to 7.1 were done with 0.5 pH unit
intervals and the pH was measured at each point. At each pH, an
'H-'’N HSQC (heteronuclear single quantum coherence) (Bax
et al., 1990) spectrum was acquired with 1,024 complex points (5,
'H) by 128 complex points (z;, '>N) at 25°C using a Varian
Unity s 500 MHz NMR. The spectral widths were 7,000 Hz in the
'H and 1,500 Hz in the '’N dimensions. NMR data were processed
using the Felix package (Molecular Simulations Inc., San Diego,
California).

CD spectroscopy

a-LA solutions (0.02 mM) were prepared in 10 mM sodium phos-
phate buffer pH 7.0 and 1 mM CaCl,. The protein solution was
titrated in the same way as in the NMR experiment. At each pH,
the CD ellipticity was measured at 280 nm with a 10-mm cell, and
at 222 nm with a 1-mm cell on an AVIV model 60DS CD spec-
trometer at 25 °C.

Measurement of pK, values

To assign an NH titration curve to the protonation of a specific
ionizable group, distances and contacts between NH groups and
ionizable groups were examined using the X-ray crystal structure
of guinea pig a-LA (Pike et al., 1996). NH titration curves were
assigned to an ionizable group (Bundi & Wiithrich, 1979; Szyper-
ski et al., 1994), and pK, values were obtained by simulating the
pH titration data with the Henderson—Hasselbalch equation with
one or two pK,’s assumed to be independent (Forman-Kay et al.,
1992). Experimental data were fit to an ideal titration curve which
describes the titration of each ionizable group. For one pK,, value,
the observed chemical shift (§) was simulated by the pK,,, & (chem-
ical shift of the basic form), and &, (chemical shift of the acidic
form) using Equation 1.

8, 10PH"PK) 1 5
= TR PR 1

)

For two pK,, values, the observed chemical shift (§) was simulated
by pK,,, PK.,, 8s, 8. and &; (chemical shift of the intermediate
form) using Equation 2:

5b10(2pH-—pKU‘—pKa2) + S,IO(pH_pK“Z) + 8,
&= 1Q@PH-PK, —PK,) 4 10PH-PKL) + 1 )

Modeling of acid denaturation

The acid denaturation curves obtained by CD were modeled by the
mechanism of acid denaturation shown in Figure 6. Each equilib-
rium constant is defined as follows:

N"T
A"
KA = IE‘Anl'[::ll = lon(prpKuA)
[A™]
KP = [NnH]
K - [A"_] _ KPKA (3)
CONTT] Ky

1937

where n is the number of cooperative protonation sites required for
denaturation, and pK,, and pK,,, are average pK, values in the N-
and A-states over these n protonation sites. K, and X, are equilib-
rium constants in the protonated and unprotonated states. Fy, rep-
resented in Figure 5, is a sum of fractions of the native states (N"~
and N"M} and is a function of n, pK,,, pK,,, and K,,.

lon(PprK(w) +1
T K, (107 PR 1)+ 107 PR 41

Fy 4)

The experimental Fy and pH are used as input and the equation
was fit using the Levenberg~Marquardt method (Press et al., 1992).
Values of n, pK,,,, pK,,, and K, were obtained from the fit. It is

an> PKays
important to note that pK,, and pK,,, obtained from the curve

fitting, represent average pK,, values over n cooperative titrating
groups only. The curve fitting error was small, on the order of 2%.

Electronic supplementary material

NMR pH titration curves for H10, L12, D14, D20, T22, Q39, H47,
E49, K58, F60, D74, D78, D84, D97, D113, and E121 were also
modeled to obtain pK, values listed in Table 1.
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