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Abstract: The conformational change observed upon ligand binding and phosphorylation for the

cAMP-dependent protein kinase (protein kinase A—PKA) is of high importance for the regulation of
its activity. We calculate pKa values and net charges for 18 3D structures of PKA in various

conformations and liganded states to examine the role of electrostatics in ligand binding and

activation. We find that the conformational change of PKA takes place without any significant net
proton uptake/release at all pH values, thus indicating that PKA has evolved to reduce any pH-

dependent barriers to the conformational motion. We furthermore find that the binding of ligands

induces large changes in the net charge of PKA at most pH values, but significantly, we find that
the net charge difference at physiological pH is close to zero, thus indicating that the active-site

pKa values have been preorganized for substrate binding. We are unable to unequivocally resolve

the identity of the groups responsible for determining the pH-activity profile of PKA but speculate
that the titration of Lys 168 or the titration of ATP itself could be responsible for the loss of activity

at high pH values. Finally, we examine the effect of point mutations on the pKa values of the PKA

catalytic residues and find these to be relatively insensitive to both noncharge-altering and charge-
altering mutations.

Keywords: PKA; pKa values; ligand binding; conformational changes; protein electrostatics; pKa

calculations

Introduction

Protein kinases (PKs)1 alter the function of proteins

and enzymes by phosphorylating these on alcoholic

amino acid side chains. PKs play a major role in

almost all intracellular signaling pathways in eu-

karyotic cells and therefore constitute a class of im-

portant drug targets.2 Scientific studies of the molec-

ular mechanisms of PKs are abundant in scientific

literature,3 and many of research laboratories focus

their efforts on achieving a better understanding of

one or more PKs.4 Of particular interest are the

mechanisms responsible for the tight regulation of

PK activity. In general, PKs are only able to catalyze

their target reaction if they have been activated in

some way, typically by phosphorylation. Phosphoryl-

ation and binding of substrates result in a large con-

formational change that positions the catalytic resi-

dues correctly and allows for catalysis to take place.

In this article, we explore how the conforma-

tional change, the binding of ligands, and the phos-

phorylation of PK residues affect the pKa values in

the PK catalytic domain. We use the murine cAMP-

dependent PK (protein kinase A—PKA) for our stud-

ies because the PDB holds a large number of X-ray
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structures of this protein in different conformations.

The existence of many PKA structures makes it pos-

sible to explicitly determine the influence on protein

structure plasticity on calculated pKa values without

using molecular dynamics (MD)-generated snapshots

that may or may not represent true conformational

states. In our analysis, we are particularly inter-

ested in identifying possible proton uptake/release

events upon ligand binding and protein conforma-

tional change as a number of recent studies have

identified significant changes in protonation state

upon protein–protein and protein–ligand complexa-

tion.5–8

In our analysis, we furthermore examine the

catalytic machinery of PKA with a view to identify-

ing the deprotonation event responsible for the loss

of activity that PKA displays at high pH. In a

related analysis, we explore the sensitivity of the

active-site pKa values of PKA to investigate if PKA

has evolved to ‘‘protect" the pKa values of certain im-

portant residues against the effect of single-point

mutations, that is, that the network of electrostatic

interactions in the active site in PKA is constructed

in such a way that it buffers the pKa values of the

residues involved in the catalytic reaction. We use a

Poisson–Boltzmann-based pKa calculation algo-

rithm9 to calculate titration curves for all titratable

groups in PKA and evaluate these using a set of

analysis procedures. Although the electrostatics of

PKA has been examined before,10 we use an

improved calculation scheme to arrive at new con-

clusions concerning the electrostatic- and pH-de-

pendent features of PKA.

The activation process of murine PKA
The conformational change accompanying ligand

binding and phosphorylation of PKA is remarkably

well studied. A total of 101 crystal structures of

PKA are available in the PDB, and 18 of these are

of the murine PKA. PKA exists in a large number of

conformational states ranging from an open (inac-

tive) state to a closed (active) state. Three distinct

states (open, intermediate, and closed) have been

captured by X-ray crystallography, and these most

likely correspond to the most populated states both

in vivo and in vitro.

PKA consists of 350 amino acid residues, and

the structure contains a small N-terminal domain

and a larger C-terminal domain.11 The active site

and the ATP-binding pocket is positioned at the

interface of these two domains, whereas the peptide-

binding cleft is formed mostly by residues in the C-

terminal domain. The three conformational states of

PKA differ mainly in the structure of the N-terminal

domain, which rotates and opens away from the C-

terminal, whereas the C-terminal domain itself

remains largely unperturbed. Especially, the so-

called ‘‘glycine-rich loop’’ undergoes a significant dis-

placement of 6.5 Å (Ser 53 Ca), but also the b-
strands of the N-terminal domain change position. It

is beyond the scope of this article to provide an in-

depth description of the conformational changes of

PKA, and the reader is referred to several reviews

and to the PDB files themselves.12–14 Significantly,

the open state is less ordered than the two other

states, and the wild-type enzyme can be crystallized

in the open conformation only if neither MgATP nor

a peptide substrate/inhibitor is present. It should be

noted that the open state also has been observed for

the E230Q mutation of PKA, thus pointing to a cru-

cial role for this residue in regulating the conforma-

tional state of the molecule.15

The intermediate state is populated when

MgATP or an ATP/ADP analog is present, and the

closed active state is observed when both MgATP

and a peptide substrate/inhibitor are present.12

However, the presence of MgATP and a substrate/in-

hibitor is not sufficient for stabilization of the closed

conformation; PKA itself must also be phosphoryl-

ated on two residues: Thr 197 and Ser 338. Although

Ser 338 is removed from the active-site cleft and

seems only to stabilize the general structure, Thr

197 effectively bridges the mouth of the active-site

cleft and thus significantly stabilizes the closed con-

formation. PKA is inactive if either Thr 197 or Ser

338 is dephosphorylated, and no X-ray structures of

a dephosphorylated PKA have been determined.12,13

The catalytic mechanism of PKA

Catalysis in PKA proceeds via a linear tripartite

transition state where the ATP-leaving phosphate

group is positioned directly in between the accepting

alcoholic oxygen and the donating oxygen on the b-
phosphate of ATP.3,13,16 Several protein residues con-

tribute to the stabilization of the transition state.

Chief among these is Asp 166, whose negative

charge oxygen stabilizes the lone pair on the accept-

ing alcoholic, but also Lys 168 and Asp 184 contrib-

ute vital transition state-specific interactions. In

addition to these residues, a host of residues provide

interactions with ATP and the protein/peptide sub-

strate. Many of the residues that are crucial to sub-

strate binding and transition-state stabilization are

titratable groups, and these are required to occupy a

specific protonation state to provide the interactions

required. The collective protonation state of these

residues is called the catalytically competent proto-

nation state (CCPS),17 and the CCPS of an enzyme

can typically be determined by visually inspecting

an X-ray structure of a substrate-bound form of the

enzyme. Inspection of the PKA X-ray structure

1ATP reveals that the titratable groups of Lys 72,

Glu 91, Glu 127, Asp 166, Lys 168, and Asp 184 play

a direct role in binding MgATP or the transition

state. In addition, the protonation state of the c-
phosphate is also critical. All of the aforementioned
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titratable groups are required to be in their charged

state for substrate binding and catalysis to take

place, but the charged state of these groups is desta-

bilized because many of these groups are deeply bur-

ied in the PKA–MgATP–substrate complex. The bur-

ial of these groups is essential because the groups

have to bind the substrate and facilitate catalysis,

and PKA must therefore compensate for the destabi-

lization of the charge on these residues by providing

interactions that stabilize the charges essential for

substrate binding and catalysis. It should be noted

that in the enzyme–substrate complex some charges

are likely stabilized by the substrates themselves

(MgATP and the peptide substrate), but that it

nevertheless is favorable to preorganize the protona-

tion state of the enzyme for substrate binding.

In this article, we examine the mechanisms that

PKA uses to perform this charge stabilization by cal-

culating the effect that individual titratable groups

and amino acid side chains have on the pKa values

of the residues in the CCPS.

Protecting the CCPS

PKA occupies a key position in cell signaling as

evidenced by its multiple roles.18 It is therefore im-

portant for the cell to maintain a functioning PKA

molecule in its genome. In this respect, it is essen-

tial to maintain the appropriate pKa values for the

active-site residues so that the PKA CCPS is popu-

lated and that PKA can catalyze its target reaction.

Spontaneous point mutations occur many times

during the evolution life time of a molecule, and

mutations of the catalytic residues will normally

render the molecule inactive. However, because

only a small fraction of side chains are critical for

function, the risk that these residues are mutated

is quite small. The situation is slightly different

when one considers the effect of introducing and

removing titratable groups in the protein and the

effect that this potentially has on the population of

the CCPS. Because electrostatic interactions are

long range and because networks of titratable

groups often behave counterintuitively, it is not

inconceivable that the insertion or removal of a sin-

gle titratable group, or indeed the modification of

the environment of a titratable group, could have a

significant deleterious effect on the population of

the PKA CCPS. This effect could be magnified or

diminished depending on the exact way that the

network of titratable groups is constructed. In this

article, we examine if the network of titratable

groups in PKA is particularly sensitive or insensi-

tive to the removal of its constituent titratable

groups. Specifically, we look for residues or net-

works of residues that ‘‘buffer’’ the effect that re-

moval of a titratable group has on the pKa values

of key residues in the CCPS.

Structure-based pKa calculations
A pKa value is fundamentally a description of the

free energy difference between the protonated and

deprotonated forms of a titratable group. pKa values

can easily be measured in solution for compounds

with a single titratable group using classic chemical

titration techniques, but these methods are virtually

useless for compounds containing more than a hand-

ful of titratable groups. Proteins sometimes contain

hundreds of titratable groups, and it is therefore

necessary to use time-consuming experimental pro-

cedures such as NMR spectroscopy19–21 to measure

pKa values in proteins. pKa values have been meas-

ured for numerous proteins,22,23 but the difficulty of

obtaining good NMR spectra for larger proteins com-

bined with the cost associated with the experiments

and the time needed is often prohibitive to obtaining

experimental pKa values.

Structure-based pKa calculations aim to predict

pKa values for titratable groups in proteins and cur-

rently achieve an accuracy of 60.75 pKa units when

benchmarked against a large set of pKa values.24

Various methods are used for calculating pKa values

in proteins, but common to all of them is that the

pKa value of the titratable group in solution is used

as a starting point for the calculation.25 The solution

pKa value for a titratable group is often referred to

as the ‘‘model pKa value,’’ and structure-based pKa

calculation techniques predict the pKa value of the

titratable group in the protein by calculating how

much the protein environment changes the energy

difference between the protonated and deprotonated

forms of the group.

The methods that pKa calculation algorithms

use to calculate this perturbation are quite

different, with Poisson–Boltzmann equation (PBE)

solvers,26–28 empirical force fields,29 and MD simula-

tions30–32 being used in various algorithms. Pres-

ently, there is no compelling difference in the per-

formance of algorithms based on the underlying

energy calculation methods (MD, PBE, etc.), and in

this article, we use a validated PBE-based algo-

rithm,9,33 which uses optimization of the hydrogen-

bond network to achieve realistic modeling of the

pH-dependent changes in the protonation state of

the protein. Protein pKa value calculations have

been used extensively to observe protonation state

changes due to ligand binding7,8,34 and protein–pro-

tein binding5,34 and have proven to be a valuable

analysis tool in these applications.

Results
The catalytic subunit of the murine cAMP-depend-

ent PK (murine protein kinase A—mPKA)11 is one of

the most well-characterized PKs, and the PDB con-

tains a large number of X-ray structures of this pro-

tein in several conformational states. This makes
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mPKA an ideal target for analyzing the effect of the

PK conformational on the pKa values in the enzyme.

Because several X-ray structures are available for

each conformational state, we have access to impor-

tant data on the structural variation of each confor-

mational state, in addition to the information

regarding the conformational differences between

states. In the following, we therefore analyze the

variation of calculated pKa values for each conforma-

tional state (open, intermediate, and closed state).

This analysis gives us information on the variation

of pKa values within a conformational state. Using

this information, we compare pKa values between

states to identify residues that change protonation

state when PKA switches conformation.

We also examine the effects that ligand binding

and phosphorylation have on the pKa values of the

closed form of PKA and use this information to ana-

lyze how the PKA CCPS is maintained in the

enzyme. Specifically, we investigate which residues

and titratable groups have an impact on the pKa val-

ues of the residues constituting the CCPS. We exam-

ine if the murine PKA has evolved to protect the

protonation states of specific residues against point

mutations as outlined in the introduction. We calcu-

late the effects (the DpKa values) of removing a sin-

gle titratable group on the pKa values of the resi-

dues constituting the CCPS. We calculate how the

set of interacting titratable groups in PKA respond

to the change, and we compare this with the

response produced if the titratable groups in PKA

are not allowed to interact (see later). This analysis

allows us to study the role of the PKA electrostatic

network in modulating mutation-induced DpKa

values.

pKa values of the open, intermediate, and

closed forms of apo PKA
We begin our analysis by considering the pKa values

of the closed state of PKA in the absence of ligands.

Figure 1 shows the span of pKa values for the PKA

titratable groups as calculated from the nine struc-

tures of PKA in its closed conformation (see Materi-

als and Methods). Before calculation, all ligands and

phosphate groups were stripped from these PDB

files, and in the following, we refer to these

Figure 1. Average calculated pKa values 6 1 standard deviation for the nine apo calculations of PKA in its closed form. The

pKa value distribution is displayed as a bar centered on the average pKa value and extending to �1 standard deviation to þ1

standard deviation. Only pKa values for residues with a heavy atom within 10 Å of ATP or Mg2þ in the 1ATP X-ray structure

are shown. Supporting Information Figure S1 shows calculated pKa values for all residues.
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calculations as being performed on ‘‘apo-generated"

structures.

Variability of calculated pKa values
Supporting Information Figure S2 shows large vari-

ation in the calculated pKa values for a large num-

ber of residues, and one can identify four structural

regions with differing degrees of variability (Fig. 2).

Regions I and II display high and medium variabili-

ty in pKa values (average standard deviations of 1.0

and 0.75 pKa units, respectively), whereas regions

III and IV display low variability (average maximum

differences of 0.5 and 0.6 pKa units). Region I com-

prises residues in the N-terminal domain (residues

15–127) and the titratable groups in this region gen-

erally display a high variability in their pKa values

(average standard deviation 1.0 units), especially for

the basic residues.

The residues in region II (residues 127–247) dis-

play a lower variability in the pKa values of the ti-

tratable groups typically charged at pH 7.0 (Asp,

Glu, His, Arg, and Lys), reflecting the more stable

structure of the C-terminal domain. However, a

large number of buried Tyr residues in this region

display a highly variable pKa values, thus indicating

that the pKa values of these residues are very sensi-

tive to the details of the protein environment. None

of these Tyr residues are predicted to be charged at

physiological pH values, and the variability in their

calculated pKa values is therefore of little practical

consequence.

The residues in regions III (residues 247–317)

and IV (residues 317–350) display a low variability

in the calculated pKa values and are characterized

by the absence of Tyr residues because of the higher

surface exposure of the residues in these regions.

Region III forms the ‘‘bottom’’ of the C-terminal do-

main, whereas region IV (residues 317–350) consti-

tutes the C-terminal end that wraps around the N-

terminal domain. Interestingly, the variability of the

calculated pKa values in region IV is much lower

than that observed for region I, thus indicating that

the structural variability observed for region I does

not influence the pKa values in region IV despite the

proximity of the two regions. The variability of

the calculated pKa values mirrors the structural het-

erogeneity observed for PKA in its closed form. Resi-

dues in the N-terminal domain display larger

Figure 2. The four structural regions that can be identified from pKa calculations on the apo-generated structures of PKA.

Region I: residues 1–127 (green), region II: residues 128–247 (red), region III: residues 248–317 (white), and region IV: residues

318–350 (magenta). Figure produced with Yasara.35
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variability because this domain is more dynamic and

flexible than the C-terminal domain. The exception

from this relationship is region IV, which displays a

low variability in its constituent pKa values despite

a relatively high structural heterogeneity and its

proximity to the N-terminal domain.

Figure 1 shows the same values as Figure S1

for the subset of titratable residues with a heavy

atom within 10.0 Å of an atom in the ATP molecule

or the Mg2þ ions in the 1ATP PDB file. These resi-

dues comprise the ATP-binding residues and the cat-

alytic machinery of PKA. It is noteworthy that the

catalytic Asp 166 consistently is predicted to have a

very low pKa value when PKA occupied the closed

conformation.

pKa value changes induced by

conformational changes

We now turn our attention to differences in pKa val-

ues and overall charge of the three conformational

states of pKa. Figure 3 displays the average charge

difference at pH 7.0 between the three different

states (open, intermediate, and closed) when calcu-

lating pKa values using apo structures and apo-gen-

erated structures (see Materials and Methods). The

average charge difference between the three states

is less than 1.5 e at all pH values, and the standard

deviation of the charge of the closed state exceeds

the mean difference between states at all pH values

below 7.0. Above pH 7, the open state becomes

slightly more negatively charged than the closed

state, and the intermediate state is briefly more pos-

itively charged. However, overall there are no large

charge differences between the three conformations

due to a change in the protein structure. Figure 4

shows all titratable groups for which the average

charge difference between the closed state and either

the intermediate and open states exceeds 0.02 e.

When taking the standard deviations of the average

charges into account, the only significant change in

charge is observed for Glu 170 between the closed and

intermediate states. Although the change in charge is

larger than 1 standard deviation, it only amounts to

0.14 e and is therefore not likely to be of any particu-

lar significance given the general accuracy of the pKa

calculation algorithm used here.

Remarkably, the PKA conformational change

itself thus occurs without any significant change in

Figure 3. The average calculated charge of apo PDB files (ligands not present in PDB file or ligands removed before pKa

calculation) classified as being in the open, intermediate, or closed state. The average charge is reported as the difference to

the average charge of the structures in the closed conformation. Error bars indicate the standard deviation of the average

charge for each state.
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the net charge of the protein and, furthermore,

occurs without any internal transfer of protons

between titratable groups. In terms of energetics,

there are, thus, no proton uptake/release barriers

between the three observed conformational states

for PKA. Proteins that undergo large conformational

changes upon ligand binding have been found to

sample the conformation of the ligand-bound state

even in their apo form and in this way facilitate

ligand binding. It is tempting to speculate that PKA

has evolved to allow such sampling of its conforma-

tional states and enable ligand binding by always

maintaining the same charge state for its titratable

groups. Note that the calculations discussed here

consider only the effect of changes in the protein

coordinates and that the introduction of charges by

phosphorylation and substrate binding is excluded

from these calculations.

Phosphorylation and the binding of

ligands to PKA
The binding of ligands to PKA and the phosphoryla-

tion is expected to perturb the pKa values of PKA

significantly and alter the net charge of the mole-

cule. When examining the influence of ligands, we

consider their effects on the protonation states of the

protein residues without ‘‘counting" the charges on

the ligands themselves. Figure 5, thus, shows the

change in the charge of protein titratable groups

only when the pKa values are recalculated on struc-

tures derived from 1ATP with various combinations

of ligands and phosphate groups present. Note that

the ligands carry full charges in the calculations

(although those charges are not allowed titrate) and

that the net charges in Figure 5 thus have been

adjusted for ligand charges to better allow for a com-

parison of the effect of ligands on the protein

Figure 4. Titratable groups that change their fractional degree of protonation at pH 7.0 more than 0.02 e when PKA changes

conformation in the absence of ligands and phosphate groups. The striped bars are centered on 0.0 and display the standard

deviation of the fractional charge of groups in the closed conformation as calculated from the nine apo-generated structures.

The black and white boxes display the average charge differences for the intermediate and open structures, respectively, with

the corresponding standard deviations indicated by black lines.
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titratable groups. It is remarkable that the protona-

tion states of only two groups are affected signifi-

cantly by the binding of ligands and the presence of

the phosphate groups, His 87 and Lys 168 (Fig. 6).

The positive charge on His 87 is stabilized by the

interaction with the phosphorylated Thr 197 (�2

charge), whereas Lys 168 is predicted to become

neutral in the calculation with ATP2� when both

MgATP and PKI (or the substrate) are bound. The

effect on His 87 is clear and is easily explained by

examining the X-ray structure, whereas the loss of

the positive charge on Lys 168 is somewhat more

puzzling and can be traced to be a result of the

weak charge on ATP (�2) in this particular calcula-

tion. The calculation predicts the charged state to be

disfavored by a very strong interaction with the

nearby Mg2þ ions, that is not compensated

adequately by the interactions with the phosphate

groups of ATP, Asp 166, and Asp 184 and by a

hydrogen bond from Thr 201 Oc. However, this con-

clusion is highly dependent on the charge state used

for ATP. In the calculations where the charge of ATP

is �3 and �4 (these are the most realistic charge

states for ATP bound to PKA) the pKa value of Lys

168 increases to 8.8 and 19.7, respectively, thus

effectively disproving the loss of the charge on Lys

168 observed in the ATP2� calculations. Calculations

where ATP and the phosphate groups are allowed to

titrate indicate that the phosphate groups on Thr

197 and Ser 338 only exist in the �2 state from pH

4 to 10, and that ATP similarly also only exists in

the �4 state. Interestingly, the calculations show

that the large unfavorable desolvation energy for

ATP4� is easily compensated by the favorable inter-

action provided by multiple hydrogen bonds and the

two Mg2þ ions present.

The CCPS of PKA

From previous experimental studies and from the

calculations above, it is clear that a number of titrat-

able residues have to be maintained in a specific

protonation state for catalysis to occur. Most impor-

tantly, Asp 166 has to be negatively charged to facili-

tate the transfer of the phosphate group, and the ti-

tratable groups Lys 72, Glu 91, Lys 168, and Asp

184 are positioned so close to the active site that

also these groups will have to occupy a specific pro-

tonation state for catalysis to occur. In this work, we

assume that the CCPS for PKA is as follows: K72þ,

E91�, D166�, K168þ, D184�, which is supported

by the pKa calculations above and by various

Figure 5. Ligand-induced charge differences in PKA residues. Note that only 98 titratable groups present in all PKA

structures are considered, charges on the ligands are not included.
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mechanistic studies. The pH dependence of the pop-

ulation of the CCPS generally determines the pH-

activity profile, which in the case of PKA displays a

bell-shaped kcat/Km pH-activity profile with limiting

pKa values of 6.2 and 8.5. It is likely that the acidic

limb of the pH-activity profile of PKA is limited by

the titration of the terminal phosphate of ATP,

which occurs with a pKa value of 6.6–7.2. Although

this value is slightly higher than the pKa value

observed for PKA catalysis, the uncertainty of the

PKA measurements means that this value is within

the experimental uncertainty. It is unknown which

residue is responsible for limiting the activity of

PKA at high pH. This study points to a possible

reason for the loss of activity of PKA at high pH:

the titration of Lys 168 as indicated by the pKa

value of 8.8 in the ATP3� calculation. Although

ATP almost certainly carries four negative charges,

the high sensitivity of Lys 168 to the charges and

the environment makes it likely that Lys 168

indeed could titrate with a pKa value around 8

given slight geometric alterations.

Although we cannot resolve the question of the

origin of the pH-dependent PKA catalytic activity, it

is nevertheless of interest to examine how the PKA

CCPS is stabilized. In the following, we examine the

PKA CCPS stabilization in two ways:

1. Stabilization by charge–charge interactions

2. Stabilization by noncharge interactions.

Table I lists the charge–charge titratable groups

that, when removed, cause a change in the calcu-

lated titration curves of a CCPS group equivalent to

at least 1.0 pKa unit. The calculation is performed

on the 1ATP apo-generated structure. It is evident

that the many strong interactions in the PKA active

site play an important role in maintaining the popu-

lation of the CCPS in the apo state of the enzyme.

Furthermore, it is clear that the strong interactions

Figure 6. Titratable groups that change their charge when ligands bind to PKA.
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cause the system of titratable groups to behave in a

nonlinear fashion as evident by the asymmetry of

the DpKa values in Table I. This now poses the inter-

esting question of whether this strongly charged sys-

tem has evolved so as to be resistant to perturbation

in the form of point mutations outside the active

site. In other words, ‘‘is the system of titratable

groups able to act as a ‘‘charge buffer" and thus

insulate the active-site residues against outside per-

turbations?’’ Alternatively, there is also the possibil-

ity of the extended system of charged groups simply

making the active site more sensitive to changes in

the electrostatics of the molecule as they occupy a

large volume in the protein.

To examine the role of the active-site electro-

static network for e.g. Asp 166, we calculate the

DpKa value for Asp 166 when removing all titratable

groups in the molecule individually. Each time we

remove a titratable group we calculate the DpKa

that the CCPS groups experience when they are em-

bedded in the PKA system of titratable groups. We

also calculate the DpKa that the CCPS group would

experience as a result of the removal of the titrata-

ble group if there were no other titratable groups in

PKA than this specific pair of groups. Note that the

electrostatic interaction energy between the removed

group and the CCPS group in question in both cases

is the same, and it therefore only is the indirect

effect of all other titratable groups we are meas-

uring. Table II lists the results of this analysis and

shows that Lys 72 to a large extent is insulated by

the system to outside changes, Asp 166 is exposed to

changes, whereas the remaining of the groups dis-

play roughly similar instances of being exposed to

versus insulated against charge removal.

Stabilization by noncharge–charge interactions

The charge–charge interactions in PKA play a large

role in maintaining the CCPS as above, but in addi-

tion to being influenced by charge–charge interac-

tions, pKa values are determined by desolvation

effects and the so-called ‘‘background interaction

energies"—interactions with permanent charges and

dipoles in the protein. To examine the role that non-

charge–charge interactions play in stabilizing the

CCPS of PKA, we perform an in silico alanine scan

of pKa and measure the effect that each alanine

mutation has on the pKa values of the titratable

groups defining the CCPS. Table III lists all residues

that give rise to a change in CCPS pKa values of

more than 0.5 units and convincingly shows that

very few nontitratable groups are of major impor-

tance for stabilizing the CCPS of PKA. It should be

stressed that this analysis does not model structural

relaxation in other residues than the mutated one

and thus only reports the sensitivity of the CCPS to

the removal of side chains when it is assumed that

the rest of the protein structure remains unchanged.

This assumption is reasonable as evidenced by many

X-ray structures of mutant proteins, but occasionally

conformational/structural changes do occur, and in

these cases the analysis will yield inaccurate results.

Table I. Largest Influences on CCPS Residue pKa Values

Group Lys 72 His 87 Glu 91 Arg 165 Asp 166 Lys 168 Glu 170 Asp 184 Asp 220

Lys 72 �6.9 �1.1 �3.0
Glu 91 7.6 1.1 �1.1
Asp 166 1.3 4.7 �1.3
Lys 168 �4.0 �1.3 �1.5
Asp 184 2.0 �1.5 �2.6 1.4

Rows list the titratable groups in the CCPS, whereas columns list the titratable groups that have an effect on a CCPS resi-
due pKa value � 1.0 units. Each cell contains the DpKa value that the CCPS residue experiences when the group at the top
of the column is removed from the interaction energy matrix. The group with the largest influence on the pKa value of Asp
166 is Lys 168 (value is given in bold). Note that the DpKa values are calculated by integrating the differences in titration
curves and not by subtracting pKa values.

Table II. Incidence of a CCPS Titratable Group
Displaying Insulated, Exposed, or Normal Behavior to
the Removal of a Titratable Group Other Than Those
Comprising the CCPS

Group/c
ratio

Insulated
(c < 0.9)

Exposed
(c > 1.1)

Normal
(0.9 � c � 1.1)

Lys 72 18 (16%) 0 (0%) 1 (0%)
Glu 91 13 (11%) 10 (9%) 2 (1%)
Asp 166 2 (1%) 8 (7%) 1 (0%)
Lys 168 7 (6%) 6 (5%) 1 (0%)
Asp 184 7 (6%) 5 (4%) 2 (1%)

The type of behavior is determined by calculating the c

ratio
DpKain

DpKaex
as defined in Materials and Methods.

Table III. Residues That, When Mutated to Alanine,
Give Rise to a DpKa of More Than 0.5 Units to One or
More CCPS Groups

CCPS group Mutations giving a DpKa > 0.5

Lys 72 —
Glu 91 M118A, H87A, D184A, F350A, K72A
Asp 166 K168A
Lys 168 —
Asp 184 R165A, H87A, E91A, D166A, K168A, K72A

Nontitratable residues are underlined.
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Discussion

At the onset of our work, we set out to examine a

number of questions regarding the pKa values of

PKA as detailed in the introduction. We established

that the catalytic Asp 166 has a significantly

depressed pKa value in all forms of the enzyme, and

that this residue thus is ideally suited to facilitate

the phosphate transfer reaction. We furthermore

established that there is no significant change in

pKa values when PKA changes confirmation, and

that the protein motion in itself therefore occurs

without any need for proton uptake and release.

The binding of ligands furthermore occurs with

protonation state changes detected only for Lys 168

and His 87. The protonation state of Lys 168 was

seen to change only when both MgATP and PKI/the

peptide substrate were bound, and we furthermore

established that the pKa value of Lys 168 was sensi-

tive to the charge on the ATP molecule, with the

change in charge being observed only for ATP2� and

not for ATP3� and ATP4�.
When inspecting the charge pH profiles of

ligand binding (Fig. 5), it is remarkable to see that

the binding of ligands requires the smallest proton

release/uptake around pH 7.0–8.0. Physiological pH

is therefore the pH value where the energy differ-

ence between the bound and unbound states reaches

its minimum. It is unknown whether this observa-

tion has any real implications for the biology involv-

ing PKA, but one can speculate that fast substrate

binding and product release is dependent on mini-

mal proton transfer/binding requirements, and that

the pKa values in PKA therefore have been opti-

mized to provide for efficient transfer of molecules in

and out of the active site.

The low charge differences upon ligand binding

are furthermore evidence for electrostatic preorgani-

zation of the active site in terms of pKa values so as

to facilitate fast catalytic rates and easy ligand bind-

ing. Although other studies5,7,8,34 have emphasized

the uptake of protons upon ligand binding and pro-

tein–protein association, it is more plausible that a

significant fraction of proteins and enzymes have

evolved to minimize change in protonation states

when binding their natural substrates and interac-

tion partners. Such an argument is in agreement

with the studies of electrostatic preorganization as

championed by Warshel and Florian,36 especially in

the cases where the charge distribution in the enzy-

matic transition state is similar to the charge distri-

bution of the ground states. We expect changes in

protonation states upon ligand binding to be more

prevalent when examining non-natural ligands and

interaction partners. We furthermore believe that a

proper analysis of the issue requires the calculation

of proton uptake calculations over a full pH range

similar to the ones we present in Figures 3 and 5,

because calculating proton uptake/release for just

one or two pH values gives no information on which

pH value is the most favorable for ligand binding.

We finally examine the hypothesis that the PKA

active site had evolved to ‘‘protect" the pKa values of

its catalytically active groups by engineering a

buffer zone of titratable groups around the active

site. We found no solid evidence of such a mecha-

nism, with the electrostatic network being deemed

equally hypersensitive and insulating depending on

which groups were examined. It is possible that a

more rigorous examination of this phenomenon

including the insertion of charges at various posi-

tions, alternative definitions of the insulating net-

work (here, we simply used the residues defining

the CCPS) could lead to a different conclusion. We

nevertheless succeeded in identifying both hypersen-

sitive aspects and insulating aspects of the electro-

static network in the active site of PKA, thus prov-

ing that such characteristics can be produced by

networks of titratable groups.

Materials and Methods

Selection and preparation of X-ray structures

The PDB37 holds 18 structures of the catalytic do-

main (C-PKA) of the murine cAMP-dependent PK in

various conformations. A single chain of C-PKA was

extracted from each PDB file. All missing protein

atoms were rebuilt using WHAT IF.38 Nine struc-

tures occupy the closed, active conformation (PDB

IDs: 1ATP, 1L3R, 1FMO, 1JBP, 2ERZ, 1RDQ, 1APM,

2CPK, and 2QCS), six are in the intermediate con-

formation (PDB IDs: 1JLU, 1BKX, 1BX6, 1RE8,

1REJ, and 1REK), and three structures are in the

open, inactive conformation (PDB IDs: 1J3H, 1SYK,

and 2QVS). Sixteen of the C_PKA structures contain

coordinates for residues 15–350 (118 titratable

groups), but 1J3H and 2QVS contain coordinates

only for residues 15–318 and therefore contain only

102 titratable groups. Only charges of the 102 titrat-

able groups common to all structures were used

when calculating the effect of the conformational

change on the net charge of the protein.

Apo-generated structures were constructed by

removing all atoms part of the ligand and phosphate

groups.

All calculations measuring the effect of includ-

ing ligands were performed on structures derived

from 1ATP. The different liganded states were gener-

ated simply by deleting one more phosphate groups

and ligands.

pKa calculations

The WHAT IF pKa calculation package (WIpKa) was

used to calculate the pKa values as described previ-

ously,9 except that a uniform protein dielectric con-

stant of 8 was used. A dielectric constant of 80 was
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used for the solvent, and the ionic strength was set

to 0.144M. The WHAT IF pKa calculation routines

use DelPhi II26 to solve the PBE and use a hydro-

gen-bond optimization algorithm39 to achieve realis-

tic modeling of the protonation states.

Net charges of conformational states were calcu-

lated by adding the raw titration curves predicted

by WIpKa. The charges on ATP were calculated

using the PRODRG server40 (see Supporting Infor-

mation Fig. S2), and radii were assigned according

to the following list: H: 1.0 Å, C: 1.875 Å, O: 1.480

Å, N: 1.625 Å, and P: 1.875 Å. In all calculations,

phosphate groups were modeled using a �2 state,

because the pKa values of phosphoserine (SEP) and

phosphothreonine (TPO) are assumed to be around

5–6 in proteins.41,42

Calculations where SEP, TPO, and ATP were

performed with the following parameters: model pKa

value: SEP: 7.0, TPO: 7.0, and ATP: 6.8. Only the

transitions from �1 to �2 (SEP and TPO) and �3 to

�4 (ATP) were allowed to titrate.

DpKa calculations
The full calculation of all pKa values for an enzyme

using a PBE-based method as outlined above is time

consuming, and it is therefore impractical to recalcu-

late all PKA pKa values to determine the effect of

removing a single residue. We therefore use a set of

fast DpKa value calculation routines43 that uses an

intelligent procedure to estimate which parts of a

full pKa calculation have to be repeated when

removing a side chain or a titratable group. We

model the removal of a titratable group simply by

zeroing all pair-wise electrostatic interaction ener-

gies involving this group in the site–site matrix and

then proceed by recalculating all titration curves

from the intrinsic pKa values and the modified site–

site interaction energy matrix. When studying the

effect of removing an entire side chain, we remove

the pair-wise interactions as describe above, and

additionally we recalculate the intrinsic pKa value of

all titratable groups that are within 20 Å of an atom

in the removed group. Collectively, these assump-

tions give a considerable speed-up in the calculation

of DpKa values with a negligible effect on the accu-

racy of the final pKa values.43,44

Calculation of DpKaex
and DpKain

The change in pKa value of a titratable group (A)

upon removal of another titratable group (B) that

both are embedded of a system of titratable groups

(S) is calculated in two ways:

1. DpKain

The pKa value of A is calculated in the presence

of B and S pKa[A,B þ S] and recalculated only in

the presence of S pKa[A,S]. DpKain is defined as

pKa[A,S] � pKa[A,B þ S].

2 DpKaex

The pKa value of A is calculated in the presence

of B but in the absence of S (pKa[A,B]). The pKa

value of A is recalculated in isolation (i.e., neither

S nor B is present: pKa[A]).

The ratio c ¼ DpKain

DpKaex
shows if the removal of B

affects the pKa value of A more in the presence of

the system of titratable groups (S)—in this case c >

1.0, if the effect is the same c ¼ 1, or if the effect is

stronger in the absence of S (c < 1.0).

Group A can be said to be insulated by S if c <

1.0 and hyperexposed if c > 1.0.
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