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Abstract

The general thermodynamic principles behind pH driven conformational transitions of biological
macromolecules are well understood. What is less obvious is how they can be used to engineer pH
switches in proteins. The acid unfolding of staphylococcal nuclease (SNase) was used to illustrate
different factors that can affect pH-driven conformational transitions. Acid unfolding is a
structural transition driven by preferential H* binding to the acid unfolded state (U) over the native
(N) state of a protein. It is the result of carboxylic groups that titrate with more normal pKa values
in the U state than in the N state. Acid unfolding profiles of proteins reflect a balance between
electrostatic and non-electrostatic contributions to stability. Several strategies were used in
attempts to turn SNase into an acid insensitive protein: (1) enhancing global stability of the protein
with mutagenesis or with osmolytes, (2) use of high salt concentrations to screen Coulomb
interactions, (3) stabilizing the N state through specific anion effects, (4) removing Asp or Glu
residues that titrate with depressed pKa values in the N state, and (5) removing basic residues that
might have strong repulsive interactions in the N state at low pH. The only effective way to
engineer acid resistance in SNase is not through modulation of pKa values of Asp/Glu but by
enhancing the global stability of the protein. Modulation of pH-driven conformational transitions
by selective manipulation of the electrostatic component of the switch is an extremely difficult
undertaking.
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This issue of Biophysical Chemistry celebrates the 25" Anniversary of the Gibbs
Conference in Biothermodynamics. One of the original goals of the Gibbs Conference was
to promote the rigorous application of equilibrium thermodynamics and kinetics to examine
molecular mechanism in proteins, nucleic acids, membranes, and their assemblies. In our
lab, efforts in this area are focused on improving understanding of fundamental structural
and physical origins of electrostatic effects in proteins. This effort is warranted by the wealth
of essential biochemical processes (e.g. catalysis, H* coupled e transfer reactions, ion
homeostasis, H* transport, e~ transfer, etc) governed by electrostatics, where the structural
basis of biological function cannot be established without deep understanding of
contributions from electrostatic factors.

Biochemical processes governed by electrostatics are unique in one important respect:
electrostatic contributions to the changes in Gibbs free energy (AG) during a process are
related to the product of the electrostatic potential (y, an intensive variable) and charge (g,
an extensive variable): AG =y g. To the extent that  and q can be calculated using
molecular structures, AG can be calculated from structure. This is one of the few situations
where structure-based calculations of AG starting from first principles are possible, and
where it is in principle possible to connect structure with biological function by examination
of how fundamental physical forces (i.e. y, the electrostatic potential) determine the Gibbs
free energy function.

Most efforts in studies of protein electrostatics are focused on the related problems of
understanding molecular determinants of pKa values and understanding the structural and
physical bases of pH driven conformational transitions. Until recently, progress in
understanding determinants of pKa values has been stymied by a lack of experimental data
that could be used to identify the different electrostatic factors (hydration, Coulomb
interactions, hydrogen bonding, conformational reorganization, etc) that can affect the pKa
of an ionizable group in a protein. Much progress has been made recently in this area
through the study of ionizable groups with highly anomalous pKa values; it is starting to
become possible to identify and quantitate contributions from different electrostatic

factors 1: 23, In contrast, the important problem of pH-driven conformational transitions of
proteins has received relatively little attention.

We have used the acid unfolding of a globular protein to illustrate fundamental
thermodynamic concepts of ligand-linked conformational transitions in proteins in general,
to demonstrate how subtle and complex electrostatic contributions to stability can be, and to
illustrate how difficult it is to manipulate them rationally. The ultimate goal of this study
was to engineer a variant of staphylococcal nuclease (SNase) that did not unfold under
acidic conditions. The design of proteins that resist unfolding by acid or base is of
biotechnological importance, but our goal here was simply to test how well-understood
principles of equilibrium thermodynamics and classical electrostatics could be exploited to
alter the solution properties of a protein. This exercise illustrates the fine balance between
electrostatic and non-electrostatic contributions to stability and the problems inherent to the
design of pH-sensitive conformational switches in proteins.
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RESULTS and DISCUSSION

Staphylococcal nuclease (SNase) is ideally suited for studies of acid unfolding for several
reasons: (1) the thermodynamic stability of variants with substitution of every single
position with Ala and Gly has been measured 4 5: 6; therefore, it is possible to enhance
global thermodynamic stability with a rational strategy that would be impractical with other
proteins. Variants have been engineered previously with thermodynamic stability more than
double that of the wild-type protein 7+ 8:9:10_(2) the pKa of every Asp, Glu and His (all the
residues that titrate at pH below 8) has been measured with NMR spectroscopy 1% 12, Thus,
it is possible to know, at least in principle, exactly how much each ionizable group
contributes to the H* binding reactions that drive acid unfolding. (3) The acid unfolding
reaction of the wild-type protein has been studied extensively, and it is known to be a highly
cooperative transition between two states involving the preferential binding of many H* to
the U state 13: 14, All these factors were exploited in attempts to engineer an acid insensitive
variant of SNase.

Thermodynamic basis of pH-driven conformational transitions

pH-driven conformational transitions are a special case of ligand-driven conformational
transitions in which H* acts as the ligand and the most immediate consequence of ligand
binding or release is a change in the charge of the macromolecule. It is because pH-driven
processes involve a change in the charge state of the macromolecule that these processes can
be understood in terms of electrostatic forces.

A change in pH can drive a conformational transition in a protein only if the pKa of at least
one ionizable group is different in the different conformational states. The effects of pH on
the equilibrium between two conformational states can be expressed in terms of a pH-
independent term and the difference in pKa of the ionizable group. Expressions to describe
the effects of pH on the equilibrium between two states are straightforward. The example
that will be used to this end is that of a transition between the native (N) and unfolded (U)
states of a protein under the influence of a single ionizable group that titrates with different
pKa values in the N and in the U states. This is illustrated by Scheme I: The pKa that
describes the H* titration of an ionizable group in the N state describes the equilibrium
between N~ and N°:

NIH*
k=1 ] ] @
and that of the ionizable group in the U state is related to:
[U-TH*]
K =0T @

The equilibrium between the folded (N) and unfolded (U) states of a protein at a pH where
the ionizable group is deprotonated is given by:

k=] )
" INT]
and under conditions of pH where the ionizable group is protonated is given by:

o LU°]
N

O]
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The observed equilibrium between the N and U states at any pH can include 4 different
macromolecular species:

K < LUPIHUT]  LUPI+KLUP)/LHY] | 1+K, /LH)

o -1 [U° o B * 5
N+ INTT Sl [Ne) / (1] %+% ©
and because
o [U°]_UT[H]/K{_ KY 6
FUINO]T N [HH /KN T KY ©
then
. :K_K_aN(HKE/ [H+]) =Ko(1+KE/ [H+]) @
P KRUN 14KY/ [HY] FA1+KY/ [HH]

In this expression K and K7 account for the pH independent component of AG° at a
reference pH where the ionizable group in both N and U conformations is completely
deprotonated or protonated, respectively. The term inside the parentheses in Equation 7
accounts for the pH dependent component governed by the difference in the pKa values of
one ionizable group between the N and U states. Equation 7 can be generalized for the case
of multiple H* binding sites and multiple conformational states. The probability that
conformational state 7is populated is:

oAGi/RT

g oAG;/RT ®
j=0

where N refers to the total number of conformational states /. If the different conformational
states can bind H* with different affinity, then pH will affect the probability distribution of
states according to:

Ni
[T (1+k; [H*])
oAGI/RT_ (eAG;’/RT) g ©)

No
Ik—[ (1+Kok [H*])

The rightmost term in this expression accounts for the effects of pH and the 4AGY/RT term
accounts for the part of the equilibrium process that is insensitive to pH. In the modulating
term (Aj)

N
[T (1+K5 [H*])
A (10)

No
IkT (1+Kox [H*])

Kij refers to the binding constant of site /in conformation / Koy refers to the binding
constant for site kin the reference conformational state o, N; refers to the number of H*
binding sites in state 7and N, to the number of H* binding sites in reference state o. States
for which the modulating term A; > 1 are stabilized with respect to the reference state, and
states where A; < 1 are destabilized with respect to the reference state. The partial derivative
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of this modulating term with respect to pH is equal to the difference in the extent of H*
binding () in all binding sites in the protein in conformational states 7and o
N No

Jln Ai _
in[H'] _Zjlvij - Zklv"k D

An increase in H* concentration will stabilize state 7if the amount of H* bound to state /is
greater than the amount bound to the reference state 0. This can happen if the H* binding
affinity is higher in state 7than in state o, or if there are more H* binding sites in states /than
in state 0. Under conditions of pH where all binding sites are saturated, the state with the
largest number of H* binding sites will be the one that is stabilized preferentially.

The physical meaning of areas under H* titration curves

The Gibbs free energy of H* binding at a single site can be obtained by integration of the H*
titration curve described by the extent of H* binding (vy+) vs pH:

H,
AG°= - 2.303RT [ SHfVW dpH (12)

When pHy = 0 and pH, is 2 pH units or more above the pKa of the ionizable group, the area
described by the integral in Equation 12 corresponds to the same AGP° that would have been
calculated with the well-known relationship AG® = =RT InK, which for the case of pKa
values and for AGP in units of kcal/mol is AG® = 1.36 pKa. Notice that by fixing one of the
limits of integration in equation 12 to pH = 0, the AGP is being defined relative to a
reference concentration of 1 M [H*] (i.e. a 1 M standard state). Equation 12 can also be used
to calculate the pH dependence of the Gibbs free energy difference stored in a difference in
pKa values for an ionizable group in two different conformational states (A and B):

= pH, (B A
AAG®=-2.303RT [ (VB, —vA ) dpH (13)

Figure 1A shows H™ titration curves for a carboxylic group with a normal pKa of 4.5 (thin),
and titration curves for cases of pKa values of 4.0, 3.5, 3.0, 2.5, 2.0, 1.5 and 1.0 (thickest).
Figure 1B shows A AGP obtained by integration of the area between the reference curve
corresponding to the titration of a group with pKj; = 4.5 and the other titration curves. For a
ApKa =1 the largest possible AAGP is 1.36 kcal/mol (corresponding to 2.303 RT at 298 K,
obtained from AAG® = 1.36 ApKa where ApKa = 1). The curves in Figure 1B illustrate
how the N state of a protein that has a Glu residue with pKa depressed below the normal
value of 4.5 begins to become destabilized as the pH is lowered below pH 5.5 owing to the
depression in the pKa of the Glu residue. The magnitude of the destabilization depends both
on the pH and on the magnitude of the depression to the pKa in the N state relative to the
value in the alternative conformational state. Destabilization of the N state relative to the
alternative state increases with decreasing pH. For a protein with a carboxylic group that has
a highly depressed pKa =1 in the N state and a normal pKa = 4.5 in the U state, the protein
would be destabilized by nearly 5 kcal/mol between pH 6 and pH 0 (thickest curve in Fig.
1B).

Why can proteins be unfolded by acid?

Acid unfolding of proteins is primarily a consequence of the difference in pKa values of
Asp/Glu residues in the N and in the U states (His residues can also contribute). Asp/Glu in
water normally begin to bind H* at pH values below 5.5. If the pKa values of Asp/Glu are
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depressed in the N state and normal in the U state, then the U state becomes preferred at pH
values below 5.5 because H* binds preferentially to the U state under those conditions.
Although the pKa values of ionizable groups in the U state are usually quite similar to the
normal pKa values in water, in general the pKa values of most surface Asp/Glu residues in
proteins in the N state tend to be depressed slightly, either because of net favorable Coulomb
interactions with basic residues or because of hydrogen bonding?®.

The destabilization of the N state relative to the U state increases with decreasing pH (Fig.
1B). The destabilizing contributions to the N state by Asp/Glu residues with depressed pKa
values can be very significant when many residues have depressed pKa values in the N state
and normal ones in the U state (Figure 2). Proteins become acid unfolded when the
destabilization of the N state originating from differences in the pKa values of ionizable
groups in N and U states becomes comparable to the net contributions by all other non-
covalent interactions that affect thermodynamic stability. It should be emphasized that, from
the thermodynamic perspective, the mechanism of acid unfolding need not invoke anything
more than the shift in conformational state driven by the energy stored in differences in pKa
values. Specifically, the mechanism of acid unfolding need not invoke the neutralization of
strongly stabilizing ion pairs, or the accruement of repulsive interactions between positive
charged groups in the N state when Asp/Glu become neutralized at low pH. These factors,
and any others that affect the pKa values of the carboxylic groups, affect the acid-unfolding
equilibrium only to the extent that they affect pKa values of ionizable groups. Histidines can
also contribute to acid-unfolding reactions, but while carboxylic groups in net favorable
electrostatic environments are the ones that actively contribute to the acid unfolding process,
the histidines that contribute to the acid unfolding reaction are those that are in net
destabilizing electrostatic environments in the N state.

Acid unfolding of staphylococcal nuclease

The unfolding free energy (AG°Hy0o) of wild-type SNase measured with chemical
denaturation is 5.4 kcal/mol at pH 74. It decreases with decreasing pH14. The midpoint
(pHmigq) of the transition between the N and the U state is 3.8. Acid unfolding of SNase is a
highly cooperative process, involving the uptake of a large number of H* that bind
preferentially to the U state 14 16: 17 The number of H* bound upon unfolding has been
measured previously with direct potentiometric methods!4. It can also be estimated (Fig.
2A) using the pKa values for His, Asp and Glu measured by NMR spectroscopy and
assuming that in the U state these ionizable groups titrate with the normal pKa values. The
pHmig of unfolding of wild-type SNase is relatively close to the normal pKa value of Asp
and Glu residues in water; therefore, the acid unfolding of this protein must be driven by
small contributions from a large number of Asp/Glu residues with pKa values below the
normal values of 4.0 and 4.5. Only small depressions in pKa values are necessary to explain
the high cooperativity in the acid unfolding transition.

The pKa values of Asp, Glu and His residues measured with NMR spectroscopy in the N
state and in model compounds for the U state can be used to simulate the overall H titration
curves for the N and U states of SNase as the sum of the H* titration curves of the individual
H* binding groups (Fig 2A). These titration curves can be used to calculate the total
contributions made by preferential H* binding to the energetics of acid unfolding. By
integrating the area between the H* titration curves of N and U states relativetoa 1 M H*
concentration (i.e. pH = 0) it is possible to show that at pH 7 the total difference in pKa
values of ionizable groups in N and U states is equivalent to 14 kcal/mol (Fig. 2B). Consider
that the total AG°Hyo of wild-type SNase measured with chemical denaturation at pH 7 is
5.4 kcal/mol. As the pH begins to decrease below 7, the AG® stored in the difference in pKa
begins to become a factor that destabilizes the N state relative to the U state at the rate
described by the solid line in Fig. 2B. In other words, if the AAG® curve in Figure 2B were
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shifted along the Y-axis until the point were reached where AAG® = 5.4 kcal/mol at pH 7,
the midpoint of the acid unfolding transition would correspond to the pH where AG° =0 (at
the pHpmig, half the molecules are in the N state and half in the U state). The pHp,q for acid
unfolding of wild-type SNase obtained from H* titrations monitored with Trp fluorescence
is 3.8, and by analysis of the AG® curve (Fig. 2B) obtained from pKa values measured by
NMR spectroscopy it is 3.6.

Strategies for the engineering of acid resistant proteins

The simulated H™ titration curves and the Gibbs free energies based on experimental p&Ka
values (Fig. 2) suggest strategies that can be used to engineer an acid insensitive variant of
SNase. Specifically, the simulations in Figure 2B suggest that by increasing the global
thermodynamic stability of the N state the pHig Of the acid unfolding transition (i.e. the pH
where AG®° = 0 in the solid curve in Fig. 2B) would shift towards lower pH values. In fact,
the maximum AG° stored in the sum of ApKa values is approximately 14 kcal/mol (Fig 2B).
If the stability of SNase were increased by any means (mutagenesis, use of osmolytes, use of
specific ion binding) to slightly above 14 kcal/mol at pH 7, SNase would be almost
completely resistant to acid.

The pHpiq of unfolding of SNase could also be shifted to lower pH values by diminishing
the differences in pKa values of Asp/Glu residues in N and U states. This could be achieved
by removal of Asp/Glu residues that titrate with depressed pKa values in the N state, by
removal of basic residues with favorable Coulomb interactions that depress pKa values of
Asp/Glu residues in the N state, by removal of basic residues with strong repulsive
interactions in the N state, or by the addition of salt to screen Coulomb interactions with the
intent of normalizing the pKa values of Asp or Glu residues that are under the influence of
Lys, His or Arg residues.

Dependence of acid unfolding on global thermodynamic stability

Several strategies have been used previously to increase the thermodynamic stability of
wild-type SNase. The PHS variant engineered with P117G, H124L and S128A substitutions
increases the AG°yg of the wild-type from 5.4 kcal/mol to 8.5 kcal/mol in 100 mM ionic
strength, 298 K 910, The A+PHS variant, which includes additional G50F and V51N
substitutions and a 44-49 deletion that eliminates the unstructured Q loop, further increases
the stability to 11.8 kcal/mol 18, The A+VIAGLA variant, which consists of A+PHS with
additional T33V, T41l, S59A substitutions increases the stability even further to 12.5 kcal/
mol 8. The variant structure of the A+PHS variant and the location of all Asp and Glu
residues is shown in Figure 3.

Acid titration of these stable variants of SNase, monitored by Trp fluorescence, showed two
things (Fig. 4A). First, the more stable variants (A+PHS and A+VIAGLA) exhibit a
predenaturational transition centered near pH 4.5. The origins of this transition are not
known but are likely to involve an electrostatic field effect on the Trp-140 moiety used to
monitor the acid titrations; this pre-denaturational transition is not as pronounced in
titrations monitored with CD spectroscopy at 222 nm (data not shown). The more significant
trend illustrated by the H* titration curves in Figure 4A is the dramatic decrease in the
midpoint of acid unfolding with increasing thermodynamic stability. Whereas the pHyiq of
wild-type SNase was 3.8, for the highly stable A+VIAGLA variant it was 2.0. The pHpiqg
values measured by H* titrations monitored with fluorescence are comparable to what the
AG*® vs pH curves in Fig. 2B show. An increase in thermodynamic stability beyond that
achieved with A+VIAGLA would likely translate into a completely acid insensitive form of
SNase but it has been difficult to increase the stability of the protein beyond 12.5 kcal/mol.
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Increased resistance to acid unfolding in the presence of stabilizing osmolytes

The stability of the N state of proteins can usually be effectively increased by the addition of
stabilizing osmolytes such as sucrose, glycerol and TMAO 1920, The effects of different
types and concentrations of stabilizing osmolytes on pHp,ig values for the A+PHS variant of
SNase were tested (Fig. 4B). The concentrations of osmolytes that were studied were
dictated by what was practical from the experimental perspective — a detailed survey of the
dependence of acid unfolding on osmolyte concentration was beyond the scope of this study.
TMAO in concentrations as high as 300 mM had no detectable impact on the acid unfolding
transition. Higher concentrations above 2 M are known to be necessary to stabilize other
proteins but these high concentrations were not tested. Glycerol at 1 M concentration
appears to have had an effect on the structural properties of the U state. The acid unfolding
transition in the presence of glycerol had the same pHpiq as in its absence, but the
spectroscopic properties of the U state in glycerol were quite different from those in water
and consistent with the presence of more structure than in water. In sharp contrast with the
inability of TMAO and glycerol to protect SNase against unfolding with acid, A+PHS
nuclease in 1.5 M sucrose was almost totally insensitive to acid. Although the AG°oq for
A+PHS nuclease in 1.5 M sucrose has not been measured, the data suggest it must stabilize
the protein by at least 2 kcal/mol. It is likely that TMAO and glycerol at higher
concentrations would be as efficient as sucrose in stabilizing SNase.

High salt concentration increases acid resistance

The pKa values of all Asp and Glu residues were measured previously by NMR
spectroscopy at both high (1.0 M) and low (0.1 M) concentrations of KCI 11 With increasing
salt concentration the pKa values of the Asp/Glu residues with the most depressed pKa
values moved closer to the normal values of 4.0 and 4.5, respectively, suggesting that the
depression is the result of medium and long-range stabilizing interactions with basic
residues. Increasing salt concentration was expected to affect the pHyiq of acid unfolding
significantly through two mechanisms: (1) by bringing the depressed pKa values of
carboxylic groups in the N state closer to the normal values in the U state, and (2) by
screening repulsive interactions between basic groups in the N state. At low pH, when most
H* binding sites are protonated and the repulsive interactions between basic groups are the
dominant interactions in the protein, this effect could be significant.

The pHpiqg of the wild-type protein was rather insensitive to salt concentration in the range
10 mM to 1 M (Fig. 4C). In contrast, the pHpig of the more stable A+PHS protein was very
sensitive to salt concentration; at salt concentrations of 1 M full unfolding of this protein
was not achieved and a significant decrease in the apparent pH,iq was observed. Under
these conditions of high salt the A+PHS protein was very acid resistant. Several factors
contribute to the difference in the effects of salt on the pHpq of the wild-type and the A
+PHS forms of SNase. First, the effects of high salt on the pKa values of Asp/Glu residues
are relatively mild in cases where the pKa values in the N state are depressed only slightly
(less than 0.5 pKj; units) from the normal values in water. Because the pKa values of most of
the 20 Asp/Glu residues are depressed, even at high salt concentration the preferential
binding of H* to the U state distributed over many groups is sufficient to drive acid
unfolding of the wild-type protein. High salt concentration has a significant effect on the
most depressed pKa values of Asp/Glu. These are the groups that govern the unfolding of
the more stable variants of SNase that unfold under more acidic conditions. Under
conditions of high salt concentration, fewer Asp/Glu residues in these highly stable proteins
end up being active in preferential H binding to the N state; therefore, at high salt
concentrations the pHy,iq of the more stable forms of SNase shifts towards lower values.

Biophys Chem. Author manuscript; available in PMC 2012 November 01.
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The difference in the salt sensitivity of the acid unfolding transitions of wild-type and of the
A+PHS variant suggests that the mechanism of acid unfolding of these two proteins is
different. The wild-type acid unfolds owing to small differences in pKa values of groups
distributed over the entire protein — small effects add up to produce a very large and highly
cooperative acid unfolding transition. In the case of the A+PHS protein, at pH values below
2 most of the carboxylic groups are already protonated. The few key ionizable groups that
remain largely unprotonated in the N state under these highly acidic conditions contribute to
the acid unfolding reaction. At the same time, under acidic conditions, the N state must
experience considerable strain from net repulsive interactions between the basic Lys, His
and Arg residues. It appears that screening of these repulsive interactions with salt
contributes significantly to preventing unfolding at low pH. The effects of salt acting on pKa
values and on repulsive interactions cannot be teased apart with these data alone.

Increased acid resistance through specific salt effects

To test the extent to which specific, preferential interactions of ions with the N state could
affect the energetics of acid unfolding, the H* titration properties of the wild-type and of the
A+PHS protein were measured in the presence of perchlorate (Cl1O47), and sulfate (S042°),
which are known to stabilize SNase at neutral pH and to stabilize proteins in general against
acid unfolding 2% 22: 23: 24 The acid unfolding of the wild-type protein was insensitive to the
addition of ClO4~ (Fig. 4D). A minor drop in pHpmiq was detected in the presence of SO42".
In contrast, in the A+PHS protein both CIO,~ and SO42" had a detectable effect on the acid
unfolding behavior. SO42" at 50 mM was enough to prevent total unfolding of the protein at
low pH values, and the effect was even more pronounced with SO42- concentrations of 300
mM. The reason behind the difference in the stabilizing effect of SO42 in the wild-type and
in the A+PHS is not obvious, but it must be related to the appearance of competent SO42"
binding sites in the N state at low pH, where the net positive charge of the protein is much
higher than at the pH where the acid unfolding of the wild-type protein takes place. Much
higher concentrations of SO,42- might have a more noticeable effect on the properties of the
wild-type protein, but this was not tested. Previous studies in our laboratory have employed
mutagenesis for selective removal of basic residues that might be responsible for the
stabilization of SNase by specific interactions. No critical groups have ever been identified
that could explain the ability of SO42 and other anions to stabilize SNase through site-
specific anion binding.

Removal of acidic residues is not sufficient to prevent acid unfolding

Because the acid unfolding of SNase is driven by the preferential binding of H* to Asp/Glu
residues with higher pKa values in the U than in the N state, it was of interest to attempt to
modify the acid unfolding profile by selective removal of Asp/Glu residues that have
depressed pKa values in the N state relative to the normal pKa values of 4.0 and 4.5 in
water, respectively. According to NMR spectroscopy studies published previously 11, the
groups with the most anomalous pAa values in 100 mM KCI, where ApKa is defined as pKa
(in N state of protein) — pKa (model compound) was larger than 1.0 are: Asp-19 (ApKa =
-1.69), Asp-77 and Asp-83 (ApKa > -1.7), Asp-95 (ApKa = -1.74), Glu-10 (ApKa =
-1.53) and Glu-75 (ApKa = —1.09). Asp-21 also has a highly shifted pKa value but it is
higher (pKa = 6.54) than the normal pKa of 4.0, so H* binding to this group actually
promotes the N state over the U state.

In the wild-type protein the acid unfolding of variants with E10A, D19A, D77A, D83A or
D95A substitutions occurred at pH values higher than the pHiq of 3.8 of the wild-type
protein (Fig. 4E). In all of these cases the removal of an ionizable group with a depressed
pKa actually accomplished the opposite of what was intended: the variants in which an Asp
or Glu with a depressed pKa in the N state was removed actually became more acid labile
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than the reference protein. H* titrations were also measured in variants of the more stable A
+VIAGLA form of SNase with substitutions at E10Q, D19N, D83N or D95N. The D19N
substitution decreased the pHpq slightly from 2.02 to 1.8 (Fig. 4F) and there was evidence
for the presence of structure in the acid unfolded form of this protein. Quadruple (E10Q,
D19N, D77N, and D83N) and quintuple (E10Q, D19N, D77N, D83N, and D95N) variants
of the A+VIAGLA increased the acid sensitivity of SNase significantly (Fig. 4F).

Removal of Asp and Glu residues with depressed pKa values was the obvious thing to do to
attempt to shift the acid unfolding transition of SNase to even lower pH values. With the
exception of the D19N variant, not only did the substitutions fail to lower the pHyyig, the
variants in which the Asp or Glu residues with the most depressed pKa values were removed
were more acid labile than the reference protein used to engineer them. The basis of this
result is illustrated by the simulations in Figures 1 and 2 and by the AG® in Table 1. The
removal of an Asp or a Glu either by substitution to Ala or to Asn or Gln is destabilizing at
all pH values, for two reasons. First, because the Asp or Glu residues with depressed pKa
values have net favorable electrostatic interactions that stabilize the N state and removal of
these charges eliminates these interactions. Second, surface side chains have other types of
favorable non-covalent interactions that usually stabilize the N state®. In the case of the
variants studied, the substitution of Asp/Glu with Ala/Asn/GIn was always destabilizing
(Table 1). The net Gibbs free energy stored in differences in pKa values in a single group is
quite modest: for a ApKa = 2 the maximum AAGP = 2.72 kcal/mol, which is comparable to
the AAGP experienced by the variants upon substitution of Asp/Glu residues. In other
words, the loss of stability related to factors not related to ApKa are of magnitude
comparable to the gains related to ApKa.

Removal of basic residues has no impact on acid unfolding

Attempts were made to increase the resistance of SNase against acid by eliminating basic
residues that might influence the pKa values of Asp/Glu residues through favorable
Coulomb interactions or decrease the stability of SNase through repulsive interactions in the
N state at low pH. The H8Q, K16Q, K63Q, K71Q and K134Q variants were engineered, one
at a time, in the A+VIAGLA background (Table 1). The acid unfolding profiles of these
variants were comparable to that of the background protein (Fig. 4G). The H8Q and the
K71Q variants had slightly lower pHniq than the reference protein but the effects were
minor. Overall, the results with these variants suggest that the effect of substitution of basic
residues on global AG°Hoo wWas negligible. If the removal of these positive charges
decreased the repulsive force experienced by the N state at low pH, this trend, which should
have decreased the pHpig value, was almost perfectly balanced by destabilizing contribution
to AG°H20, Which would increase the pHiq value of these variants. The possibility remains
that the simultaneous removal of many basic side chains could effectively decrease the acid
sensitivity of the protein, but this was not tested.

CONCLUSIONS

The unfolding of proteins by acid is not the most subtle pH-driven conformational transition
in the protein world. In some mammals and probably other species, acid unfolding of
proteins is physiologically significant as it helps ensure efficient digestion of proteins in the
stomach by stabilizing the acid unfolded state to enhance access of the backbone by acid-
insensitive proteases. However, the acid unfolding of proteins is also an unavoidable
property of most globular proteins that have ionizable groups on their surface. These groups
enhance solubility, prevent non-specific associations with other macromolecules, and guide
and stabilize specific interactions. The charged moieties of surface ionizable groups tend to
be in environments where they experience net stabilizing Coulomb interactions 1% 25, This is
something that is either tuned evolutionarily or a consequence of the influence of charges
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during the folding reaction proper; ionizable groups are driven towards environments where
they can avoid dehydration and interact with bulk water, and they have considerable latitude
to guide the placement of charged moieties in environments where they maximize contacts
with charges of the opposite polarity. As a consequence of this maximization of favorable
Coulomb interactions among surface residues, most surface carboxylic groups in proteins
have pKa values that are slightly lower than the normal pKa values in water and this renders
folded globular proteins sensitive to acid.

pH is tightly regulated in living systems. Not surprisingly, many proteins have evolved to
interpret changes in pH as regulatory signals of physiological relevance. Examples include
the well-known Bohr effect in human hemoglobin, a mechanism whereby exposure of
oxygenated hemoglobin to the relatively acidic environment of tissues performing
respiration under anaerobic conditions triggers a conformational change that stabilizes
preferentially the deoxygenated form of the molecule, thereby ensuring delivery of O, to
exercised tissues. The hemagglutinin protein in the influenza virus is another example of a
protein that undergoes a substantial conformational rearrangement in response to transient
exposure to the relatively acidic environment of the endosome 26, The conformational
transition between the inactive and the fusogenic form of hemagglutinin ensures uncoating
of the virus necessary for the release of nucleoprotein complexes into the cytoplasm and for
successful infection. The molecular mechanisms and thermodynamic principles that govern
how a change in pH triggers a conformational transition in hemoglobin or in hemagglutinin
are the same ones that apply to all pH-driven conformational transitions, including the acid
unfolding reaction.

Like the acid-unfolding reaction, the physiologically essential pH-driven conformational
transitions of proteins are rarely encoded in a single ionizable group with different pKa
values in the initial and final states of the transition. Instead, the mechanism involves small
contributions from many different ionizable groups, a recurring motif in many processes
governed by electrostatics. The necessity to avoid encoding an important regulatory ligand-
driven conformational transition in a single trigger group ensures robustness against
evolutionary fluctuations that could eliminate the capacity to respond to changes in pH
entirely by chance elimination of the key trigger group.

It is possible to engineer proteins where changes in the ionization state of a single group is
sufficient to regulate a conformational transition. This is possible when, for example, an
ionizable group plays a key role stabilizing an element of secondary structure through a
capping interaction that is made or broken depending on the ionization state of the group 27.
The E57Q variant of A+PHS SNase illustrates how a relatively innocuous substitution, in
this case one that removes a Glu with a helix capping function, can have substantial
conformational consequences (Fig. 4H). A pH-driven conformational transition can also be
encoded in a single ionizable group when the ionizable group has a highly anomalous pKa,
as in the case of ionizable groups buried in hydrophobic environments in a protein 28, Large
shifts in pKa values can store a large AG®, enough to drive a substantial conformational
transition between two states. Another situation where a single ionizable group in a protein
is sufficient to drive a large change in conformation is in highly symmetric assemblies such
as helical or icosahedral viral capsids. Small shifts in the pKa value of a single group present
in a large number of identical, symmetry-related copies of the protein can serve to sense and
amplify an environmental signal such as a small change in pH, and to transduce that
information into a large, cooperative structural transition.

This study of the acid unfolding properties of SNase illustrates the complexity inherent to
pH-driven conformational transitions and the difficulties in rational engineering of
conformational switches driven by changes in pH. The acid unfolding of SNase is highly
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cooperative in both the wild-type protein that acid unfolds between pH 3.5 and 4, and in the
highly stable variants that acid unfold near pH 2. The cooperativity of the unfolding
transition arises in both regimes of pH because a large number of groups are involved in the
H* binding reactions that drive the acid-unfolding transition. The experimental data show
that the most important determinant of the acid unfolding profile of SNase is not in the
details of the electrostatic properties of individual Asp/Glu residues, but in the high number
of Asp/Glu with preferential H* binding to the U state, and in the global balance between the
electrostatic (i.e. H* coupled) and non-electrostatic components of thermodynamic stability.
This is likely to be the case for most proteins that are naturally sensitive to pH, where
changes in pH drive a conformational transition that activates or inhibits a biochemical state
Or process.

Tuning the acid sensitivity of SNase by modest manipulation of the constellation of
naturally occurring surface charges is not straightforward. Any substitution that eliminated a
carboxylic group that had a depressed pKa in the N state had a secondary destabilizing
consequence that was greater than the contribution related to the elimination of the charge.
The only effective way of enhancing the resistance of SNase against acid required the
engineering of enhanced thermodynamic stability. It was possible to do this with SNase with
mutagenesis only because extensive previous characterization of the effects of substitutions
on thermodynamic stability has allowed the design of variants that are more than twice as
stable as the wild-type. Rational engineering of increased thermodynamic stability in
proteins remains a challenging task that cannot be completed successfully with most
proteins.

The experimental data show that acid unfolding is not driven by the elimination of key ion
pairs essential for the structural integrity of the native state. The data illustrate that nothing
more sophisticated than preferential H* binding between the N and the U states need be
invoked to understand the acid unfolding process, or any other pH driven conformational
switch in proteins. The data show that the mechanism of acid unfolding of SNase is different
for the wild-type protein that acid unfolds between pH 4 and 3.5 and for the stable A+PHS
and A+VIAGLA variants that acid unfold near pH 2.0. The wild-type protein was
insensitive to high salt concentration whereas the stable variants were highly sensitive to
increasing salt concentrations. Detailed mechanistic interpretation of the acid unfolding
process was possible only because pKa values of Asp and Glu residues in the A+PHS
variant of SNase measured previously showed that, in 0.1 M KCI, 14 out of 20 Asp and Glu
residues titrate with pKa values depressed by 0.4 pKa units or more. The wild-type protein is
unfolded by acid near pH 4, close to the where Asp and Glu in water normally titrate,
because the thermodynamic stability of the protein at pH values above 4 is already quite
low, and preferential binding of H* distributed over these 14 groups represents a AG°
greater than the global stability of the protein at pH 4. The acid-unfolding transition is
extremely steep and cooperative because it is driven by H* binding processes distributed
across many ionizable groups throughout the protein. The acid unfolding of the wild-type
was acid insensitive because even in 1 M salt more than 10 Asp and Glu residues have pKa
values that are depressed relative to the normal values in water, and this is enough to drive
the protein from the N to the U state. In contrast, the acid unfolding transition in the stable
variants that unfold near pH 2 was highly salt sensitive and could be almost totally
eliminated with 1 M salt. At pH 2 in 0.1 M KCI, only five carboxylic groups remain fully or
partially unprotonated (Asp-19, Asp-77, Asp-83, Asp-94 and Glu-10). Substitution of these
groups with non-ionizable amino acids lowered the global stability of the protein thereby
rendering the protein more acid labile. On the other hand, normalizing the pKa values of
these 5 carboxylic groups through the use of high salt concentration to screen favorable
Coulomb interactions with basic groups effectively eliminated the preferential H* binding
required to drive the acid unfolding reaction. The fact that the pHpiq of the acid unfolding
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transition at high salt moved towards more acidic pH values shows that the global stability
of the protein was not diminished in high salt. This suggests that the elimination of favorable
Coulomb interactions between Asp, Glu and the basic residues in the protein is more than
compensated by the elimination of the repulsive interactions between basic residues under
these highly acidic conditions. The observation that elimination of even a single acidic
residue can enhance the propensity of the more stable forms of SNase to be unfolded by acid
suggests that for proteins with naturally occurring low pHp,ig of acid unfolding, the strategy
for engineering acid insensitivity might have to focus on the removal of repulsive
interactions through the selective elimination of certain basic residues.

MATERIALS AND METHODS

Protein Engineering

All variants of SNase were purified following procedures described previously”: 2°. Variants
were engineered in either the wild-type or the stable A+PHS or A+VIAGLA backgrounds
using QuickChange Kkits, as described previously .

H* Titrations Monitored with Trp Fluorescence

H* titrations were monitored with Trp fluorescence using an Aviv ATF-105 automated
titration fluorometer using protocols described previously 14, To extract midpoints and
slopes of pH titrations they were analyzed with either 2 or 3 state models, as described
previously 7. All measurements were performed at 298 K and in 100 mM KClI unless
explicitly mentioned otherwise.

Thermodynamic stability

Thermodynamic stability was measured with GdnHCI titrations monitored with Trp
fluorescence using an Aviv ATF-105 automated titration fluorometer using protocols
described previously 7 14, Chemical denaturation curves were analyzed with the linear
extrapolation model assuming a two state equilibrium process, as described previously 7. All
measurements were performed at 298 K and in 100 mM KCI unless explicitly mentioned
otherwise.
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A+PHS stable variant of SNase consisting of PHS with a 44-49 deletion and
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A+VIAGLA stable variant of SNase consisting of A+PHS with additional T33V, T41l,
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AAG®

FIGURE 1.

Gibbs free energy related to shifts in pAa values of a single H* binding site (A) Simulated
H* binding curves for a carboxylic group with pKa = 4.5 (thinnest), 4.0, 3.5, 3.0, 2.5, 2.0,
1.5 and 1.0 (thickest). (B) AAG® reflected in shifts in pKa values, calculated by integration
(with Equation 13) of the area between the reference curve with pKa of 4.5 and the other
curves in 1A for groups with depressed pKa values.
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FIGURE 2.

pH dependence of Gibbs free energy related to shifts in pKa values. (A) Simulated H*
binding curves for the native (N) state (solid line) calculated with pKa values for Asp, Glu
and His residues measured with NMR spectroscopy. Simulated H* binding curves for the
unfolded (U) state (dashed line) calculated with pKa values of 3.7, 4.2 and 6.3 for Asp, Glu
and His, respectively. These values were obtained by analysis of the H* binding curve of
unfolded SNase in water measured with direct potentiometric methods 30. Contributions
from Lys, Arg and N and C termini were not included in these calculations. (B) Preferential
H* binding (Amoles H* bound, dashed line with reference to left axis)) calculated as moles
H* bound in U — moles H+ bound in N). AAG® (solid line with reference to right axis)
calculated as the area under the Amoles H* bound vs pH curve.
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FIGURE 3.
Stereo image of A+PHS variant of SNase 11 showing ionizable moieties of Lys, Arg and His

residues (dark grey) and of Asp and Glu residues (light grey). Thickness of the Asp and Glu
residues is proportional to the magnitude in the difference in pKa values in the N state and in
model compounds in water.
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FIGURE 4.

H* titration curves of SNase and SNase variants monitored with Trp fluorescence. All data
measured at 298 K in 100 mM KCI unless otherwise noted. Solid lines correspond to fits
with 2 or 3 state unfolding models, as described previously’. (A) Dependence of acid
unfolding on global thermodynamic stability. Data for the wild-type (Black), PHS (Blue), A
+PHS (Green) and A+VIAGLA (Red) variants are shown. All data measured at 298 K in
100 mM KCI. (B) Effects of stabilizing osmolytes on acid unfolding of A+PHS SNase in
100 mM KCI (Black), 300 mM TMAO (Blue), 1 M glycerol (Green) and 1.5 M sucrose
(Red) are shown. (C) Effects of salt on acid unfolding of wild-type and A+PHS SNase.
Curves for the wild-type (solid symbols) and A+PHS SNase (open symbols) in 10 mM KCI
(Black), 100 mM (Blue) and 1 M (Red) are shown. (D) Specific salt effects on the acid
unfolding of wild-type and A+PHS SNase. Curves for the wild-type (solid symbols) and A
+PHS SNase (open symbols) in 100 mM KCI (Black), with 200 mM KCIO4 (Blue), 50 mM
(NHg) 2504 (Red) and 300 mM (NH,4)»,SO4 (Green) are shown. (E) Acid unfolding in
variants of wild-type SNase where Asp or Glu residues have been neutralized through
substitution to Ala. Curves for the wild-type (Black), EL0A (Purple), D19A (Blue), D77A
(Green), D83A (Orange) and D95A (Red) proteins are shown. (F) Acid unfolding of
variants of A+VIAGLA SNase where Asp or Glu residues have been neutralized through
substitution to Asn or GIn. Curves for A+VIAGLA (Black), E10Q (Purple), D19N (Dark
Blue), D83N (Light Blue), D95N (Green), D77N/D83N (Orange), EL0Q/D19N/D77N/
D83N (Red) and E10Q/D19N/D77N/D83N/D95N (Red) variants are shown. (G) Acid
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unfolding of variants of A+VIAGLA SNase where Lys or His residues have been
neutralized through substitution to GIn. Curves for A+VIAGLA (Black), H8Q (Dark Blue),
K16Q (Light Blue), K63Q(Green), K71Q (Orange), and K134Q (Red) variants are shown.
(H) H™ titration curves monitored with Trp fluorescence in variants of A+PHS SNase where
various residues have been neutralized through substitution to Asn or GlIn. Curves for A
+PHS (Black), D19N (Purple), D21N (Blue), E57Q (Light Blue), E135Q (Green), R35Q
(Orange), R87Q (Red), and R35Q/R87Q (Brown) variants are shown.
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