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ABSTRACT. The active-site protonation state is crucial to the reductive mechanidasaferichia coli
thioredoxin, which involves a nucleophilic attack by the thiolate form of Cys32. We have calculated the
titration properties of the active-site residues using a continuum electrostatic model, the X-ray structure
of the oxidized protein, and ensembles of NMR structures of the oxidized and reduced protein. Protein
dipoles, especially the SH dipole of Cys35, can provide sufficient stabilization of the Cys32 thiolate to
account for its low experimentalkp (~7.4), but this effect is very sensitive to local conformational
variations. The experimental finding that Cys32 titrates at a lower pH than Cys35 is explained by the
latter’'s deeper burial from solvent exposure, and stronger interaction with the carboxylate of Asp26, and
not by helix dipoles or positively charged side chains. The calculated very strong interaction between
Cys32 and Cys35 in their thiolate forms implies that their titration must occur in two widely pH-separated
steps and that the thiolate groups must move apart in the second step. The calculations are very consistent
with the experimental Asp26i value of 7.5 for the oxidized X-ray structure. Both the oxidized and
reduced NMR structures fall into two categories: “tight” structures in which the Asp26 and Lys57 side
chains are in direct contact, and for which the calculations predict unreasonablKlgwamd “loose”
structures, which resemble the oxidized X-ray structure in that these side chains are farther apart, and for
which the calculations are in very good agreement with experiment. We propose that the calculations
over the NMR ensemble can be used as a test of the alternative structural models provided by NMR.

Thioredoxin is a protein disulfide reductase. Its catalytic in many biological processe$,(2), including the reduction
activity strongly depends on the protonation state of the of protein disulfides §), ribonucleotide diphosphated)(
active-site region in the reduced form and involves unusual sulfate 6, 6), and methionine sulfoxide5( 7). The active
ranges of titration for at least two conserved ionizable site, composed of two cysteines separated by a glycine and
residues: one of the two active-site cysteines and a nearbya proline (CGPC), is located at the N terminus ofoahelix
aspartic acid. In this study, we present electrostatic calcula-(1). The first step of the reaction mechanism proposed by
tions of the [K, shifts in the active site, compare them with Kallis and Holmgren &) is a nucleophilic attack of one of
experimental values, and analyze their causes. We examinghe cysteines in its thiolate form on a disulfide bond of the
how the results vary among a set of structures calculatedprotein substrate, forming a mixed disulfide intermediate.
from NMR! data, and we show that, in some cases, Since this mechanism implies the deprotonation of the
electrostatic models may help to distinguish those conformersattacking cysteine, theky of this residue, and theky of
which are most consistent with the aeidase properties of  other titrating groups, which can influence the thithiolate

the protein. equilibrium, are very important for the function of the
The difference in stability between the reduced [dithiol, Protein.
Trx-(SH),] form of thioredoxin and its oxidized (disulfide, In Escherichia colithioredoxin, the two cysteines of the

Trx-S,) form determines the powerful reductive properties active site are the only cysteine residues in the protein.
of the thioredoxin system (thioredoxin and NADPH Cys32 provides the reactive thiola® @nd is more exposed
thioredoxin reductase). This enzymatic system is involved to solvent, while Cys35 is burie®,(10). High-resolution
X-ray crystallographic coordinates for the oxidized for@ (
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clearly show two apparent{as between pH 7 and 10, one
around 7.5 and the other above B5(16), but there have Y
H

7
been conflicting interpretations. On the basis of Raman + + o
spectroscopy and the absence of NMR evidence of titration /
in the active-site region of the D26A mutant between pH 9 / /A
and 10, Wilson et al. assigned thEghigher than 9 in the l

wild-type Trx-(SH) to Asp26 and concluded that both _ AG(u) —AG(p)
cysteines exhibit K.s between 7 and 816, 17). A more back_mod
direct measurement of the Asp26 titration in the wild type

was made by Jeng et alL§), who followed the Asp26 side , V 7
chain®*CO chemical shift as a function of pH and concluded " /

that Asp26 titrates with alf, of 7.3—7.5 in the reduced form. + ° A-H
Measuring the thiol ionization versus pH by UV absorbance

experiments, they concluded that Cys32, like Asp26, titrates /. A /A
around 7.5, while Cys35 has &Kpof 9.9 (12). More
recently, Chivers et al.1Q) argued that each apparerp (w) P
reflects a partial titration of both Cys32 and Asp26, whereas AGBorn AGBorn
Cys35 is not deprotonated until the pH is above 10. For
reasons described elsewhefle,(18), we believe that the
interpretations assigning the lowelKpvalues (7.6-8.0) to
Asp26 in the reduced form are better supported by the
experimental evidence, and we shall use these as the basis
for comparisons with the calculations presented in this paper.

Continuum electrostatic models have proven to be useful
for the calculation of K, shifts in proteins 20—23). For
example, such a model was used to calculate mutation-
induced (K, shifts of the nucleophilic cysteine of DsbA, an
enzyme which catalyzes the formation of protein disulfide
bonds and is homologous to thioredox24). The theory
used is presented in the next section, which is followed by
a section that describes the ensembles of oxidized and
reduced structures used, and the computational details. The
presentation and discussion of results will focus on the
ionizable groups in and near the active site, the contributions
of the different free energy terms of the theory to the results,

and the effects of conformational variation across the Ficure1l: Thermodynamic cycle for the protonation of an ionizable
ensemble. group in a protein (last row), all the others residues assumed in
their neutral form, with respect to the same process in a model
compound (first row). The background and Born terms shown cause
AGiny to be different from theé\Gnoq value. Gray surfaces represent

. the presence of background charges in the protein or the model
We assume that the difference between the free energy ofcompound, whereas striped areas represent the solvent.

protonating an ionizable group in a protein and that for the

same group in a small model compound is caused by o, model implies that the titrating sites interact with each
differences in the electrostatic work of altering the group’s  jihar in a pairwise additive way so that a complete theory

charges from their deprotonated to their protonated charge protein titration can be constructed in terms of the intrinsic

?I':?;rllj?gt'cl);' Ir&v?iu?trﬁéflnésgﬁﬁgstr:gf trt?igd\?vlorclf n;ggugg pK, of each site and the matrix of sitsite interactions. The
described édequately by an electrostatic model in which theimrinSiC PKa (PKinw) is defined as thelf, a particular titrating
group would have if all other titrating groups were held in

protein (or model compound) is treated as a low-dielectric hei tral f . | lectrostati del. th
object with embedded charges and the solvent is treated adher neutra ormZ6). In our electrostatic moael, there are
two kinds of effects contributing to the protonation free

a continuum with the dielectric constant of bulk water ; 9 ) i
(usually close ta& = 80). The embedded charges and their energy difference between thg site in the negtrallzed proteln
locations are determined by the atomic partial charges and@"d the model compound (Figure 1): the difference in the
coordinates, and the boundary between the molecular andnteraction of the titrating group’s charges with the polariza-
solvent dielectric regions is a complex surface determined tion that these charges themselves induce in the dielectric
by the atomic coordinates and radii. The effect of ionic Medium (Born solvation energy differences/ohGgorm) and
strength is treated by a Debyeliickel approach, leadingto  the difference in the interaction of the titrating group’s
a linearized PoisserBoltzmann equation. Here, we present charges with the background of nontitrating charges and the
an outline of the method and introduce some terms and charges of any other titrating groups in their neutral form
notations to be used in the presentation of results. A more (AAGpacy). The expression relatinga to the previously
detailed description using a similar notation can be found in known K, of a corresponding model compoundgg) is
Bashford and Gerwer2f). then

THEORY
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pKintr = meod B (2'303<BT)_1(AAGBom + AAGbacl)
wherekg is the Boltzmann constant andis the absolute
temperature. The sitesite interaction energy between two
ionizable groupsi, andj, is denoted by\;zz, wherez and

z are integers giving the formal charges of the groups.

To calculate theAAGgom, AAGpa and Wi values
pertaining to a particular site, the PoissofrBoltzmann
equation for the electrostatic potential is solved for a set of
problems in which the dielectric and electrolyte environments
are determined by either the protein or model compound,

Dillet et al.

prepare the PDB coordinate data for further calculations.
Since our calculations use an all-hydrogen parameter set, and
energetics of both protonated and deprotonated forms of all
titrating groups were calculated, it was necessary to have
coordinates for all hydrogen atoms, including those of the
protonated forms of all titrating groups. The X-ray structure
provided no hydrogen coordinates. The NMR structures,
which were determined at pH 5.7, included all nontitrating
hydrogen atoms, the hydrogen atoms of the carboxylic acid
group of Asp26, and (for the reduced form) the thiol groups
of Cys32 and Cys35 but did not include the carboxylic

and the charges generating the potential are those of eithefydrogen atoms of the remaining aspartic and glutamic acid

the protonated or deprotonated state of sitdhe explicit
formulas used are given by Bashford and Gerwgs).(

A protein molecule withN titratable sites hasMpossible
protonation microstates which we label by the variahle
Taking the reference staté&,, to be the fully deprotonated
state, the free energy of microstdtes

G(&) = 3 23036 TX(E)(PH — PKiny) +
N
oy Wiz(&)7(E) — ',y Wiz(E0)z(Eo)
[B] [B]

wherex (&) is 1 or 0 according to whether sités protonated
or deprotonated in the protonation microstatandz(&) is
the charge of sité in this microstate. The constant third
term is added so thds(&p) is zero, but it has no influence
on the final results. Finally, the fractional protonation of
sitei is obtained by a Boltzmann distribution over the

2N

ZXi(E) exp=AG(8)]

= )

2N

Zexp[—ﬁG(E)]

wheref equals ksT)™%. In presenting our results, we will
often express contributions to the free energy of protonation
or deprotonation in terms ofiy shifts. Specifically,

ApKBorn = _(2'303<BT)71AAGBom

Aprack= _(2'303(BT)_1AAGback
influence off = —(2.30%,T) ‘Wz,

where the last expression is for &pshift of sitei due to
the charged state of another site,

STRUCTURES AND METHODS

Calculations for the oxidized form d&. coli thioredoxin
were performed using the X-ray crystallographic structure
(9) and each of the 20 conformers from the NMR structural
determination10). For the reduced form, no X-ray structure
is available, but we performed calculations on each of the
20 NMR-determined X0) conformers of the reduced mol-
ecule.

We used the CHARMM computer progrard7j and the
CHARMMZ22 empirical potential energy functior2g) to

side chains. The HBUILDZ9) procedure was used to add
any missing hydrogen atom coordinates. All of the structures
were then subjected to 200 steps of steepest-descent energy
minimization without the electrostatic term, followed by a
conjugate gradient minimization including electrostatic in-
teractions (13.0 A cutoff, dielectric constant of 4.0). All
atoms were allowed to move during the whole minimization
procedure. The all-atom root-mean-square deviation between
original and minimized structures never exceeded 0.75 A.

We have also carried out calculations on modeled struc-
tures of D26A and K57M mutants. These structures were
prepared by modifying the wild-type NMR structures in the
following way; for D26A, the carboxylic group of residue
26 was deleted, and for K57M, we replaced tHea@®m of
Lys57 with a sulfur atom and eliminated the Btoms and
the N°'Hs group. These structures were then minimized using
the protocol described above.

The Kine andW; values pertaining to the titrating sites
were computed using the multiflex program of the MEAD
program suiteZ5, 30), which uses the method of successive
over-relaxation to solve a finite difference approximation of
the Poisson-Boltzmann equation3l, 32). Each evaluation
of the electrostatic potential was carried out in two steps:
the first using a finite difference lattice with a 1.0 A spacing
and the second with a 0.25 A spacing. For the calculations
in the protein environment and the model compound, the
number of points along each edge of the cubic lattice was
81 and 61, respectively.

The dielectric boundary between the inner (protein or
model compound) and the outer (solvent) media was defined
by the contact and re-entrant surfaces (see38fusing a
solvent probe radius of 1.4 A. Atomic radii and charges
were taken from the PARSE parameter set of Sitkoff et al.
(34). Dielectric constants of 4 and 80 were used for the
solute (protein or model compound) and solvent, respectively.
An ionic strength of 0.15 M was used together with an ion
exclusion region extending 2.0 A beyond the atomic radii.
The model compounds used were tdormyl-N-methyla-
mide derivatives of the ionizable amino acids, and tkgf
values corresponding to them were taken from Nozaki and
Tanford @5): Asp, 4.0; Glu, 4.4; His, 7.0; Cys, 9.5; Tyr,
9.6; Lys, 10.4; Arg, 12.0; C terminus, 3.8; and N terminus,
7.5. As in previous calculationg%), the full sets of atomic
partial charges were used for the protonated and deprotonated
forms of the titrating groups. In other words, these were
“distributed charge” calculations2®) rather than “single
point charge” calculations.

The direct application of eq 1 for the protonation fraction,
which requires summations ovel grotonation microstates,
is not practical for a protein having 32 (oxidized) or 34
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active-site residues mentioned above and for Lys57 which

Table 1: Calculated i Values for the Active Site > - .
has a strong influence on the active site.

ApKBorn Aprack pKintr pKhalf

oxidized form Asp26 and Lys57 Titration
Asp26 (X-ray} 9.3 -15 11.8 7.4
Asp26 (loos€) 8.6 -13 11.3 7.7 Reduced Form The computed I§in and Knar values of
recﬁ‘fc%szg;gmhty 95 —2.6 109 22 residues Asp26 and Lys57, in the 20 NMR structures of the
Asp26 (loose) 8.6 26 10.0 7.7 reduced form of the wild-type protein, are displayed in Figure
Asp26 (tight) 9.6 -3.8 9.8 0.9 2, along with distance and interaction data for this residue
gysgg Efu”)d3 g; —j-g g-i g-g pair. The NMR structures fall into two distinct groups with
ys32 (exc! . -4, . . . i g
Cys35 (full 9.0 78 107 >15 respect to these results: a “tight” group (structure2@)

: in which the side chains of Asp26 and Lys57 are in van der
aCalculations on the X-ray structured)(® Average results of Waals contact (Asp26->C—Ly357—I\F distance less than 4.5

calculations on the NMR structures which have longer LysA3p26 “ " ey .
distances (see the texf)Average results of calculations on the NMR A) and a “loose” group (structures—b) in which they are

structures which have shorter Lys5&sp26 distances! Average results ~ farther apart (the same interatomic distance greater than 5.5
of calculations on all 20 NMR structure3Average results of calcula- A).
tions on all NMR structures except the four for which Cys35gdints In the case of Asp26, theKiy values fall in a relatively
away from Cys32- narrow range around an average of 9.8, but for the tight
structures, the averagd&gy: of this residue is 0.9 while for
(reduced) titrating sites. Instead, a Monte Carlo metl2d)i ( the loose structures it is 7.7 (Table 1). The difference
was used. Protonation fractions of each site were calculatedbetween the Ighar and Kiny Values, which in Figure 2A is
for pH values ranging from-4.0 to 15.0 in increments of  the difference between the two bold curves, gives a measure
0.1 pH unit, and the lfnar value was defined as the pH at  of a residue’s chargecharge interactions with other ioniz-
which the protonation fraction fell below 0.5. able groups in their charged forms. As we will show
presently, Lys57 exerts the principal chargdarge influ-
RESULTS ence on Asp26, and vice versa.

The results of the calculations for Asp26 in oxidized In the case of Lys57, thea plot indicates two different
thioredoxin (Trx-3) and for Asp26, Cys32, and Cys35 in average values: 8.1 for the loose structures and about 4.8
reduced thioredoxin [Trx-(SH]) are summarized in Table for the tight structures (Figure 2B). This difference is mostly
1. All of the other titratable residues were also included in due to a more negativipKgom term in the latter structures,
the calculations, but results will only be presented for the which is caused by a more buried position of this lysine.
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B D 1
-5 1 L Lo 0 P OO VO S P S S S -5
5 10 15 20 5 10 15 20
structure number structure number

Ficure 2: Calculated K values or distances for the 20 NMR structures. The structures are numbered so that the loose structufes are 1
and the tight structures are-20. (A) Calculated Wa for Asp26 in the wild type (bold solid line) and in K57M (solid line) ani;p: of

Asp26 for the wild type (bold detdash line). (B) Calculatediy for Lys57 in the wild type (bold solid line) and in D26A (solid line)

and Ky of Lys57 for the wild type (bold detdash line). (C) Distance (in angstroms) between Asp26u@i Lys57-N. (D) Charge-
charge interaction between Lys57 and Asp26 kaymits (solid line),|pKnar — pKinte| for Asp26 (bold solid line), an¢pKhar — pKine| for

Lys57 (bold dashed line).
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The Knar values calculated for this residue display less Tap1e 2 influence of Asp26, Lys36, and Lys57 on the Two
variation, remaining above 12.5 for all structures. As was Cysteines and Distancesetween the Same Residues

the case for Asp26, the difference between the two bold

curves in Figure 2B shows a stronger interaction of this . d influence of
residue with other ionizable groups in the tight structures ') Cyss2 Cys35 Cys32 Cys35
than in the loose structures. Lys36 9.0 8.9 -0.3 05
. o _ Lys57 10.7 7.2 -0.4 -1.8
The fact that the Asp26Lys57 interaction is the main Asp26 9.6 6.1 11 16

charge-charge interaction influencing both sites is demon- ™apigtances are in angstroms and refer to atanfoscysteines, €
strated in Figure 2D, where the influence of this interaction for the aspartic acid, and®or lysines.

can be seen to account for most of thEnp — pKiny
difference for both residues. The correspondence of the 15 :
variations in interaction to variations in the distance between A

these groups can be seen by comparing panels C and D of
Figure 2. 10 ]

In the K57M mutant, the Ig-lowering effect of Lys57 on
Asp26 is absent, and thé&gys values of Asp26 are unusually 5| i
high (11.0 on average) and are similar to thg,p values
(light solid line in Figure 2A). The mutation of Asp26 to
Ala, in the D26A mutant, produces dramatic changes in the
pKhar plot of Lys57 (light solid line in Figure 2B). For all
the structures, thelfy s values are lower and lie closer to
the Kiny Values compared to that of the wild-type protein,
reflecting the loss of the chargeharge interaction with the
aspartic acid. The tight structures give surprisingly low ~10
values for the Rnar of Lys57 (3.1 on average), whereas
structures +6 lead to more realistic values (11.0 on
average). This difference is again partly due to the more
buried character of Lys57 in the tight structures compared
to that in the loose structures, which causes a decrease in
ApKgorm Of about 3.3.

Oxidized Form As shown in Table 1, the results obtained
for the oxidized form of the wild-type protein using the 20
NMR structures are very similar to those reported above for 5 10 15 20
the reduced form. For the four loose structures, tg,p structure number
of Asp26 is close to 7.7, while for the remaining tight Fgure3: Calculated Cys32ivalues or distances for the 20 NMR
structures, the values are distributed around 2.2. As wasstructures numbered as in Figure 2. (A, tof4 (bold solid line)
the case for the dithiol form, this difference in thipof flhnd mr]tn_ésti_lid |ir}e():ansfis(g bi?ttoThFdKT?CkgbOIdddt%Shed |tin§).

H H H e contripution ot Cys PRpack (SOl Ine), an € contribu-
e g 1o eyt S han iy ok o 1. (9

- i ) B . Distance (in angstroms) between Cys32a8d Cys35-H.

equivalent to 3.2 K units in the site-site interaction between
these two residues. In the crystallographic structure of the
oxidized form, the distance between Asp2‘6£]d Ly557_ Aprack, the interaction with the nontitrating Charges of the
N¢is 6.1 A, which is close to the average distance of 5.8 A protein and other titratable groups in their neutral form, is
in the loose NMR structures. We obtain Kqps value of the main term responsible for these fluctuationApKgorn

pK, ApK

distance [A]

7.4 for Asp26 using the crystallographic structure. displays relatively little variation among the structures.) The
contribution to theApKpack0f Cys32 due to the atomic partial
Cys32 charges of the Cys35 residue and the contribution of side

chain charges only of this residue are also plotted in Figure

The average values okgar and Ky for Cys32 differ ) T (o plots show that the fluctuations of thpKpack

by only 0.8 (Table 1), and though both quantities fluctuate )
widely across the set of NMR structures, their difference values can be largely accounted for by the fluctuations of

never exceeds 1.3. This shows that the influence ofsite the€ Cys35 contributions, which in turn are largely fluctuations
site interactions on theip value is relatively modest and of the interaction with the SH dipole of Cys35. The distance
consistent across the set of structures. The average influenceBetween the sulfur atom of Cys32 and the thiol hydrogen
of specific site-site interactions with the closest titratable atom of Cys35 for each of the 20 conformers is shown in
residues (Lys36, Lys57, and Asp26) are reported in Table 2 Figure 3B. In all but four of the structures, this hydrogen
together with the distance separating Cys32 from theseatom is pointing toward the sulfur atom of Cys32. In the
groups. The strongest interaction is with the anionic residue, others, the hydrogen atom points away, and the electrostatic
Asp26, while the interaction with the two lysines is weaker. stabilization of the thiolate form of Cys32 due to thel$

The value of the Knhar of Cys32 fluctuates between 6.5 dipole of Cys35 is decreased, resulting ink, increase of
and 12.7 in the set of structures. As shown in Figure 3A, about 1.5.
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Table 3: Experimental o, Values

reduced form
Asp26 Cys32 Cys35 oxidized Asp26

NMR 7.8 7.4 9.5 7.3
NMR¢ 7.5/9.2 7.519.2 >11 7.5
uvd - 7.1 9.9 -

aData from refsl3 and 18. P Data from refl5. ¢ Data from ref19.
d Data from ref12.

Cys35

The Kiny of Cys35 varies between 9.7 and 13.5 (average
10.7) for the different structures of the reduced form of the
protein. The Ea Of this residue is always found to be
higher than 15.0, indicating a strong coupling with negatively
charged titrating groups. The strongest-siée interactions
involving this cysteine are with Asp26, whose influence on
Cys35 ranges from 3.3 to 6.2, and Cys32, whose influence
_ranges_from 4.7 1o 9'0'. The average values Of. these FIGURE 4. Active-site residues in Trx-(SH)Only the heavy atoms
interactions and the associated distances are shown in Tabl@ng the thiol protons of the two cysteines are represented. All 20
2. Cys35 interacts much more strongly than Cys32 with NMR structures are displayed; the one displayed with a heaver stick
Asp26, and thus, its titration is likely to be more sensitive is from the tight set. For this structure, the distances from Cys35-
to a change in the protonation state of this aspartic acid ﬁ’caéefzfo”‘)WS: Asp26-C5.6 A; Cys32-8, 3.7 A; and Lys57-
residue. T

when small errors in large, opposing terms make it difficult
to obtain very precise predictions oKpvalues.

The calculations that we have presented are based not only Comparison with Experimental ValueShe experimental
on the assumptions of macroscopic electrostatics but alsoPKeS listed in Table 3 vary but are consistent on the following
on the assumption that the protonation and deprotonation ofP0INts: in the oxidized form, Asp26 titrates with &pof
side chains do not significantly alter the conformation of the 7-: In the reduced form, both Asp26 and Cys32 titrate, at
protein. We expect that the latter assumption could lead to /€ast partially, in the pH 7:68.0 range, while Cys35 titrates
overestimates of somekKg shifts since a conformational ~ With @ PKa of 9.5 or higher. Our calculations for the loose
change in the real protein would provide a relaxation NMR conformers and the X-ray crystallographic structure
mechanism for countering large changes in electrostatic @€ consistent with the experiment for Asp26. For Cys32,
interactions. Therefore, we include considerations of pos- OUr average calculatedgay is considerably higher than 7.5,
sible conformational change in the interpretation of the but_for several NMR conformers, values near 7.5 are found.
calculations. In this work, the inclusion of a large number Chivers et al. 19) have proposed that Asp26 and Cys32
of conformers from NMR structure determination studies ltrate in a coupled, two-step fashion such that the two groups
assists in the analysis of results by showing which aspectsCOMpete for a single proton in the pH-8 range. Our
of the results persist across many conformers, and whichindividual-site titration curves for these groups (not shown)
are subject to large fluctuations. The calculations also d0 not have the two-step structure that this coupled model

suggest which of the NMR structures might be more implies. We do obtain a significant coupling\§ matrix
representative of the protein in solution. element) between Asp26 and Cys32, but it ranges only from

1.1 to 1.7 kcal/mol, significantly smaller than the 2.4 kcal/
Titration of Active-Site Residues mol coupling proposed by Chivers et al. These two groups

are more tha 9 A apart in all structures, and since the

The active site ofE. coli thioredoxin contains three tendency of calculations of the type we have performed is

residues-Cys32, Cys35, and Aspz2@or which experimental ~ to overestimate interactions, we think it is unlikely that an
data on titration behavior are available (Table 3), but there electrostatic coupling as strong as 2.4 kcal/mol could occur
is some controversy in the interpretation of these data, asbetween these groups. For Cys35, our calculations predict
outlined in the introductory section of this paper. A fourth no deprotonation at pH values below 15, but some experi-
ionizable residue, Lys57, is close enough to have strong mental data suggest that th& s as low as 9.512, 15).
electrostatic involvement. All four ionizable groups are A more detailed understanding of the role of various
buried to some extent; all are within 14 A of each other, active-site structural features, as well as some indication of
and some are much closer (see Figure 4). This leads tothe sources of deviation between experiment and theory, can
strong electrostatic effects, including desolvation effects be obtained by considering the energetic contributions
(Born terms) and chargedipole and chargecharge interac-  leading to these calculated results.
tions. Thioredoxin therefore presents a challenging test of Determinants of Cysteine pK ValuesA major factor
guantitative electrostatic calculations. Conversely, electro- leading to low calculated Ky, values of Cys32 is the
static calculations can give indications of the factors leading stabilization of the thiolate form of Cys32 by the thiol group
to the unusual ¥, values observed experimentally, even of Cys35. This is demonstrated by the decomposition of

DISCUSSION
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0.5 ; . ; : : The calculations present an opportunity to examine some
Jipa o A e earlier proposals regarding the stabilization of the Cys32
05 | ] thiolate. Hol @7) suggested that the location of Cys32 at
3 : the amino-terminal end of the, helix allows stabilization
g 15l of the thiolate form by the helix dipole, and Kortemme and
< " Creighton 88) concluded from model peptide studies that
A — Cys35 this effect could shift the Ig, of a cysteine residue by as
-25 : : : : much as 1.6. However, Jeng et dl0) pointed out that the
1.0 : : : : thiolate form of Cys35, which is also close to the amino
: — Phe26 terminus of the helix, should then be stabilized by a similar
0.0 |- | S amount. Our finding that\pKpack is much more negative
% “Hj I J“W for Cys35 than for Cys32 suggests that the helix backbone
X interactions might be even greater for Cys35. As shown in
g 1o 22222 _ padl —Pro7e ] Figure 5, Cys35 is involved in a greater number of favorable
B interactions with the dipoles of the protein than Cys32. The
-2.0 - : ‘ : : : contribution of thea, helix backbone alone (residues-33
20 40 60 80 100

48) decreases theKpy value of Cys35 by 3.0 on average

FiGURe 5: Electrostatic contribution tApKpack 0f Cys32 (A) and gnd th{;\t of .Cy532 by 1.3 or! averageHellx dlpOIe.
Cys35 (B) of the microscopic dipoles pofbtaﬁke oth)e/rr res(id)ues. The !nteractlons, like the&prackterms |n.general, do not explain,
values reported in this graph represent the average over the 20 NMRINdeed they contradict, the titration order of Cys32 and
structures of the wild-typ&. coli thioredoxin. Cys35.

Repulsion between two thiolates explains why the titration
the contributions of individual residues ApKpackpresented  of the cysteine pair should have two widely separated
in Figure 5A. Asiillustrated in Figure 3A, many of th& apparent [, values, but it does not explain why it is Cys32,
values calculated for Cys32 are too high, possibly indicating and not Cys35, that titrates at the lowd€,pn the wild type.
that this thiot-thiolate interaction is underestimated. Jeng In our calculations, this is explained by the difference in
et al. (15) have suggested that this interaction may have a ApKgom terms (Cys35 is completely buried while Cys32 is
strong “hydrogen bonding” character in which the proton is partly exposed) and the difference in the interactions of
located between, and effectively shared between, the twoAsp26 with Cys35 and Cys32 (Tables 1 and 2). The
sulfur atoms. This may lead to a stronger stabilizing influence ofApKyackterms is in contrast to the ordering but
influence than can be accounted for in the present calcula-is more than offset by the Born and sitsite interaction
tions, which are strictly electrostatic, and rigid with respect terms. The involvement of Asp26 in ordering thed€,p
to proton placement. In the remainder of this discussion, values is consistent with the suggestion of Dyson etl&), (
we will keep to the formalism where the proton is on either based on their studies in which residue 26 is neutralized or
one cysteine or the other, since this is the formalism in which mutated.
calculations were carried out, and it is usually the formalism  Kallis and Holmgren&) suggested that positively charged
for a discussion of thioredoxin's mechanism of reduction. residue(s) in the proximity of the active site, such as Lys36,

In all calculations on the reduced, wild-type form, thé.g could be pgrtly responsible for the IovavaIue of Cys32.
value of Cys35 is above 15, which is much higher than the HoweverZ in the_subsequen;ly determined crystal structure
value for Cys32. The short distance between the two (9), the side chain of Lys36 is too far from the sulfur':?\tom
cysteine sulfur atoms, 3-8.9 A, leads to a strong electro-  ©f €ys32 (8.3 A measured from théNand no other positive

static repulsion in the doubly deprotonated state, guaranteein ﬁs'dﬁe IS CI?]SG' ".1 ?ur c?lculakt)lotns, thléémhégs dlfjel_to 36
that a two-step titration will result, with one step having a € charge-charge Interactions between Lyssz and Lys

significantly higher . than the other. The rigidity of our ~ ©" L.Y357 are only 0.3 and_ 04 respe_ctively, anq no other
m%del progablgl caulg;s the effect to be overegstimyated, sinc’ ositively charged group significantly interacts with Cys32.
it does not allow for an increase in the distance between the  Detérminants of the Asp26 pKThe most extreme K,
negative charges upon deprotonation of Cys35. ExperimentalSh'ft me.asurﬁd. in t?}? :\h}orﬁdoxm ,aCt'er S'tﬁ IS thatl of the
interpretations assigning less drastic CysB3yalues, such Asp26 side chain, w ichiin the oxidized form hasiq palue

as 9.5 (5 or >11 (19), might therefore be reconciled with of 7.5 (12 14), 3.5 units higher than the model compound
continuum electrostatic models if changes of a few angstromsva!gfe' (;I’?e calculations basgdtonttht_atg(-t[]ay structure Otf the
in the sulfur-sulfur distance were allowed. The assignment oxidized form aré very consistent wi € experiment on
of very similar (K, values in the pH 7.68.0 range to both this point (Table 1). In the calculations, this large upward

cysteines 16, 17, 36) is more difficult to accommodate, since Sh;;t rlgfl?alf: 'E;"‘r': 'Stﬁ:tﬁgvrggg:g gérr]eeﬁgno;ecrrrga{pt:;w;jhar o
the strong coupling between the two thiol groups necessitates. 9 9 9 9

wo widelv separated titration stens. A conformational in a buried environment. The Born term’s influence is only
chanae 'n){he pH 7.08.0 ranae lar epeﬁo h to effectivel partially offset by a favorable interaction between the
g€ | pH 7:08.0 rang 9 ug IVEly negative carboxylate and the ammonium group of Lys57 and,
decouple the two cysteines would need to be posited to
support such an assignment. A conformational change of
this size is hard to reconcile with the lack of any but 2 In both cases, the interaction from the first two turns (residues 33
. . . . 38) is responsible for more than 80% of thi€,shift induced by the
extremely localized chemical shift changes in the NMR  pejix " Similar resuits were obtained from a theoretical study of helix
spectrum between pH 5.7 anelO. dipole effects in barnas&9).

residue number
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to a lesser extent, other dipolar protein groups. These generaln the refinement process, it is possible that the force field
trends were also found in the calculations of Langsetmo et used in the refinement process tended to cause the lysine
al. (40), who used the same X-ray structure, and a similar side chain to move into the empty space near Asp26 even
electrostatic model with different parameters, and who though the aspartic acid was modeled in its neutral form and
pointed out the consequences of such larfg ghifts for the force field had scaled-down formal charg&6)( This
the pH dependence of protein stability. However, the might account for the majority of tight structures over loose
calculated Knar Of these workers was significantly greater ones, even though the NOE data did not discriminate between
than the experimental value, and they found better agreementhem.
with experiment if they made a rotation of the side chain  We propose that our finding that theKpy values
dihedrals of Lys57 to bring its positive charge closer to the calculated with the loose structures are consistent with
Asp26 carboxylate. In our calculations based on the loose experimental values, while those calculated from the tight
NMR structures of the oxidized form, the results are very structure are very far from experimental values, should be
similar to those from the X-ray structure, not only in the taken as evidence that the loose conformers are more
final pKnar value but also in the relative contribution of representative of the true solution structure of thioredoxin
different terms (Table 1). However, for the tight oxidized in both oxidation states. For the oxidized state, there is the
structures, we obtainkaas values on average 5.2 units lower corroborating evidence of the X-ray structure. Although no
than the experimental values, primarily because of the X-ray structure is available for the reduced form, the general
dramatic increase in the strength of the LysZ%&p26 similarity of the high-resolution NMR structures of the
interaction. oxidized and reduced forms suggests that structural details
For the reduced form of the protein, only NMR structures Seen in the oxidized X-ray structure might also carry over
are available, and the calculated results are very similar tointo the reduced form since there is not NMR evidence to
those for the oxidized form. A |arge Born term, parna”y the Contrary. In this ConneCtion, it would be interesting to
offset by the interaction with Lys57, leads to an averaggp re-refine the NMR structure with a water molecule present
value of 7.7 for the loose structures, and an extremely low in the region of the Asp26 and Lys57 side chains. Such a
value for the tight structures. The implications of the refinement has been carried out for the human thioredoxin

difference between the calculations for the loose and tight NMR structures 42).

structures will be discussed further below. Cys32 Fluctuations The main source of the large varia-
tions in Knar values calculated for Cys32 is the variation
Conformational Variation of the distance between the thiolate sulfur atom of Cys32

and the thiol proton of Cys35 over the set of NMR-

Using multiple NMR conformers for multiple calculations  determined conformers (see Figure 3 and the caption). This
of an experimentally measurable quantity can provide distance variation comes mostly from variation in the
benefits in two respects. The calculations can assist in thegrientation of the Cys35 SH group, there being much less
interpretation of structural data by suggesting which con- yariation in the distance between the sulfur atoms of the two
formers are more plausible than the othetd)(and the  cysteine residues. No NMR signal can be detected for these
ensemble of NMR conformers can be used to assess theawo thiol protons {0), so the structure generation procedure
SenSitivity of the Computational methods to structural as- p|aced them so that favorable hydrogen bonds would be
sumptions. We believe that the difference in the results for generated. In the case of Cys35, a favorable interaction could
Asp26 in the loose versus tight structures provides an pe obtained by orienting the SH group toward either the
example of the former, and the variation in Cys32 results packbone CO of Cys32 or the sulfur atom of Cys32, and
provides both kinds of benefits. the resulting ensemble of conformers contained instances of

Looseversus Tight Conformers and the Asp26,phlost both orientations. In our calculations, the conformers with
of the 20 conformers of oxidized thioredoxin in the NMR- the Cys35 SH group oriented toward the Cys32 sulfur atom
derived ensemblel () have an Asp26-C-Lys57-N distance result in a lower Cys32ka value, which is more consistent
of less than 4.5 A, and we have classified these structureswith the experiment.
as tight on the basis of this salt bridge-like geometry. In It seems likely that, in the real protein, titration of the SH
four of the conformers, this distance is greater than 5.5 A, proton of either cysteine would induce reorientation of the
and we have classified these as loose. The situation for theother. In the pH range of 7-3.5 where Cys32 has lost its
reduced form is similar. Six of the 20 NMR conformers proton but Cys35 has not, the orientation of the Cys35 SH
fall in the loose category, and the remainder are tight. Is dipole toward the negatively charged sulfur would be more
one of these inter-side chain geometries more representativestrongly favored than it would be at pH 5.7, where the NMR
of thioredoxin in solution than the other? The X-ray structure structure determination was carried olif), This suggests
of the oxidized form @) more closely resembles the loose that computational methods that allow for proton positions
NMR conformers in the sense that the Asp26-Cys57- to change as the protonation state of the molecule changes
N¢ distance, in the X-ray structure, is 6.1 A, and there is a would provide a better account of protonation energetics.
water molecule between the two groups. In the NMR You and Bashford43) developed a method that couples
structure determination, no NOE cross-peaks were foundindividual site titrations with local conformational changes,
between any side chain atoms of Asp26 and Lys57, and thebut correlation of conformational change with more than one
20 NOE bounds between theatoms of Lys57 and other site’s titration could not be included in the method. Devel-
nearby residues (lle4, His6, Trp28, Ala39, and Asp43) are opment of methods to lift this restriction are underway (V.
equally well satisfied in both the tight and loose structures. Spassov and D. Bashford, unpublished). Alexov and Gunner
Since no water molecule between these residues was include@44) recently developed a method that allows for these cross-
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site correlations but allows only protons to move. The
thioredoxin cysteines might be an interesting application of
their technique.

Concluding Remarks

The work presented in this paper has shown that con-
tinuum electrostatic calculations can give a quantitative
account of much of the unusual pH titration behavior in the
active site of thioredoxin. The highkp of Asp26 results
from a balance between the effect of burial, which destabi-
lizes the charged form, and interaction with the positive
charge of Lys57, which stabilizes it. The thiolate form of
Cys32, which is essential for the nucleophilic attack in the
thioredoxin mechanism8}, is stabilized by an interaction
with the thiol hydrogen of Cys35. The preference for
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portance of developing improved methods of treating con-
formational change in such calculations.
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