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Abstract: The sequential action of glutamine synthetase (GS) and glutamate synthase (GOGAT) in

cyanobacteria allows the incorporation of ammonium into carbon skeletons. In the cyanobacterium
Synechocystis sp. PCC 6803, the activity of GS is modulated by the interaction with proteins, which

include a 65-residue-long intrinsically disordered protein (IDP), the inactivating factor IF7. This

interaction is regulated by the presence of charged residues in both IF7 and GS. To understand
how charged amino acids can affect the binding of an IDP with its target and to provide clues on

electrostatic interactions in disordered states of proteins, we measured the pKa values of all IF7

acidic groups (Glu32, Glu36, Glu38, Asp40, Asp58, and Ser65, the backbone C-terminus) at 100 mM
NaCl concentration, by using NMR spectroscopy. We also obtained solution structures of IF7

through molecular dynamics simulation, validated them on the basis of previous experiments, and

used them to obtain theoretical estimates of the pKa values. Titration values for the two Asp and
three Glu residues of IF7 were similar to those reported for random-coil models, suggesting the

lack of electrostatic interactions around these residues. Furthermore, our results suggest the pres-

ence of helical structure at the N-terminus of the protein and of conformational changes at acidic
pH values. The overall experimental and in silico findings suggest that local interactions and

Abbreviations: GOGAT, glutamate synthase; GS, glutamine synthetase; HSQC, heteronuclear single quantum correlation; IDP,
intrinsically disordered protein; IF, inactivating factor; IF7, Synechocystis sp. PCC 6803 65-residue-long inactivating factor of
glutamine synthetase; MD, molecular dynamics; NMR, nuclear magnetic resonance; RG, radius of gyration; TSP, sodium
trimethylsilyl [2,2,3,3-2H4] propionate.
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conformational equilibria do not play a role in determining the electrostatic features of the acidic

residues of IF7.

Keywords: electrostatics; intrinsically disordered proteins; molecular dynamics; nuclear magnetic

resonance; pKa values; titration

Introduction

Ammonium assimilation takes place in most microor-

ganisms by the sequential action of glutamine syn-

thetase (GS) and glutamate synthase (GOGAT). GS is

capable of catalyzing the ATP-dependent amidation

of glutamic acid to yield glutamine. Subsequently,

GOGAT transfers the amide group from glutamine to

2-oxoglutarate, yielding two molecules of glutamic

acid. In this way, nitrogen is incorporated into carbon

skeletons.1,2 In cyanobacteria, the expression and

activity of GS type I are modulated at the transcrip-

tional and post-transcriptional levels.3 In particular,

there is a post-translational regulation of GS involv-

ing protein–protein interactions with a 65-residue-

long (IF7) and a 149-residue-long (IF17) inactivating

factors (IFs).4–6 A maximal level of inactivation

occurs in vivo when both IFs are present, although

the presence of any of the two proteins is enough to

produce some degree of GS inactivation.4

We have shown that both isolated IFs from

Synechocystis sp. PCC 6803 are intrinsically disor-

dered proteins (IDPs).7,8 IDPs lack a well-defined

globular three-dimensional structure, and they

adopt an ensemble of rapidly interconverting confor-

mations that in most cases, but not always, acquire

an ordered structure upon binding to their targets.

In general, IDPs have important roles in cell-cycle

control, cellular signaling and transcription.9 Among

the advantages conferred by disorder are specificity,

even at small binding strength, and promiscuity

toward a large number of molecular partners.9,10

We have recently found that the binding

between GS and IF7 is electrostatically driven,11

although the binding reaction is not very fast; fur-

thermore, mutational studies have shown that the

substitution of Arg8, Arg21, and Arg28 residues of

IF7 by glutamic acid abolishes the ability of the

mutant protein to inactivate GS.12 In this study, we

investigated whether acidic residues (Glu and Asp)

play a specific role in dictating the ensemble struc-

ture of IF7 in solution, and whether their ionization

properties are different to those observed in random-

coil models.13,14 To understand how titratable groups

can modulate protein binding, it is necessary to

measure the pKa values of ionizable residues and to

identify the molecular determinants of their possible

variations.15,16 Deviations from the random-coil

values may indicate the presence of electrostatic

interactions, hydrogen bonds, hydrophobic effects,

decreased solvent accessibility,17–20 and even the

propensity for large backbone fluctuations.21–23

Among various experimental techniques avail-

able, nuclear magnetic resonance (NMR) is perhaps

the most general method to determine the individual

pKa values of residues, since signals assigned to

specific atoms can be followed at most of the pH val-

ues.24 Changes in chemical shifts of resonances of

the titrating group (or nearby nuclei) will report on

both the specific ionization sites (yielding the intrin-

sic pKa values for a particular residue) and varia-

tions in the interactions with the other surrounding

groups. Furthermore, molecular dynamics (MD) is

one of the most common theoretical techniques that

is routinely combined with NMR to model the fold-

ing properties of proteins25 and can be used to inves-

tigate the conformational features and complex

energy landscape of IDPs.26,27

Here, we carried out triple-resonance NMR

experiments to measure the pKa values for the side

chains of the two aspartic (Asp40 and Asp58), three

glutamic acids (Glu32, Glu36, and Glu38), and the

main-chain C-terminal residue (Ser65) of IF7 at

100 mM NaCl. MD simulation was used to provide

further details on protein conformations. We also

compared the experimental pKa values with those

predicted from several on-line web-servers by using

the structures obtained from our simulation. In this

way, we could find out which interactions, if any, are

relevant in the disordered ensemble of IF7 and in

modulating its binding toward GS. Our results show

that the acidic residues of IF7 have pKa values simi-

lar to those measured in random-coil models, with

insignificant deviations (within 0.3 units). Thus,

both short- and long-range electrostatic interactions

do not affect in a specific way the acidic residues of

IF7 (even though they are clustered in a small pro-

tein region, i.e., the last 30 amino acids in the

sequence), and they do not seem to play a driving

role in binding to GS. Furthermore, our results also

provide additional data for collections of pKa values

of residues in IDPs, which could help to clarify anal-

ogies and differences in their conformations com-

pared to denatured protein states and random-coil

regions in folded polypeptides.

Results

Experimental results

The pKa values for Asp and Glu side chains and for

the C-terminal Ser were obtained from triple reso-

nance 3D C(CO)NH and HC(CO)NH spectra

acquired at different pH values. We shall firstly
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describe the titration of the two types of acidic resi-

dues and then of the C-terminal group.

Aspartic residues. In all monitored nuclei, the

titration curves were monophasic (i.e., a single sig-

moidal transition was observed). The triple-

resonance NMR experiments showed that the inten-

sities of the Cb correlations for the two Asp were

larger than those for the Ca cross-peaks; that is, the

strongest cross-peaks were those closest to the

titrating carboxyl groups of the side chains. Similar

results have been reported for titrations of the Cb

and Ca protons of other IDPs.28,29 We assume that

the monitoring of the chemical shifts of the nearest

nuclei to the ionizable moiety provides the most

accurate measure of the real pKa value of that moie-

ty; that is, the nearby chemical environment has the

largest effect on the NMR chemical shift of a partic-

ular nucleus.30 It has been noted that these closest

nuclei provide the most regular and reliable titra-

tions, with the largest chemical shift changes.30

The pH dependence of the Cb chemical shifts

ranged from �39 to �41 ppm [Fig. 1(A), Table I];

these values were similar to those observed in the

protonated and deprotonated species of other disor-

dered proteins or protein fragments.28,29,31 In all

cases, the Hill coefficients, n, for the titrations of the

Cb resonances were �1.0 (Table I). The pH-

dependence of the Ca chemical shifts was smaller

than that for the Cb, going from �53 ppm (at acidic

pH) to �55 ppm (at physiological pH) [Fig. 1(B),

Table I]; identical behavior has been found in other

IDPs28,29 and well-folded proteins.30,32 The values of

the pKa for both residues, following the titration of

the two nuclei, were identical (Table I). However,

there were larger deviations from 1.0 for the n val-

ues of Ca than for those of the Cb resonances, proba-

bly due to the smaller variation of the chemical

shifts of the Ca in the explored pH range; for

instance, a Hill coefficient n 5 3 6 2 was observed for

the Ca of Asp58. This is due to the fact that the Ca

is more distant than the Cb from the titrating side

chain, and the closest nucleus to a particular titrat-

ing moiety is the one experiencing the largest effect

on its chemical shifts.30

We also tried to follow the titration of the side

chain of both Asp40 and Asp58 by following the

chemical shifts of the Hb protons, although they can

be affected both by nearby titrating groups and pH-

dependent conformational changes30,32 (see also

Casta~neda et al.33 and references therein). In fact,

the titration of Asp58 could not be monitored

because of the very small difference in the da and db.

The values of the chemical shifts of the Hb protons

of Asp40 experienced a downfield shift (�0.07 ppm)

at acidic pH values. A similar behavior has been

observed for the Hb protons of both well-folded

proteins18,34 and IDPs,29 although in these cases the

downfield variation is larger than in IF7 (�0.2

ppm). Given the sensitivity of protons to variations

in the environment, these results suggest the pres-

ence of pH-induced conformational changes in IF7

under acidic conditions.23,33

The amide proton of Asp40 also titrated with a

pKa value similar, within the error, to that of the Ca

and Cb resonances, although with n>1.0. This is

probably due to the small variation in the value of

the NH chemical shift during the titration (�0.08

ppm, see Table I), as it was described above for the

chemical shifts of the Ca of Asp58 at the different

pH values. It has been shown that hydrogen bonds

between amide protons and carboxylates can be

identified on the basis of pH-dependent perturba-

tions of the chemical shifts of the amide protons.35

As the pH raises, the resonance of the hydrogen-

bonded amide proton is downfield shifted (toward

larger chemical shifts). In Asp40, such downfield

shift was observed but its amplitude was small.

These results suggest that the NH of Asp40 is

hydrogen-bonded, possibly with its own side-chain.

Figure 1. Titration curves for the Asp residues. (A) The pH

profiles of the Cb resonances. (B) The pH profiles of the Ca

resonances. In both panels, the lines are fittings to Eq. (1).

Cozza et al. PROTEIN SCIENCE VOL 26:1105—1115 1107



In contrast, we could not observe a titration for the

NH of Asp58.

The pKa values of both Asp were identical, with-

in the error, to the value (pKa 5 3.9) measured for

random-coil models.13,14,30 Variations in pKa values

can be rationalized in terms of the free energy differ-

ences, according to: DG 5 (2.303) RT (pKprotein
a –

pKrandom2coil
a ). The DG values for both Asp are

20.1 6 0.1 kcal mol21. These results suggest that in

IF7 there were no energetically significant networks

of electrostatically coupled interactions involving Asp.

Glutamic residues. In all monitored nuclei, the

titration curves did have a single sigmoidal transi-

tion. The intensities of the Cg cross-peaks for the

three Glu residues were stronger than those of their

Cb ones; furthermore, similarly as in Asp, the stron-

gest cross-peaks were those closest to the titrating

carboxyl groups of the side chains, as it has also

been observed in well-folded proteins.30,32 The pH-

dependence of the Cg resonances changed from �33

(acidic pH) to �37 ppm (physiological pH) [Fig. 2(A),

Table II]. The pH dependence of the Cb resonances

was from �29 to �30 ppm [Fig. 2(B)], and the varia-

tion of those of Glu36 was different. Interestingly

enough, only the Cb resonances of Glu36 were

shifted downfield at acidic pH values, suggesting

that in this region there were pH-dependent confor-

mational changes.33 The pKa values obtained for the

three Glu residues at both Cb and Cg were the same

(Table II). The Hill coefficients for the titration

curves of the Cg resonances were close to 1.0, but

those of the Cb cross-peaks were larger than unity.

This is probably due to the small variation in the

chemical shifts, as it happens with the Ca resonan-

ces of Asp (see above), and because the Cb is more

distant from the titrating moiety.30 We could not

follow the titration of any of the Hb and Hg of the

Glu residues due either to overlapping or to their

small amplitude change (|da – db|� 0.05 ppm).

The pKa values of Glu32, Glu36, and Glu38

(Table II) were slightly smaller, but similar within

the error, compared to that of random-coils

(pKa 5 4.3).13,14,30 The DG variations were around

20.4 6 0.2 kcal mol21. As it happens with Asp, these

results suggest that in IF7 there were no energeti-

cally significant networks of electrostatically coupled

interactions involving the Glu residues.

C-terminal Ser65. The titration of the backbone

carboxyl of Ser65 was followed by the chemical shifts

of the Ca and Cb resonances of Leu64 (the NH of Ser65

itself was downfield shifted at acidic pH values, and

its titration yielded a pKa value of 3.96 6 0.04, with

Table I. pKa Values of Asp Residues in IF7 at 258Ca

Cb resonances Ca resonances

Residue pKa n da (ppm) db (ppm) pKa n da (ppm) db (ppm)

Asp40b 3.8 6 0.1
(3.5 6 0.2)

1.0 6 0.1
(4 6 2)

38.7 6 0.1
(8.09 6 0.03)

41.1 6 0.1
(8.17 6 0.07)

3.6 6 0.2 0.7 6 0.3 53.1 6 0.2 54.7 6 0.2

Asp58c 3.8 6 0.2 1.4 6 0.4 39.0 6 0.2 41.6 6 0.2 3.6 6 0.1 3 6 2 53.3 6 0.1 54.0 6 0.1

a Reported errors are fitting errors to Eq. (1).
b The titration from the Hb yielded a pKa value of 3.4 6 0.1, with da of 2.91 6 0.01 and db of 2.84 6 0.01. The values within
the parentheses are from the chemical shifts of the own amide proton.
c The titration of the Hb or NH could not be determined, because |da – db|�0.05 ppm for each type of proton.

Figure 2. Titration curves for the Glu residues. (A) The pH

profiles of the Cg resonances. (B) The pH profiles of the Cb

resonances. In both panels, the lines are fittings to Eq. (1).
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|da – db| 5 0.06 ppm). Both Leu64 resonances gave

the same pKa value, within the error: 3.29 6 0.06

(Table II). This value was smaller than the one

normally found in random-coils (pKa 5 3.7),13,14 but

the variation could be rationalized as probably due to

hydrogen-bonding with the OH of its own side-chain.

The corresponding DG was 20.5 6 0.1 kcal mol21.

Molecular simulation and theoretical predictions

Conformational propensities of the protein

model. The MD technique was exploited to gain

insight into the structure of IF7 in solution, by col-

lapsing a model built in extended conformation

through a long term (40 ns) simulation run in water.

As shown in Figure 3, the radius of gyration (RG)

during the simulation levels off to a plateau value

after about 30 ns. The curve could be fitted with a

simple exponential decay (red line in Fig. 3), in anal-

ogy with the equilibration process of typical struc-

tural properties of proteins.36 The asymptotic value

was RG 5 17 6 2 Å, which is consistent with the

Stokes radius we previously7 determined by gel

filtration experiments (RS 5 15.6 6 0.2 Å).

These observations rule out an over-compactness

of the protein structure due to deficiencies of the force

field, which is a common concern in the simulation of

IDPs.27,37 More importantly, as reported in Figure 4,

a clear tendency toward the formation of transient

helical structure in the region encompassing residues

3–28 was observed during the simulation. This result

is in agreement with previous experimental data,11 in

which we have identified the presence of helical con-

formations in the protein N-terminal region. In partic-

ular, the simulation correctly reproduced the helical

propensity in the Thr3-Arg13 region and around

Ser27, while also predicting a tendency in the forma-

tion of some additional secondary structure for resi-

dues 17–20. Thus, the structures sampled in the time

interval 30–40 ns can be considered representative

states explored by IF7 in solution, although this does

Table II. pKa Values of Glu and C-Terminal Residues in IF7 at 258Ca

Cc resonances Cb resonances

Residue pKa n da (ppm) db (ppm) pKa N da (ppm) db (ppm)

Glu32 3.9 6 0.2 0.6 6 0.2 32.4 6 0.5 36.9 6 0.5 3.9 6 0.1 1.7 6 0.3 29.00 6 0.06 30.41 6 0.05
Glu36 3.9 6 0.3 0.8 6 0.2 32.9 6 0.3 36.3 6 0.3 4.0 6 0.2 1.9 6 0.7 30.82 6 0.05 30.34 6 0.04
Glu38b 4.0 6 0.2

(3.7 6 0.1)
0.6 6 0.2

(1.6 6 0.3)
32.7 6 0.4

(8.17 6 0.02)
36.7 6 0.5

(8.25 6 0.02)
3.9 6 0.2 2.3 6 0.8 28.85 6 0.08 30.17 6 0.04

Ser65c 3.27 6 0.04 1.6 6 0.3 38.0 6 0.2 42.4 6 0.1 3.32 6 0.03 2.0 6 0.5 53.21 6 0.08 55.30 6 0.04

a The variations for the Hb and Hg protons in all Glu residues were |da – db|�0.05 ppm. Reported errors are fitting errors
to Eq. (1).
b The titration from the NH is within the parentheses. The rest of the amide protons for the other residues had |da – db|�0.05
ppm.
c Determined from the titrations of the Cb (left side) and Ca (right side of the Table) resonances of Leu64.

Figure 3. Protein radius of gyration as a function of simula-

tion time. The curve (black) is fitted (adjusted R2 5 0.90) with

an exponential decay (red) function.

Figure 4. Protein residues with secondary structure as a

function of simulation time. Residues showing (red) a-helical

and (black) 310-helical structure at equilibrium (�30–40 ns)

are shown.
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not prove that they form a complete statistical ensem-

ble of its whole conformational space.25

Visual inspection of the aligned protein struc-

tures38 revealed further details of the conformation-

al propensities of IF7. The snapshots reported in

Figure 5 show that the protein forms a tadpole-like

ensemble of structures, which is one of the most typ-

ical conformations for weak polyampholytes in solu-

tion.39 The protein N-terminus had a clear tendency

to be very dynamic and approximately elongated,

favoring the nucleation of helical structures. In con-

trast, the C-terminal region of the protein sequence

[where the acidic residues are located, see Fig. 5(B)]

was more compact and globule-like and showed

smaller fluctuations of the backbone. The side-

chains of the ionizable residues were solvent-

exposed and prevented a hydrophobic collapse of the

protein structure; occasionally, they formed tran-

sient hydrogen-bonds, mostly with the amide group

of the same residue.

Structure-based estimation of pKa values. The

protein structures obtained in simulation were used

to investigate the titration values observed in our

experiments from a theoretical point of view, with

the help of three popular algorithms (DelPhiPKa,40

H11,41 and PROPKA42) used for the prediction of

pKa values. Protein snapshots extracted at intervals

of 1 ns showed a variability in the calculated

titration values of 0.07–0.22 units, which is compa-

rable to the experimental uncertainties obtained in

our NMR experiments (0.1–0.2 units of pKa). The

H11 tool outperformed the other two in predicting

the titration midpoints for all Glu and Asp residues:

pKa values were closer to the experimental values in

85% of the cases. One of the advantages in the use

of H11 was the flexibility in the implementation of

the continuum solvent methodology used,41 which

allowed us to adjust both the dielectric constant of

the protein and the ionic strength of the solution. In

particular, values of the dielectric constant in the

range 20–40 were found to be more appropriate to

model the highly solvent-exposed residues of IF7,

compared to values of 8–10 commonly used for

well-folded proteins.40,41

As described for NUPR1,29 another IDP, the theo-

retical pKa values obtained by using H11 (Table III)

were not accurate enough to be considered useful pre-

dictions. In fact, discrepancies with the experimental

pKa values for IF7 were >0.4 units on average (0.75 in

the worst case). On the other hand, a systematic

overestimation was noticed for all the pKa values pre-

dictions. Furthermore, compared to random-coil val-

ues,13,14,30 all the calculated pKa values for IF7 were

systematically higher for acidic residues and lower for

basic ones. Although an effect of the empiric force field

used in simulation could not be ruled out, we believe

that this result was largely due to deficiencies in

parameterization of the prediction algorithms. In fact,

the same effect was observed also for DelPhiPKa, but

not for PROPKA. The latter performed poorly com-

pared to H11, except for an excellent estimate of the

pKa value of the C-terminus (the discrepancy with the

experimental pKa was 0.01 units).

To correct the systematic effects observed, we plot-

ted the pKa values predicted by H11 versus the experi-

mental ones (Supporting Information Fig. S1) and fitted

them to a line constrained to pass through the point of

coordinates (7;7). This resulted in a slope of 1.1, sugges-

ting that the values can be improved by using the rela-

tionship pK
ðcorrÞ
a 5 ((pK

ðtheorÞ
a – 7) � 1.1) 1 7, where

pK
ðcorrÞ
a is the corrected value (Table III). Adjustments to

each single estimated pKa value were up to 0.30 and

Figure 5. Simulated protein conformations. (A) Ensemble of

structures sampled at 1 ns in the time interval 30-40 ns (color

scale is from blue to red); MultiProt38 was used for molecule

superposition. (B) Protein snapshot representing the average

conformation, with helical structure and acidic residues

explicitly shown; the N-terminus is on the upper left and the

C-terminus on the right.

Table III. Comparison of Experimental pKa Values
with those Obtained by H11,41 Empirically Corrected,
and Expected for Random-Coil Models.13,14

Residue Exp. H11

H11

(corr)a
Random-coil

models

Glu32 3.9 4.50 4.22 4.3
Glu36 4.0 4.38 4.12 4.3
Glu38 4.0 4.40 4.14 4.3
Asp40 3.8 3.99 3.69 3.9
Asp58 3.8 3.95 3.65 3.9
Ser65 (C-term.) 3.3 4.05 3.75 3.7

a The empirical correction is applied by using the equation
pK
ðcorrÞ
a 5 ((pK

ðtheorÞ
a – 7) � 1.1) 1 7.
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improved the agreement with the experimentally deter-

mined acidic values. The average discrepancy of pK
ðcorrÞ
a

with the experimental one was 0.2, mostly due to the

poor prediction of the titration value of the C-terminal

residue.

Discussion

Electrostatic interactions in proteins are mainly

caused by the charged states of titratable residues.

These interactions are known to play key roles in

determining the structural and dynamical features

of proteins, ultimately driving their functional prop-

erties. This conclusion is expected to be especially

true in the case of IDPs, whose sequence is dominat-

ed by the presence of charged residues. Even rela-

tively small shifts (�1 unit) in the pKa values of a

residue in IDPs can have a significant effect (>1

kcal/mol) in determining the DG between the unfold-

ed state and a folded (or bound) state.22 Neverthe-

less, our current understanding of how charge

locations affect the function of natively unfolded

proteins is still incomplete and requires further

additional studies.

We contributed to this effort by using NMR to

investigate the titration properties of the 65-residue-

long IF7. Our study reveals that this IDP had pKa

values that agreed (within their uncertainty) with

those found in random-coil models.13,14 We also test-

ed the reliability of three well-known algorithms

(DelPhiPKa,40 H11,41 and PROPKA42) for predict-

ing pKa values on an experimentally validated

ensemble of structures of IF7 obtained in MD simu-

lation. Some caution should be exercised in the use

of such structures to determine general properties of

IF7, because they could not be an accurate represen-

tation of the whole conformational space accessible

to the protein in solution. However, this ensemble of

conformations (i) predicted the helical structure in

the N-terminal region of the protein, as indepen-

dently observed by NMR;11 and, (ii) had the same

radius of gyration as the one determined by size

exclusion chromatography7, suggesting that it sam-

pled realistic IF7 states in solution, and it could be

used to predict the titration properties of IF7 acidic

residues. Although it is generally accepted that theo-

retical methods cannot predict pKa values better

than 0.5 units for folded proteins,13,14,16 our results

show that a small empirical adjustment was suffi-

cient to reproduce with a reasonable accuracy the

titration values for the acidic residues of IF7, and

suggest that predictions may work well for IDPs in

general.

To the best of our knowledge, pKa values in

IDPs have been determined only for a-synuclein28

and NUPR1.29 They both have values close to the

ones of random-coils for most of, but not all, their

acidic residues. We have previously argued29 that

the presence of Pro residues could help to shift the

pKa values of nearby acidic residues with respect to

those of random-coils, suggesting yet an additional

role in IDPs for such a multivalent amino acid.43 In

fact, Pro could act as a disorder-promoting residue

that enhances the global propensity for protein back-

bone fluctuations, and yet may reduce the local con-

formational variety and solvent accessibility in

specific regions of the sequence. In IF7, we note that

Pro residues are underrepresented (one single occur-

rence is found, whereas Pro accounts for 6.3% of all

amino acids in general,44 and is often more abun-

dant in IDPs), which could help to explain the

random-coil-like behavior observed in the pKa

values.

Dissimilarities both in the amount and distribu-

tion of charged residues along the sequence could be

another key issue that influences the titration val-

ues of ionizable residues in IDPs. By using molecu-

lar simulations, Pappu and coworkers39,45 have

shown how the charge content in highly charged pol-

ypeptides can modulate their conformational propen-

sity, which has a direct influence on the deviations

of pKa values from random-coil ones.21–23 Due to the

small number of IDPs studied so far, it is not yet

clear how this impacts the titration values in func-

tional proteins, whose charge distribution is under

evolutionary constraints—and thus is not random.

IF7 is a weak polyampholyte (22% charged residues)

compared to a-synuclein and NUPR1 (28% and 30%,

respectively), whereas their net charge per residue

is similar (6%). Some of the properties of IF7 may be

explained by its asymmetric charge distribution,

with an extended polyelectrolytic N-terminus con-

taining only basic residues, and a globular polyam-

pholytic C-terminal region. However, NUPR129 also

has a polyelectrolytic (acidic only) N-terminal region,

and a-synuclein28 has three domains with different

electrostatic features (an amphipathic N-terminus, a

hydrophobic central region, and an acidic and Pro-

rich C-terminus). Thus, further studies will be

required to collect additional experimental data use-

ful to understand the titration properties of IDPs.

Deviations of pKa values from random-coil ones

have been observed in a variety of polypeptide

chains that include completely disordered pro-

teins15,19,20,46,47 and unfolded fragments.31,48 In this

context, IF7 appears to constitute a notable excep-

tion and suggests that the distribution of charges

(and their associated network of long- and short-

range electrostatic interactions) in unfolded protein

sequences does not necessarily result in altered

titration values of residues.

Conclusion

The properties of unfolded proteins are difficult to

determine both in experiment and simulation,

because they depend upon their labile conformation-

al ensemble. The assessment of the ionization
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properties of IDPs and the determinants of their

pKa values provides detailed information on the gen-

eral nature of such disordered systems. This work is

one of the still few reports on the titration properties

of an IDP. The use of NMR spectroscopy allowed us

to measure the pKa values of acidic residues. The

results were also compared with titration values pre-

dicted through theoretical models, based on protein

structures obtained in an independent, unbiased MD

simulation. The overall findings concur to suggest

that the pKa values of IF7 were indistinguishable,

within their experimental uncertainties, from those

obtained in model compounds. This behavior is

uncommon among unfolded proteins and constitutes

a remarkable novelty in IDPs. To the best of our

knowledge, this constitutes the first reported case of

a functional protein showing random-coil-like pKa

values of its ionizable residues.

Experimental Procedures

Materials

Deuterium oxide was obtained from Apollo Scientific

(UK). Sodium trimethylsilyl [2,2,3,3-2H4] propionate

(TSP), deuterated acetic acid, its sodium salt, and

the commercial buffers (pH 4.0, 7.0, and 10.0) for

pH-meter calibration were from Sigma (Spain). Dial-

ysis tubing, with a molecular weight cut-off of 3500

Da, was from Spectrapor (Spectrum Laboratories,

Japan). Standard suppliers were used for all other

chemicals. Water was deionized and purified on a

Millipore system.

Protein expression and purification

The recombinant IF7 protein was expressed and

purified as described by using His-tagged vectors.7,8

Protein stocks were run in SDS-PAGE gels and

found to be >97% pure. Protein concentration was

determined from the absorbance of individual amino

acids.49

NMR sample preparation

Samples used for NMR experiments contained

�1.5 mM of 13C, 15N-labeled IF7 dissolved in a 90%

H2O and 10% D2O mixture (v/v) with further addition

of 100 mM NaCl. Spectra were acquired between pH

2.0 and 6.0. Attempts to follow titration curves at

higher pH were unsuccessful due to solvent-exchange

of the amide resonances.11 The pH of the NMR sample

was adjusted by adding aliquots of concentrated (11

M) solutions of either DCl (deuterium chloride) or

NaOD (sodium deuteroxide). NMR samples were con-

tained in 5 mm tubes (Wilmad) with an initial volume

of 700 lL, larger than the recommended value (500

lL), to compensate for sample losses during the pH

measurements and the pipetting.

The pH measurements were carried out in a

Radiometer Analytical Ion-check 10 (Denmark)

using an ultrathin glass Crison electrode (VWR

Spain). Three-point electrode calibrations (4.0, 7.0,

and 10.0) were done before and after each pH titra-

tion. Solution pH was measured before and after

each experiment, with typical differences of 0.05–0.1

pH units; the average of such measurements was

taken as the value for each particular pH. To ensure

the stability of the pH measurements we followed

the same protocol described elsewhere.29

NMR spectroscopy
The NMR experiments were acquired on a Bruker

Avance DRX-500 spectrometer equipped with a

room-temperature triple resonance probe and

z-pulse field gradients. Experiments were acquired

at 258C; probe temperature was calibrated with a

methanol NMR standard.50 TSP was used as an

internal reference; the 15N and 13C chemical shifts

were indirectly referenced as described.51 The intrin-

sic pH-dependence of the TSP was taken into

account and corrected.18,52 The peaks in the 2D- and

3D-NMR spectra at the different pH values were

identified by using the assignments at pH 4.5 and

258C (BMRB number 25921).11

The pH-titration of 13C, 15N-labeled IF7 was

followed with 3D C(CO)NH, HC(CO)NH53,54 and 2D-

HSQC spectra.55 The spectral acquisition parameter

and processing sets [performed by using Topsin 2.1

(Bruker)] have been described elsewhere.29

Titration data fitting
The simplest model (the Henderson-Hasselbalch

equation) for determining the pKa values of ionizable

groups can be extended to account for remote inter-

actions with other chemical groups by introducing

the Hill coefficient, n, as an additional parameter:30

d pHð Þ5 db1da10n pKa2pHð Þ

1110n pKa2pHð Þ (1)

where d(pH) is the measured chemical shift at any

pH; db is the chemical shift associated with the

unprotonated (basic) residue; da is the chemical shift

associated with the protonated (acidic) species. The

values determined for the Hill coefficient are lower

or higher than 1 in the case of, respectively, negative

or positive co-operativity in the ionization due to the

surrounding chemical environment. Fitting of data

to Eq. (1) was carried out by using Kaleidagraph

(Synergy software). We also carried out fitting of the

titration curves, according to the same equation,

without the use of the Hill coefficient. However,

inclusion of the Hill coefficient improved the regres-

sion coefficient and v2 in all the curves for any of

the nuclei monitored (as judged by a F-test of both

parameters in both fittings in each titration, with a

95% probability).
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Molecular modeling and dynamics

A model of IF7 was built by using the Molefacture

plugin of VMD56 and simulated with the GROMACS

software.57 The protein backbone was assembled in

extended conformation (dihedral angles u 5 21808

and w 5 1808), with bends in correspondence of Pro

residues. All amino acids were parameterized using

the Amber 99SB-ILDN force field.58 To mimic the

experimental conditions, the protonation of titrat-

able residues was adjusted to acidic pH, and coun-

terions were added. The protein structure was first

equilibrated in an isochoric–isothermal run per-

formed in vacuo, with removal of both translation

and rotation around the center of mass. This first

simulation slightly reduced the RG, from 6 to 5 nm.

Afterwards, the protein was placed in a rhombic

dodecahedron box of 4000 nm2 and solvated with

�133,000 water molecules, for which the TIP3P

model was used.59 A production run in the isobaric-

isothermal ensemble at 300 K and 105 Pa was per-

formed for 40 ns, controlling the electrostatic inter-

actions through the PME method.60

Prediction of pKa values
Expected pKa values were calculated on the basis of

the protein structures obtained in simulation, by

using three web-accessible servers: DelPhiPKa,

H11 and PROPKA,40–42 all generating predictions

based on continuum solvation models. Their accura-

cy in determining the correct values for an IDP was

initially tested as described.29 The dielectric con-

stant for water was set to 80 in all cases, whereas

all the other adjustable parameters were set to fit

the experimental values. In particular, the best

results were obtained by using internal dielectric

constant values in the range 20–40, which are

appropriate for highly-solvated protein regions.41
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