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ABSTRACT: The Bohr effect in hemoglobin, which refers to the dependence
of the oxygen affinity on the pH, plays an important role in its cooperativity
and physiological function. The dominant contribution to the Bohr effect
arises from the difference in the pK, values of His residues of the unliganded
(deoxy) and liganded (carbonmonoxy) structures. Using recent high resolution
structures, the residue pK, values corresponding to the two structures are
calculated. The method is based on determining the electrostatic interactions
between residues in the protein, relative to those of the residue in solution, by
use of the linearized finite difference Poisson—Boltzmann equation and Monte
Carlo sampling of protonation states. Given that good agreement is obtained
with the available experimental values for the contribution of His residues in
HbA to the Bohr effect, the calculated results are used to determine the atomic
origin of the pK, shift between deoxy and carbonmonoxy HbA. The
contributions to the pK, shift calculated by means of the linear response
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approximation show that the salt bridge involving His146 plays an important role in the alkaline Bohr effect, as suggested by
Perutz but that other interactions are significant as well. A corresponding analysis is made for the contribution of His143 to the
acid Bohr effect for which there is no proposed explanation. The method used is summarized and the program by which it is

implemented is described in the Appendix.

B INTRODUCTION

Hemoglobin is the paradigmatic molecule for studies of
cooperativity in proteins.” The dependence of the oxygen
affinity on the hydrogen ion concentration, the Bohr effect,
plays an important role in its cooperativity and physiological
function. It is named after Christian Bohr, the father of Niels
Bohr, who showed in 1904 that increasing the CO, concentra-
tion decreased the oxygen affinity of dog blood.”* Although
Bohr recognized the importance of the effect for efficient
oxygen transport by hemoglobin from the lungs to the tissues,
he actually never mentioned pH nor the change in protona-
tion state. Bohr and his student Krogh also found by careful
measurements that the oxygen binding curve was sigmoidal, an
early indication of cooperativity. According to Edsall’s review,"
it was Haldane and collaborators,® who in 1914 first proposed
that “one or more acidic groups in the hemoglobin molecule
became more strongly acidic when oxygen was bound to the
iron”. Another interesting historical account describes the focus
of Wyman and co-workers on Histidine (His) residues as the
Bohr groups prior to any structural data.® Mutation and
chemical modification studies also suggested that the titration
of histidines, particularly His $146, was involved,"”~® but it was
not until X-ray structures were determined by Perutz and his
co-workers for unliganded (deoxy) and liganded (oxy; actually
met) hemoglobin that an atomic interpretation was suggested.
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In a now famous paper,'”'" Perutz proposed a mechanism that

explained both cooperativity and the Bohr effect in terms of a
small number of amino acids, which had different interac-
tions with the rest of the protein in deoxy and oxy Hb; these
groups form salt bridges in deoxy Hb that are broken in oxy
Hb. Perutz’s schematic proposal was made quantitative by a
thermodynamic codification which was developed shortly
thereafter.'”"> The model, referred to as the Szabo-Karplus
model (SK), encompasses the Monod, Wyman, Changeux
(MWC) formulation'* of cooperativity and, therefore, provides
a structural interpretation of it. The SK model has a set of
physically meaningful parameters, which when refined by
fitting to the relatively precise experimental data of Roughton
and Lister'> gives a quantitative description of hemoglobin
cooperativity and the Bohr effect. One striking result from the
SK model, which is implicit in the Perutz scheme, is that the
Hill cooperativity parameter “n” varies with pH, in disagree-
ment with the dogma that was accepted at the time the model
was published. In the model, the Bohr effect arises from the pK,
change of His /146 and Val al of the beta and alpha chains,
respectively, as a result of the breaking of six salt bridges due to
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tertiary and quaternary structural changes on oxygenation;
recognition of the importance of the tertiary changes goes
beyond the classic MWC model, though it was considered in
the discussion section of the 1965 paper.

Over the years, new data have led to refinements of the SK
model by a number of workers."*™"® Moreover, two types of
concerns have been raised with respect to the Perutz model of
the alkaline Bohr effect and its thermodynamic interpretation.
The first question whether ascribing the alkaline Bohr effect
to the Perutz salt bridges is a complete description; i.e., it was
suggested that other amino acids contribute as well.'” The
second is whether the specific salt bridges suggested by Perutz
or more delocalized interactions are the main factor in altering
the pK,’s of the Bohr groups between the deoxy and oxy Hb
structure.

It is only relatively recently that advances of NMR spectro-
scopy and its application to hemoglobin by Ho and his
co-workers have confirmed that His f146 is a dominant
contributor to the Bohr effect.'”?® They were able to measure
the pK,’s in deoxy and carbonmonoxy hemoglobin for 24 out of
the total of 36 His in HbA, and to show that the pK, difference
between the deoxy and oxy structures provides an explanation
of about 86% of the alkaline Bohr effect at pH 7.4. Specifically,
they answered the first question, i.e., His /146 makes the most
important contribution to the alkaline Bohr effect, but other
His contribute as well.

To further our understanding of the origin of dominant con-
tributions to the Bohr effect and to answer the second question,
we present a computational study that focuses primarily, though
not entirely, on the pK, values of the His residues in deoxy and
oxy hemoglobin. In addition, we examine all other titratable
residues to determine whether they can contribute to the Bohr
effect. Since Ho et al. did their NMR measurements on stripped
(no allosteric effectors) deoxy (HbA) and carbonmonoxy hemo-
globin (CO HbA), we chose to study these species, which makes
possible the most direct comparison with their measurements.
We determine the role of the salt bridges proposed by Perutz as
shifting the pK, values by estimating all the interactions that
make significant contributions. Our analysis focuses particularly
on the deoxy structure, which has the larger pK, shifts, and on
residues His p146 and His p143, which make the largest
contribution to the alkaline and acid Bohr effect, respectively.

Since the dominant contributions to pK, shifts have been
shown to arise from electrostatic interactions,”' > we use the
linearized finite-difference Poisson—Boltzmann equation (PB)
for the calculations. It has been shown to give quantitative results
for the pK, shifts in proteins relative to model compounds in
solution in many applications.>>*® Although free energy simula-
tions’” > and constant pH molecular dynamics methods®* >
could be used, the PB approach has the advantage, important
for a molecule as large as hemoglobin, that it requires much
less computer time and that the decomposition of the pK, shift
into individual contributions from protein residues is relatively
straightforward. As noted by Bashford et al. for myoglobin,* the
calculated pK, values vary with the structure used, so an
important element in any PB calculation is the atomic structure
on which it is based. There are a number of relatively high
resolution X-ray structures for hemoglobin, both unliganded and
liganded (with O, and CO) (see Table 1). This makes it possible
to apply the PB method to the various structures and determine
the range of results. For unliganded Hb, the structures are
relatively similar. For the liganded state, the available structures
differ significantly and there is considerable controversy as to
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Table 1. Deoxy- and Oxy-Hemoglobin Crystal Structures

ligation state PDB ID resolution (A) reference
Deoxy 2DN2 125 45
4HHB 1.74 56
1BZ0 1.50 57
1KD2 1.87 unpublished
1RQ3 191 58
1XXT 191 59
Oxy 2DN3 1.28 45
1HHO 2.10 46
1BBB 1.70 47
1IMKO 2.18 48
1YZ1 2.07 48

which structure or combination of them corresponds to the
solution ensemble in the NMR measurements.'**° By employing
the present approach, we obtain some insights into this question.

The only earlier computational studies that we could find
concerned with the Bohr effect are one based on the Tanford-
Kirkwood spherical electrostatic model with parameters
adjusted to obtain approximate agreement with available experi-
mental data,* although the correct assignments of individual
His residues were not available, and another,®* which is a
predecessor of the present work; it used the original Bashford-
Karplus model, lower resolution structures of HbA, and the
CHARMM 22 force field.

The method section presents a summary of the PB method,
which is based on Schaefer et al.>® The next section describes
the results. It lists the X-ray structures for unliganded and
liganded HDbA that we consider. A description is given for the
structure used for the pK, calculations, which were prepared
from the X-ray structures by minimization and application
of the WHATIF program.”® The calculated pK, values, pK=¥, of
the His residues are then compared with the experimental
values. Examples of the sensitivity of the calculated results to
the choice of structure are presented. Given that the calcula-
tions yield essentially correct values for the measured His pK,’s
of unliganded and liganded HbA if high-resolution structures
are employed, we use the values to calculate the His contribu-
tion to the alkaline and acids Bohr effects and compare the
results with the experimental values. For His 146 and His
143, which are most important for the alkaline and acid Bohr
effect, respectively, the electrostatic interaction energies and a
perturbation approximation are then used to analyze the pK,
shift from pK:™, the pK, value of the model compound in
solution, to pK:, the corresponding pK, value in the protein.
A concluding discussion is given at the end.

B METHODOLOGY AND COMPUTATIONAL DETAILS

By definition, the effective pK, of a titratable residue is equal to
the pH at which the protonated and unprotonated states are
occupied with 50% probability. Calculating the effective pK,’s
for a protein of known structure thus requires computing the
average protonation state of each titrating residue as a function
of pH. In what follows, it is assumed that the free energy that
determines the protonation state of a titratable residue in a
protein is of electrostatic origin and that the linearized finite
difference Poisson—Boltzmann equation is applicable. We use
the generalized formulation developed by Schaefer et al,*
based on the earlier work of Bashford and Karplus.>"*® The
former is employed because it provides a consistent method
for treating titratable residues with more than two charge states,
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as is required for histidine side chains. The actual program used
for the calculations is described in the Appendix.

Theory. The protein is considered to be composed of
N titratable atomic groups (generally side chains), and the
nontitrating “background” atomic groups, where the latter
includes both backbone atoms, and the side chain atoms
whose charges are unchanged during titration, independent
of pH. The need for doing quantum mechanical cal-
culations®” is avoided by calculating pK,-changes relative
to the known standard pK, of a titrating amino acid residue
in solution.

Following Schaefer et al?® with slight modification, the
electrostatic free energy at a given pH for a protein with
N titratable residues in a given protonation state, relative to
the system where all titrating groups have zero net charge, is
given by

AG(s, pH) = E(s) — E(0) — [EY(s) — E"(0)]

+ (In 10)kg TZ [n(s)pH — szmd(s)

i=1 (Ia)

N
= (In 10)k,T Y, [n(s)pH — pK:™(s)]

i=1

N
[Eij(si; Sj) Ex](sz ) 50) + Z 10(5 - EiO(SiO)]

M=

+
i>j=1
N N
+ Z [Eii(sil Si) - Eii(siof Si Z Ellgl (5) - Ezl(\)/l (50)]
tNl i=1
= 2B Gy ) = B 5]

(1b)

1§
—

N
= (In 10)k;T Z [n(s)pH — szmd(S)] Einter T Epack

i=1

M M
+ EBorn - Eback - EBorn (IC)
In eq 1, the protonation state vector s = (s, §,, ..., sy) has

components s; which give the protonation state index
of residue i. The component s is the reference protona-
tion state index for site i; in practice, s! is chosen as a
protonation state of the side chains with zero net charge
(see the section Computational Details). For a residue with
two states, s; is

0, unprotonated state

1, protonated state (2)

For a His residue, there are three protonation states: the
protonated His (His" with hydrogens on both N¥ and N°) and
the two unprotonated states with a hydrogen on N¥ or N°.
The neutral charge state with N° protonated is chosen as s; = 0,
the state with N protonated as s; = 1 and His" as s; = 2. For His
residues, N° is chosen arbitrarily as the reference state, even
though N has been shown to be of lower free gnergy than N°;
the concentration ratio &:8 is 70:30 in solution.>” The choice of
the reference state is made for convenience and the final pK,
values are independent of this choice.

The number of protons on the residue i with index s; is given
by n(s;). For a residue with two states, n(s;) = s; and, according
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to the convention for His in the previous paragraph, n(s;) is
given by

(N%)

0, s=1 (N

0

0, s

1

”(Si) =

1, s (His+)

1

2

(©)

In eq 1, E(s) is the total electrostatic free energy of the
protein in state s and E(0) is the total electrostatic free energy
of the reference protonation state, where all titratable sites are
in their charge neutral states as noted above. Corresponding
definitions hold for the free energies of the model compounds,
EM(s) and EM(0). The terms E(s)-E(0) and EM(s)-E(0) are
written out in eq 1b and related to certain definitions in eq 1lc.
Comparing eq 1b and eq 1c, we have in the protein environ-
ment, E; ., the electrostatic interaction energy between titratable
residues:

N
1
Eiper = z Z Elj(sn 5;‘) - Eij(sio) 5]9)1
#j=1 (42)

E,.qo the electrostatic interaction energy between the titratable
residues and background atoms:

N
Epq = z [Eio(s;) — EiO(SiO)]
i=1 (4b)
and Eg,,, the Born energy:
N
Egorn = z [Ei(sy ) — Eii(sio’ Sio)]
i=1 (4¢)

All of these are given relative to the reference protonation state.
Correspondingly, for the model compounds, we have

N
Eé\;lck = 2 [Eij(\)dx(si) - Ei](\)/I‘(SiO)J
i=1 (4d)
and
N
EBMorn = z [Eifw’(si; 5) — Eifw'(sio) Sio)]
i=1 (4e)

with there being no interaction term.

In eq 4a, Ej, consists of Ej(s, s;), the electrostatic inter-
action free energy between residue i and residue j in states i and
j minus El;(s,, 5 %), that in the reference states. The quantity
Ep. (eq 4b) is a sum over each titratable residue in state s;
interacting with all background atoms (indicated by the sub-
script 0) minus the corresponding term for the reference state.
The terms Ejy (eq 4d) and Ei., (eq 4e) are the cor-
responding contributions in the model compound. Given eq 1a,
it is necessary to find the value of AG(s, pH) that minimizes
the total electrostatic free energy as a function of all possible
values of s; a Monte Carlo procedure is used when the number
of titratable residues is large (see below). We remind the reader
that for each residue i, only one of the possible protonation
states appears in eq la, as indicated by the value of s,

The average protonation state of the protein as a function
pH, f(pH) is determined from AG(s, pH) using the statistical
mechanical average
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Table 2. Root Mean Square Difference (Heavy Atoms Only) Between Hemoglobin Crystal Structures in A

deoxy oxy
PDB ID 2DN2 4HHB 1BZ0 1HGA 1RQ3 1XXT 1KD2 2DN3 1HHO 1BBB 1MKO 1YZ1
2DN2
4HHB 0.55
1BZ0 0.69 0.69
1HGA 0.95 0.94 0.83
1RQ3 0.83 0.84 0.72 0.76
1XXT 0.77 0.77 0.8 0.86 0.56
1KD2 0.81 0.75 0.83 0.9 0.83 0.75
2DN3 2.77 2.79 2.81 293 295 293 2.99
1HHO 2.65 2.67 2.69 2.82 2.83 2.82 2.87 1.47
1BBB 3.84 3.86 3.84 4.04 403 405 407 218 223
1MKO 3.44 3.4S 3.45 3.6 3.6 3.62 3.66 1.72 191 1.39
1YZI 3.98 3.99 4.02 4.09 4.16 4.14 42 2.28 2.09 3.03 2.53
Table 3. Root Mean Square Difference (Heavy Atoms only) (A) between Hemoglobin Minimized WHATIF Structures
deoxy oxy
PDB ID 2DN2 4HHB 1BZ0 1RQ3 1XXT 1KD2 2DN3 1HHO(R) 1BBB(R2) 1IMKO(RR2) 1YZI(R3)
min vs unmin. 0.68 0.70 0.67 0.72 0.68 0.70 0.68 0.88 0.73 0.82 0.77
2DN2
4HHB 0.61
1BZ0 0.68 0.62
1RQ3 0.86 0.82 0.84
IXXT 0.87 0.82 0.83 0.50
1KD2 0.89 0.82 0.81 0.84 0.82
2DN3 2.85 2.84 2.88 298 298 3.06
1HHO 271 271 2.74 2.85 2.85 292 1.53
1BBB 3.87 3.85 3.88 4.04 4.05 4.08 2.20 2.26
1IMKO 3.48 3.47 3.52 3.65 3.66 3.71 1.71 1.96 1.44
1YZI 3.97 3.96 401 411 410 417 221 2.08 2.98 2.49

Table 4. Deoxy His pK, Values and Absolute Deviations (Numbers in Parentheses) From Experimental Values Using Minimized

WHATIF Structures

ResID

20
45
NU
S8
72
87
89
103
112
122
2
63
77
92
97
116
117
143
146

Max error

Subunit

XTI I ™R R R R R R ] ] R’ R

=TI ™

Ave. error

NMR
7.02

5.28

7.14

747

6.80

7.49

6.17

7.46

8.01

6.35

6.43

4.70
7.93

2DN2

6.14 [0.88]
5.88 [0.63]
7.50 [0.36]
4.33

6.69 [0.78]
2.95

6.82 [0.02]
3.92

6.64 [0.85]
0.53

5.61 [0.56]
4.93

6.76 [0.70]
3.61

7.13 [0.88]
6.55 [0.20]
8.01 [1.58]
4.08 [0.62]
8.08 [0.15]
[1.58]
[0.63]

4HHB

7.11 [0.09]
5.90 [0.65]
7.35 [0.21]
4.54
6.67 [0.80]
3.05
6.78 [0.02]
4.19
6.93 [0.56]
0.64
5.51 [0.66]
5.30
6.70 [0.76]
3.70
7.26
6.64 [0.29

0.75]

]

8.11 [1.68]
]

]

[
[
[
3.85 [0.85
7.58 [0.35

[1.68]
[0.59]
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1BZ0

6.93 [0.09]
5.85 [0.60]
7.30 [0.16]
4.06

6.72 [0.75]
328

6.46 [0.34]
3.58

6.66 [0.83]
0.78

5.27 [0.90]
4.84

6.89 [0.57]
3.56
7.02 [0.99]
6.36 [0.01]
7.44 [1.01]
4.52 [0.19]
7.86 [0.07]
[1.01]
[0.50]

1RQ3

6.95 [0.07]
5.64 [0.39]
7.15 [0.00]
3.54

6.89 [0.59]
345

6.82 [0.02]
3.60

6.60 [0.89]
0.99

4.97 [1.20]
5.69

6.92 [0.54]
322

7.12 [0.89]
5.71 [0.64]
7.57 [1.14]
4.82 [0.12]
7.84 [0.09]
[1.20]
[0.51]

1XXT

6.95 [0.07]
5.56 [0.31]
7.21 [0.07]
3.79

6.74 [0.73]
3.89

6.77 [0.03]
3.55

6.89 [0.60]
0.82

5.12 [1.05]
4.82

6.83 [0.63]
3.14

7.04 [0.97]
5.62 [0.73]
7.77 [1.34]
4.69 [0.02]
7.81 [0.12]
[1.34]
[0.51]

1KD2

6.78 [0.24]
6.01 [0.76]
7.05 [0.09]
4.55

6.68 [0.80]
343

6.54 [0.26]
437

6.84 [0.65]
1.08

5.70 [0.47]
3.85

7.05 [0.41]
3.73

7.04 [0.97]
6.74 [0.39]
6.28 [0.15]
4.82 [0.12]
8.12 [0.19]
[0.97]
[0.42]
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Figure 1. Titration curves of all His residues of 2DN2 (Deoxy). The symbol "+" refers to the "His"" state,

corresponds to the pK:¥ value.

n"an

€” to N%, ”8" to N°. The black line

2{5} n(s) o PAG(spH)
Z{ ) o PAG(spH)

a(pH) =
(%)

In addition, we calculate P(s/, pH), the probability (average
occupancy) of each protonation state s; at titrating site i at a
given pH. It is

Z{ }5 —BAG(s,pH)
, _ s} Ussy
P(s;, pH) = E{ } o PAG(s,pH) ©)
s

where the Kronecker symbol J,, is equal to 1 if s; = s"; and to 0,
otherwise. The quantity 8 in eq S and eq 6 equals (kzT)™",
where kg is Boltzmann constant and T is the temperature. With
the resultant average occupancy of each site for a range of pH
values, pK® is obtained as the solution pH when the average
protonation state of the residue is equal to half occupancy; if
there are three states as in His, half occupancy corresponds to
the average occupancy of His" state equal to one-half. The value
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pK(s) in eq 1 is defined for sites with only two protonation
states, as

. 0, if siteiis unprotonated (s, = 0)
pPKy(s) =

p K stnd

a,i

, ifsiteiis protonated (s; = 1) ?)
where, as defined above, pKzfi“d is the pK, of residue i in
aqueous solution (see the Computational Details section) for a
list of the standard pK, values). For His, the standard pK, for
the N¥ state is 6.53 and for the N° state is 6.92 from solu-
tion measurements. According to the convention (eq 3), the
p(s) are

000, =0 (N
PKT(s) =038, s =1 (N)
692, ;=2 (His") )

The intrinsic pK,, pK™, of a residue in the protein is the pK,,
relative to pK:™, that includes the Born term for the residue in

dx.doi.org/10.1021/bi401126z | Biochemistry 2013, 52, 8539—8555
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Figure 2. Average protonation curves of His" state of all His residues for 2DN2(Deoxy) from titration calculations (titr. cal.) and Henderson—
Hasselbalch equation (hh eq.). The black line corresponds to the pK:f value.

the protein and its electrostatic interactions with the back- repeated to find the change in the pK of residue i. The
ground atoms. In the CHARMM force field that was used, all difference between the new pK:¥ value and the original one is
side chains have integral charges equal to —1, 0, or +1. considered to be the contribution from residue j to the shift in

Contributions to pK:f. Two approaches were used to the pK, value of residue i. In the present application, as well as
obtain information about the origin of the value of pK:, the in the earlier analysis, the perturbation approach, although
pK, of a residue in protein, relative to that of the model approximate, has an advantage over the experimental mutation
compound in solution. Both are approximations to the full analysis in that it obtains the contribution in the absence of any
calculation. The first is to evaluate each of the terms in eq 4 to structural relaxation induced by the mutation.

determine the Born solvation free energy, the background

term, and the interaction energy for the residue with the other B COMPUTATIONAL DETAILS

titratable residues. The individual values of these terms A. Preparation of Structures. The various initial
influence the final average occupancy in an indirect manner structures for deoxy and oxy HbA were downloaded from
since the average occupancy also depends on the ensemble www.pdb.org (see Table 1). To correct potential errors in the
average of all configurations. The second is in the spirit of the X-ray structures, e.g., too close nonbonded distances, and to
first order perturbation theory used previously by one of the assess the sensitivity of the calculated pK® values to the atomic
authors,>* to find the contribution of individual residues coordinates, two sets of structures were generated from each of
to the free energy along the reaction path of an enzymatic the crystal structures. In one set, the tautomers and protonation
reaction. Here the titratable side chain atoms of a given residue states were determined with the WHATIF program,® which
j are deleted and the Monte Carlo sampling of the system is optimize the hydrogen network. The hydrogen positions in the
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Table 5. Oxy HbA His pK, Values and Deviations (Numbers in Parentheses) From Experimental Values Using Minimized

WHATIF Structure

subunit ResID oxy(NMR) 2DN3
a 20 7.08 7.15 [0.07]
a 45 612 5.99 [0.14]
a 50 6.90 7.05 [0.15]
a 58 3.88
a ) 727 6.76 [0.51]
a 87 3.71
a 89 6.25 5.91 [0.34]
a 103 3.17
a 112 7.53 7.20 [0.33]
a 122 0.79
i 2 639 5.78 [0.61]
i 63 5.89
B 77 7.79 7.50 [0.29]
B ) 4.58
B 97 7.75 6.85 [0.90]
i 116 613 6.12 [0.01]
B 117 639 6.35 [0.04]
B 143 557 5.08 [0.49]
B 146 642 6.45 [0.03]
Max error [0.90]
Ave. error [0.30]

1HHO(R) 1BBB(R2) IMKO(RR2) 1YZI(R3)
7.18 [0.10] 7.05 [0.03] 7.18 [0.10] 7.03 [0.05]
5.86 [0.26] 6.14 [0.02] 6.24 [0.12] 6.46 [0.34]
7.04 [0.14] 7.40 [0.50] 7.28 [0.38] 7.26 [0.36]
3.55 5.00 4.40 5.04

6.58 [0.69] 6.68 [0.59] 6.82 [0.45] 6.72 [0.55]
3.16 3.69 3.09 3.01

5.92 [0.33] 7.12 [0.87] 5.80 [0.45] 5.67 [0.59]
2.79 3.99 241 3.94

5.80 [1.73] 6.24 [1.29] 6.66 [0.87] 6.22 [1.32]
1.04 0.77 0.19 1.34

5.84 [0.55] 5.93 [0.46] 5.99 [0.40] 6.77 [0.38]
5.70 643 5.69 5.62

7.33 [0.46] 7.14 [0.65] 7.39 [0.40] 6.25 [1.54]
4.30 3.53 421 525

7.01 [0.74] 6.77 [0.98] 6.77 [0.98] 7.62 [0.13]
6.33 [0.20] 6.73 [0.60] 6.81 [0.68] 7.16 [1.03]
6.05 [0.34] 5.87 [0.52] 6.21 [0.18] 6.80 [0.41]
4.75 [0.82] 5.43 [0.14] 4.89 [0.68] 2.29 [3.28]
2.24 [4.18] 1.30 [5.12] 5.31 [L.11] 4.58 [1.84]
[4.18] [5.12] [1.11] [3.28]
[0.81] [0.91] [0.52] [0.91]

structures were then subjected to 100 steps of the steepest
decent minimization, followed by applying the Adapted Basis
Newton—Raphson (ABNR) method in CHARMM***' until
the gradient was less than 0.01 kcal/ mol/A. The calculations
used the default nonbonding interaction parameters in
CHARMM parameter set 27,%* i.e., the nonbonded interaction
cutoff distance is 12.0 A. The resultant structures are referred
to as "unminimized” WHATIF structures in the following
sections. The "minimized” WHATTIF structures are obtained by
further minimization of all atoms of the unminimized WHATIF
structures for 1000 steps using the ABNR algorithm and a
dielectric constant of 4.5 multiplied by the interatom distance;
a cutoff nonbonded interaction distance of 8.0 A was used.*®
In addition, “unminimized” and "minimized” crystal structures
were obtained following the same procedure without WHATIF
optimization. For the latter, the protonation states of the His
residues were all set to N° and the hydrogen positions were
determined with the HBUILD module in CHARMM version
c36al. We used the a; and f#; Hb chains in all cases; the results
for a, and S, usually, but not always, differ by small amounts
(see SI). The model compounds have the composition
[NHeC,ReC=0] and the conformation used in eq 1 for
calculating E{ty and EX.., is that of the specific residue in the
protein, ie., in the thermodynamic cycle used to determine
the pK relative to the solution value, we assume that the free
energy difference between the model compound in the un-
protonated and protonated form is the solution value, but
calculate the free energy difference between the residue in the
protein and the residue in solution using the structure in the
protein.

B. Calculation of the pK:f Values in the Protein. For
calculating the pK using eq 1 and eq 6, the interaction energy
between each pair of titratable residue side chains, between a
titratable residue and the background charges (that are fixed
during the titration), and the Born solvation energy of each
titratable site in the model compound and in the protein environ-
ment were determined. All the electrostatic free energy values in
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eq 1, both in the protein and in the model peptide residues, are
computed by solving the linearized finite difference Poisson—
Boltzmann equation using UHBD program*® based on a focusing
technique, the details of which are outlined below. A dielectric
constant of 80 was used for the solvent and a dielectric constant
of 20 was used for the protein and the model compound.
All calculations were done with an ionic strength of 0.1 M, a
temperature of 298 K, and a Stern (ion exclusion) layer of 2.0 A.
Three focusing grids were used to achieve a final grid spacing
of 0.3 A. The titratable residues with their pK, values in
aqueous solution are Arg (12.48), Asp (4.00), Glu (4.40), His
[6.92(N?),6.52(N°)], Lys (10.79), Tyr (10.13), the C-terminal
carboxyl (3.80), and the N-terminal amino group (7.50).2° All
atomic radii were assigned according to the CHARMM
Parameter Set 27 and the atomic charges are listed in Table S1
in Supporting Information. The Monte Carlo algorithm by
Beroza et al.** was used to calculate the average protonation
states. At a given pH, the average protonation of the sites was
determined by performing 5000 “full MC” equilibration steps
followed by 10000 “full MC” steps, where 1 "full MC” step
corresponds to N random attempts to change the protonation
state of the system (N is the number of titratable sites/residues
plus the number of strongly coupled sites, ie., two sites with
interaction energy (E;) less than —0.5 kcal/mol). The maximal
absolute error of all His residue pK, values is less than 0.04 pK,
unit between using 10000 "full MC” and 80000 "full MC" steps.
Thus, 10000 “full MC” steps was considered to be sufficient.
C. Calculation of pK™. The intrinsic pK, of a residue is
defined as its pK, in the protein environment with all other
titratable residues in their neutral charge state (His in & state).
The difference between pK™ and pKi™ (eq 9a) arises from
three terms (see also eq 4): the interaction with other titratable
residues (eq 9b), the interaction with background atoms
(eq 9¢), and the Born energy term (eq 9d); that is,
PKin'tr(Si) = PKSt'nd(si) — In(10)pE

a,i a,i

(%)
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Figure 3. Titration curves of all His residues of 2DN3(Oxy).The symbol "+” refers to the "His™” state,

corresponds to the pK:¥ value.

"an

€” to N% ”8" to N° The black line

N
E= Z [Eij(s,., s;)) - Eij(s,.o, 5}9)]
j=1&j#i (9b)
+ [Eo(s) — EiO(SiO)] - [Eil(;/l‘(si) - EiI(;/II(SiO)] (9¢)

+ [Eii(si’ Si) - Eii(siof 51'0)] - [Eéwi(si: Si) - Eifwl(siof 5:‘0)]
(9d)

The meanings of the labels can be found in the Theory
section. Thus, pK;“(s;) reflects the desolvation of the sites, ie.,

the removal from the solvent and the insertion into the protein.

B RESULTS

The primary focus of this paper is on the analysis of the pK,’s of
the His residues of deoxy and carbonmonoxy HbA in the
absence of other effectors, such as bisphosphoglycerate(BPG).
The pK.s of the surface His are known from the NMR
measurements of Ho and co-workers.'”*° HbA has 38 histidine
residues. Each « chain has ten histidine residues and each f chain
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has nine histidine residues. Of these, six pK, were measured for
each of the @ chains and seven for each of the f chains (see
Table 4). The other His residue are buried and are presumed in
the NMR study to have their pK, values outside the é)H range
[4—9] accessible to the NMR measurements. The pKS" values of
all His residues are calculated, including those not observed in
the NMR experiments; almost all of latter values are found to
have pK:f values outside the accessible pH range.

Deoxy and Oxy Structures of HbA. We present a number
of the characteristics of relatively high resolution deoxy and
oxy X-ray structures for HbA available in the literature; the use
of the term oxy is a shorthand for liganded, whether CO, O,, or
NO.® 8 In Table 1, we list the structures, their nominal
resolution, and the original reference; for deoxy HbA, we
include only structures with a resolution 2 A or better, while for
oxy HbA, we include lower resolution structures, some of which
have been suggested to be “the” oxy HbA structure in solution."?
The structures were crystallized under different conditions
(e.g, pH, salt concentration, temperature, as described in the
references in Table 1). The RMSD values between pairs of

dx.doi.org/10.1021/bi401126z | Biochemistry 2013, 52, 8539—8555
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Figure 4. Average protonation curves of His* state of all His residues for 2DN3(Oxy) from titration calculations and Henderson—Hasselbalch
equation. The black line corresponds to the pK:¥ value.

crystal structures are listed in Table 2. The heavy atom RMSD from the crystal structures of both deoxy and oxy HbA are similar
between X-ray structures for deoxy HbA range from 0.55 A to and small (in the range of 0.6 to 0.8 A) and the difference between

095 A, while those for the oxy X-ray structures vary over a the minimized and unminimized WHATIF structures are of the
significantly larger range (from 1.39 A to 3.03 A). For comparison, same order. As described in Caves et al,* the structures tend to
we note that the RMSD between deoxy and oxy HbA structures, move on a "hypersurface” under small perturbations, remaining
also shown in the table, is in the range of 2.65—4.20 A, similar to approximately equidistant from each other. However, although the
the range of variation of the oxy structures among themselves. structural differences are not large, they can result in significant
As stated in Computational Details, we generated three changes in the calculated pK= values, so that a comparison of the
additional structures from the X-ray structures. We focus on the results from a number of them is of interest.
minimized WHATIF structures (Table 3); data for the other Deoxy HbA pK:™ Calculations. The calculated pK, values,
structures are given in Supporting Information. In the highest ie., pKﬁff, and their deviations from experiment for the
resolution structure, 2DN2 and 2DN3, WHATTIF introduced no measured His residues (in parentheses) are listed in Table 4
changes in 2DN2 and three changes in 2DN3. For comparison, in for the minimized WHATIF structures, and Tables S2 to S4 for
the lower resolution structure, IHHO(R), there are eight changes. the other structures. Although the effect of minimization is not
The specific changes for all structures are given in Table S10 in the large, it does lead to improved agreement with experiment on
Supporting Information. Overall, the distribution of RMSD values average. This is true for minimization of the crystal structures
between structures of the four sets of structures are very similar, and minimization of the WHATIF optimized structures.
with the RMSD’s always much smaller for the deoxy than the oxy For the minimized WHATIF structures, all predicted
structures. The deviations of the minimized WHATIF structures changes of the pK®s from the solution value are in the right
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direction. 2DN2 (and 2DN3 for oxy Hb) are used for most of
the analysis because they are the highest resolution structures
and were determined under the same conditions; the results
obtained with them are listed in bold in the tables. The
magnitude of the average prediction error is around 0.5 pK,
units (0.7 kcal/mol) and the maximum error is less than 1 pK,
unit (1.4 kcal/mol), with the exception of Hisl17@f1 of
2DN2. Interestingly, the f2 chain has a smaller error for
His117; the difference is due to the fact that the whole protein
does not exactly have C, symmetry and the WHATIF program
predicts a different hydrogen bonding network around His117
in the two f chains. As we shall see for oxy HbA, the variations
of the calculated pK:F values with the structure used tend to be
significantly larger, in accord with the fact that the structures
differ more.

Although the available NMR data for HbA do not distinguish
between N° and N¥ of His in the single protonated (neutral)
form, we show in Figure 1 the calculated protonation states of
the His sites of 2DN2 as a function of pH. The His" occupation
corresponds to the titration curve of the residue and the 50%
protonated state corresponds to the value of pK:¥. Most of the
calculated total titration curves, the blue line in Figure 1 cor-
responding to the His™ curve, have the simple form expected
from the Henderson—Hasselbalch equation (see Figure 2).
However, there are some that differ significantly, for example
His103 and His107. Also, as shown in Figure 2 for His 146,
the deviation is small in 2DN2 but large in 2DN3 (Figure 4).
In the neutral form, some His (e.g, $146) have mainly N°
protonated, others (e.g,, #143) have N° and N approximately
equally protonated, and still others (e.g,, @50) have mainly N°
protonated.

As mentioned earlier, a number of the His pK,’s were not
accessible to NMR in the measurable pH range*™” in both
deoxy and oxy HbA. They are a58, a87, 103, a122, 63, and
$92. All of them are predicted to have a low pK (see Table 4
and Table S) though not all are predicted to be below 4 (S8,
f63). All of the residues that are not observed are essentially
buried with exposed surface areas less than 10%, except for 63
in the oxy structure; there are also some residues with low
exposed surface areas, which are in the measurable range (e.g,,
97 and B116) in both the deoxy and oxy structures. Since
buried residues are expected to be more sensitive to the dielectric
constant due to the Born contribution, we have repeated the
calculation for a dielectric constant of 4 (see Table S8 in SI).

Oxy HbA pK:ff Calculations. The calculated pK, values,
i.e, pK and their deviations from experiment (in parentheses )
are listed in Table S for the minimized WHATTF structures and
in Tables S5 to S7 for the other structures. A striking result is
that for both His #143 and His 146, only the 2DN3 structure
yields close agreement with experiment and that all other
structures have large errors in His $146 and several also have
large errors in His 143; these two residues contribute most
to the Bohr alkaline and acid effects, respectively. As shown in
Table 3, the oxy structures differ significantly more from each
other than do the deoxy structures. Not unexpectedly, this is
reflected in the pK: values. For the residues other than
Hisf146 and Hisf143, all the structures have errors less than
1.5 pK, unmits (2 kcal/mol). The average error of 2DN3 is
0.3 pK, units (0.4 kcal/mol) and the maximum error is 0.9 pK,
units (1.3 kcal/mol). Figure 3 shows the titration curves for
all the His residues calculated with 2DN3. As for deoxy HbA,
most curves are close to single titration behavior (see Figure 4).
However, His 146, in particular, is an exception. In most cases,

8548

(a) NMR

2.0p

1.0}

N °e \\
. .
IO ST~ PN A
o 2345, )
..-;'5" oo ° N
ke esssseseosemsesssioonerttiiz;

0.0

-1.0f

Number of proton released upon oxygenation per tetramtert

10

(b) Titration calculations

Number of proton released upon oxygenation per tetramter

10
pH

Figure 5. Contributions of all His residues to the Bohr effect except
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Figure 6. Proton release curve of HbA upon oxygenation for Vall@a.

for neutral His, the same position (N° or N°) tends to be
favored in oxy HbA as in deoxy HbA for a given residue and
to the same degree. However, there are cases (e.g,, His 77)
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Table 6. Born Energy, Background Interaction Energy, and pK:"" of His143 and His146 in the Minimized WHATIF 2DN2 and

2DN3 Structures”

(a) 2DN2
His* N* N’
site pkend Born background Born background Born background pK™
His143 6.38 0.521 —0.316 0.116 0.034 0.130 —0.113 6.25
His146 6.38 0.578 —0.422 0.138 0.025 0.153 0.068 6.44
(b) 2DN3
His* N¢ N’
site pkend Born background Born background Born background pK™
His143 6.38 0.562 —0.437 0.136 0.025 0.140 —0.111 6.23
His146 6.38 0.855 —0.869 0.208 0.305 0.191 —0.004 6.23

“All values are given in pK units.

where the N¢/N? ratio is different in the two structures,
particularly (and not surprisingly) for residues with small shifts.

Most residues are shifted less in the oxy structure from
pKe™d, Probably as a consequence of the smaller pK, shift, the
errors of the oxy HbA pK=® values tend to be smaller than those
of the deoxy values. Both His 143 and His /146 are shifted
less from the solution value in oxy than in deoxy HbA; His
143 is shifted in the same direction (to a lower value) in both
deoxy and oxy HbA, while His 146 is shifted upward by a large
amount in deoxy HbA, and it is shifted downward by a small
amount in oxy HbA.

Bohr Effect. His residues make the major contributions to
both the alkaline and the acid Bohr effects, as shown by the site
specific NMR measurements of Ho and co-workers." Figure 5
shows Bohr effect obtained from the NMR measurement
(Figure Sa) and from the calculated pK§ff values (Figure Sb) in
terms of the total proton release upon oxygenation by the HbA
tetramer and the contribution of each His to the total. The
number of released protons from each His residue, AH, is
calculated based on the standard relation

K
AH, = 2| ————
[H] + K>

deoxy
Ki

[H+] + Kideoxy

(10)

where the K’s are proton dissociation constants and [H*] is the
hydrogen ion concentration. Although the curves in Figure Sa
and Figure Sb are not identical, they are quite similar for both
the alkaline Bohr effect (normally referred to as “the” Bohr
effect) and the acid Bohr effect. The largest error occurs for
the contribution of @45 to the acid Bohr effect due to the fact
that the 2DN3 result is nearly exact (error of 0.02), while the
downward shift in 2DN2 (error of 0.63) is too small. Based on
the His residues, the maximum alkaline Bohr effect (2.0 protons
released) is observed experimentally at pH 7.4 (the calculated
values are 2.12 proton released at pH 7.1) and the maximum
acid Bohr effect (1.0 protons absorbed) occurs at pH S.1 (the
calculated values are 0.98 protons absorbed at pH 4.5). The
corresponding values from oxygenation measurements for the
maxima are at pH 7.1 and 5.2, respectively, with 1.96 protons
released and 1.40 absorbed.'® Since the Bohr effect depends on
the ligand and the presence of other effectors, we remind the
reader that the experimental and the calculated results reported
here are for stripped deoxy HbA and CO HbA. The agreement
is satisfactory and confirms that His 146 makes the largest
contribution to the alkaline Bohr effect, while His $143 makes
the dominant contribution to the acid Bohr effect; His @45
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Table 7. Interaction Free Energy for His143 and His146 for
deoxy 2DN2 (WHATIF Minimized) Structures of Residues
out to 15 A

(a) Interaction Free Energy E; between His143 and Other Residues

Prot. Prot. Distance E;
Res; State Res; State [A] [kcal/mol]
His143@p1  charged Lys82@f1 charged S.18 0.31
His143@p1  charged Lysl44@p1  charged 5.62 0.32
His143@p1  charged Tyrl45@f1 neutral 9.47 —0.17
His143@p1  charged Glu90@p1 charged 9.70 —0.14
His143@p1  charged Hisl46@p1  charged 10.95 0.14
His143@p1  charged His2@p2 charged 11.48 0.15
His143@p1  charged Nter@pl charged 11.97 0.15
His143@p1  charged Cter@f1 charged 12.39 —0.11
His143@p1  charged Lys132@p2  charged 12.52 0.16
His143@p1  charged Nter@f2 charged 12.75 0.15
His143@p1  charged rglO4@p1 charged 13.17 0.16
His143@p1  charged His92@p1 charged 13.27 0.12
His143@p1  charged Lys82@f2 charged 13.93 0.15
(b) Interaction Free Energy E; between His146 and Other Residues
Prot. Prot. Distance E;
Res; State Res; State [A] [kcal/mol]
His146@p1  charged Cter@pl charged 322 —0.58
His146@p1 epsilon  Cter@pl charged 322 0.20
His146@p1  charged Asp94@p1 neutral 5.84 —0.11
His146@p1  charged Asp94@f1 charged 5.84 —0.95
His146@p1 epsilon  Asp94@pl charged 5.84 —0.23
His146@p1  charged Tyrl45@p1 eutral 16 —0.22
His146@p1  charged Lys40@a2 charged 7.32 0.34
His146@p1  charged Glu90@p1 charged 8.02 —0.20
His146@p1  charged Lysl44@pl  charged 843 0.17
His146@p1 charged His97@p1 charged 10.87 0.17
His146@p1 charged Lys9S@p1 charged 10.94 0.14
His146@p1  charged Hisl43@p1  charged 10.95 0.14
His146@p1 charged Lys132@f2  charged 11.82 0.17
His146@p1  charged His92@p1 charged 12.99 0.12
His146@p1  charged Glu7@p2 charged 13.49 —0.14

“The distance is measured between geometric centers of the side chain
atoms of the residue pairs.

appears experimentally almost equally important as His 143
for the latter, but it has the largest measurement uncertainty.
Contributions to the Bohr Effect from Residues Other
than Histidines. To determine whether residues other than
His contribute to the Bohr effect, we have done corresponding
calculations of pK in deoxy and oxy HbA for all titratable
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Table 8. Interaction Free Energy for His143 and His146 of Oxy 2DN3 (WHATIF Minimized) Structures of Residues out to 15 A”

(a) Interaction Energy E; between His143 and Other Residues

Prot. Prot. Distance E;
Res; State Res; State [A] [kcal/mol]
His143@p1  charged Lys82@pl charged 541 0.28
His143@p1  charged Lysl44@pl  charged 5.96 0.30
His143@p1  charged Cter@pl charged 6.52 —0.36
His143@p1  charged Hisl46@p1  charged 6.68 0.33
His143@p1  charged Glu90@p1 charged 8.36 -0.19
His143@p1  charged Nter@f2 charged 8.84 0.26
His143@p1  charged His2@/f2 charged 9.62 0.19
Hisl43@p1 charged Tyrl45@Bl  neutral 1020 —0.14
His143@p1  charged Asp94@f1 charged 10.38 —0.20
His143@p1  charged Hisl46@p2  charged 11.20 0.19
His143@p1  charged Cter@p2 charged 12.34 —0.17
His143@p1  charged His92@p1 charged 12.69 0.13
His143@p1  charged Nter@f1 charged 12.70 0.16
His143@p1  charged Hisl43@p2  charged 13.02 0.15
(b) Interaction Energy E; between His146 and Other Residues
Prot. Prot. Distance E;
Res; State Res; State [A] [kcal/mol]
His146@p1  charged Cter@pl neutral 4.15 0.12
His146@f1  charged Cter@f1 charged 4.15 —0.54
His146@p1  charged Hisl43@f1  charged 6.68 0.33

(b) Interaction Energy E; between His146 and Other Residues

Prot. Prot. Distance E;
Res; State Res; State [A] [kcal/mol]
His146@p1  charged Nter@f2 charged 7.16 0.31
His146@p1  charged Tyrl45@f1 neutral 7.33 —0.29
His146@p1  charged Hisl46@p2  charged 7.50 0.51
His146@p1  charged His2@f2 charged 9.3§ 0.21
His146@p1  charged Lysl44@f1  charged 9.60 0.12
His146@p1  charged Cter@f2 charged 10.70 —0.24
His146@p1  charged Hisl43@p$2  charged 11.20 0.19
His146@p1  charged Lys82@f1 charged 11.24 0.10
His146@p1  charged Lys132@p2  charged 11.73 0.14
His146@p1  charged Argl04@p2  charged 11.95 0.31
His146@p1  charged Asp94@f1 charged 12.07 —0.16
His146@p1  charged Nter@pl charged 12.60 0.20
His146@p1  charged Asp99@f1 charged 12.83 —0.32
His146@f1  charged His92@p1 charged 13.49 0.16
His146@p1  charged GlulOl@f1  charged 13.73 —0.30
His146@p1  charged Tyrl45@f2  neutral 13.85 —0.17
His146@p1  charged Argl04@pl  charged 14.06 0.26
His146@p1  charged Glul01@p2  charged 14.39 —0.30
His146@f1 charged His97@p1 charged 15.00 0.11

“The distance is measured between geometric centers of two side chain atoms of the residue pairs.

residues. It turns out that the only other residues that can contribute
are the N terminal group of Val al and Val $1. All other residues
titrate outside the pH range of interest for the Bohr effect.

For Val a1 the calculated values of the pK:™ are 8.60 and 7.80
in deoxy and oxy HbA, yielding the Bohr effect curve shown in
Figure 6. The number of protons released from the two chains
at pH 8.4 is 0.32, corresponding to 16% of the Bohr effect at
that pH. For Val f1, we find that the pK:¥ shift is in the
direction favoring oxy Hb, which would lead to an inverse
Bohr effect. However, we note that the presence of Cl™ in the
neighborhood of the BPG binding site would be expected to
stabilize the protonated form in deoxy HbA and could
neutralize (or reverse) the effect of this group; Cl~ ions were
not included in the model.

Mutant and modification studies®®' have suggested that
other residues contribute to the Bohr effect. One example is
Glu 43, where amidation of the carboxyl group alters the Bohr
effect. The calculated pK*®s of Glu 43 are 3.03 and 3.55 in
deoxy and oxy HDbA respectively; i.e., they are in a range far
outside that of the alkaline Bohr effect (and the change is in the
wrong direction). This suggests that it is not the carboxyl
group, per se, that is involved, but rather the amidation experi-
ments measure an effect on the titration of another Bohr group. It
could be a structural perturbation, such as that found previously
in the analysis of the effect of a mutation of Asp in tRNA.>*

Analysis of Origin of the pK:™ shifts. Providing insights
into the origin of the pK, shifts from pKs™ to pK=is an important
objective of this paper, in particular because it is difficult to make
an experimental determination of the contributions by structural
or mutation studies. As described in the section Methodology and
Computational Details, we use two approaches to estimate the
contributions from all other protein residues to the pK, shift of a
given residue, relative to pK3™, the measured solution value. The
first method calculates the values of the interaction free energy
between the residue of interest and other residues (eq 4a), in
addition to the background term (eq 4b) and the Born term
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(eq 4c). The analysis is focused primarily on the important
residues His 146 and His $143. The contributions to the value
of pK™ (see eq 9), relative to pK™, are listed in Table 6.
Although the Born energy and background energy contributions
to the pK, shift are significant, their sum is not. Consequently, the
pK™ values of both His 143 and His #146 in 2DN2 and 2DN3
deviate little from the pKS™ values.Table 7 and Table 8, respec-
tively, show the interaction energy E; and pK, shift contribution
of various protein residues to the residue of interest for 2DN2
and 2DN3. We include all residues that are significant within
15 A. For His 146 of 2DN2, the C terminal carboxylic group,
which makes a salt bridge to Lys 40 a,, and the salt bridge with
Asp94 have the largest stabilizing interaction free energy.
Interestingly, the C terminal carboxylic group has, in addition, a
destabilizing interaction with N, while Asp94 has a stabilizing
interaction with N° A number of other residues are significant;
see Figure 7.

For Hisf/146 in 2DN3 as in 2DN2, the C terminal carboxy
group has a similar stabilizing interaction free energy (—0.54
kcal/mol), but Asp94 f3, is 17 A from His /3146, so that it makes
a much smaller contribution. Interestingly, there are residues
up to a distance of 21 A which make contributions of greater
than 0.1 kcal/mol, both positive and negative in oxy HbA.
This appears to arise from the fact that in oxy HbA, His 146 is
90% buried; in deoxy, His 146 is essentially on the surface
(35% buried).

For His 143 in 2DN2, Lys 82 and Lys 144 make the
dominant destabilizing interaction free energy contribution
(0.31 and 0.32 kcal/mol, respectively); in 2DN3, these two
groups make similar destabilizing contributions (0.25 and
0.30 kcal/mol, respectively). Figure 7 shows some of the
important residues. The actual calculated pK=¥ downward shift
on oxygeneration is somewhat overestimated (see Table 5).

The perturbation results obtained for His $146 and His 143
in 2DN2 and 2DN3 are shown in Figure 8. Not surprisingly,
the residues that are found to produce significant interaction
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Biochemistry

(a) Residues around His143 of 2DN2

2

Tyrl45@p1

17,
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Lysl44@p1 "Arg104@[3§/f\\u

His143@p1
His2@p1 9.38
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(b) Residues around His146 of 2DN2

3 3.08

Glugo@p1

His92@p1
Lys95@p1 “

His143@p1

Lys132@p2

Figure 7. Important residues for His143 and His146 in 2DN2 and 2DN3. For clarity, some residues listed in Table 7 and Table 8 that are more

distant are not shown.

free energies are essentially the same as those that contribute to
the perturbation analysis. However, the perturbation analysis
makes possible an estimate of the contributions of the various
residues to the pK:? shift. For both His 5146 and His 143 in
2DN2, the perturbation result is in satisfactory agreement with
the full calculation in Table 5. For 2DN3, the perturbation
analysis works for Hisf}143 but breaks down for His$146, in
accord with the fact that double mutant cycles show significant
coupling. This is likely to be due to the fact, already mentioned,
that Hisf}146 is significantly buried in 2DN3 structure.

Bl CONCLUDING DISCUSSION

Although the Bohr effect in hemoglobin was discovered more
than one hundred years ago, a complete understanding of its
origins is not available. It is now known that there is both an
alkaline and an acid Bohr effect. The former corresponds to the
release of protons on oxygenation at alkaline pH and the latter
corresponds to the uptake of protons on oxygenation at acid
pH. Based on the structures of unliganded (deoxy) and
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liganded (met)HbA, Perutz proposed that the alkaline Bohr
effect was due to two pairs of salt bridges (see Figure 9),
present in deoxy hemoglobin and absent in oxy hemoglobin.
Mutant studies supported the Perutz model,® but they also
suggested that other residues could be involved. It is only
relatively recently that NMR studies of deoxy and carbon-
monoxy HbA demonstrated that His residues play the
dominant role in both the alkaline and acid Bohr effect with
His 146 being most important for the former and His 143
for the latter. In this paper we calculate the pK, shifts in deoxy
and oxy HbA, relative to the solution values of model
compounds, to obtain pK<¥, the pK, value in the protein, and
use the results to determine the origin of the shift at the
molecular level. For this purpose, the electrostatic free energy
of the system as a function of the protonation states of the
titratable residues is determined for a set of pH values by
solving the linearized finite-difference Poisson—Boltzmann
equation. The free energy consists of the desolvation free
energy of the titratable residues, the electrostatic free energies

dx.doi.org/10.1021/bi401126z | Biochemistry 2013, 52, 8539—8555
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(a) Residue His143 of 2DN2
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Figure 8. Perturbational analysis of residues contributing to the pK=" in His143 and His146. The points are the cumulative sum of those within the
current distance; the standard pK, value in aqueous solution is indicated on the point where the red line intersects with the Y axis and the calculated
residue pK, value in protein, ie., pK, is indicated by the dash line. "NTER” and "CTER” refer to the N terminus and C terminus, respectively.
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Figure 9. Perutz salt bridges in Deoxy HbA involving His146 at 1.
Redrawn from reference 11.

of interaction between titratable residues and background
atoms (fixed charged residues and polar groups) and between
titratable residues in the given protonation states. Because of
the large number of titratable residues in HbA, Monte Carlo
sampling is used to determine their average proton states and
their pK®. With the highest resolution minimized WHATIF
structures for deoxy and carbonmonoxy HDbA, there is good
agreement between the calculated pK:" and the experimental
pK.’s for the His residues that have been measured. These include
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six out of a total of ten His in each a chain and seven out of a
total of nine His in each f chain. The calculations show that the
His residues that are not observed have their pK® values shifted
to low pH beyond the observable range (pH 4 to 9) due to the
large Born desolvation contribution resulting from their being
mainly buried, in contrast to most of the observable His residues,
which are exposed to the solvent.

The only residues, other than the His, that are calculated to
contribute significantly to the alkaline Bohr effect are the amino
terminal groups of Vall in the @ chains and f chains. Other
residues (e.g, Glu 40 and Lys82) that have been suggested as
alkaline Bohr groups from mutation experiments cannot
contribute directly, according to the calculations. Rather, they
must produce their effect by perturbing the protein so as to
change the His contributions.

Given the agreement between the experimental and the cal-
culated pK:® values, we use the latter to obtain insights con-
cerning the origin of the alkaline and acid Bohr effects beyond
those available from experiment. Since the pK, shifts, relative to
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the model compound values, in deoxy HbA are generally signifi-
cantly larger than in carbonmonoxy HbA, we focus primarily on
the former. Using the calculated free energy of interaction and a
complementary perturbation approach, we show that for 5146,
which makes the dominant contribution to the alkaline Bohr
effect, the Perutz salt bridge between Asp 94 and the N¥ of the
His side chain is most important. For $143, which makes the
dominant contribution to the acid Bohr effect, Lys 821 and Lys
144 p1 are dominant. However, in both cases, other interactions
that extend to 15 A from $146 and 143 make non-negligible
contributions.

The sensitivity of the calculated results to the details of the
structure used is of particular interest for the oxy structures,
which vary over a range of 4 A in their RMSD and have
significant difference in the calculated pK® values. The results
suggest that the solution structure is close to the carbonmonoxy
structure (2DN3), rather than to R2 or other structures that
have been determined by X-ray diffraction under various
conditions. However, we cannot exclude the possibility that
some mixture of structures that agree as well as 2DN3 with the
measured pK, values represent the oxy HbA ensemble present
in solution.

The present analysis provides support of the Perutz model
for the Bohr effect as a zero-order description. However, His
residues other than His 146 make significant contributions
and the pK: shift of His$146 in deoxy HbA is due not only to
the Perutz salt bridges, but also to other interactions.

B APPENDIX

In this appendix, we give a summary of the programs and
scripts used for the pK, calculations. They were developed by
one of the authors (M. Schaefer).

Main Program

The calculations in this work were performed by a collection of
computer programs, where the workflow leading from the
structure to the titration curves is controlled by a single script
written in the UNIX csh language. In this script, termed
"pk_run”, the calculation is divided into the steps "initialization”,
"electrostatics calculation”, and ”titration curve calculation”.

Initialization

During initialization, the input structure in CHARMM crd
format and a parameter file specifying titratable sites are used to
produce input for the subsequent calculations, in particular, the
list of the titrating sites that are present in the system and
separate coordinate files in pdb format for the model
compounds. Titrating sites in the input structure are identified
by residue and atom names that match an entry in the
parameter file. The residue names for titrating N and C-terminal
atoms are given as NTER and CTER in the parameter file and
must be changed accordingly in the input structure file if they
are to be included in the titration calculation. Two copies of the
input structure in crd format are required, one with atom radii
and the other with partial charges in the 10th data column,
which is equivalent to the “pqr” format that is frequently used as
input to Poisson-Boltzmann calculations.>® The partial charges
of background atoms are employed as given in the charge-crd
file, whereas the partial charges of titrating sites are taken from
the parameter file because they vary according to the
protonation state. For every titrating site, the residue containing
the site is written out as its model compound, ie., without
adding terminal blocking groups.
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Electrostatics Calculation

As described in Methods, to compute the electrostatic energy of
the system or a model compound in a given protonation state,
E(s), it is necessary to determine the electrostatic interaction
energy between every pair of atom groups (including the
background atoms) with atom partial charges according to their
protonation state, Ey(s; ;). This is done by performing Poisson-
Boltzmann calculations for every site and protonation state in
the protein, and in the model compounds. One additional
calculation for the system and each model compound is
concerned with the non-titrating background atoms. At the
beginning of each Poisson-Boltzmann calculation, only the
atoms of site i are assigned partial charges according to the
protonation state s; all other atoms are uncharged. The
solution of the Poisson-Boltzmann equation is then used to
determine the electrostatic potential ¢; of site i throughout the
system, from which the interaction with site j in protonation
state s; is computed by the sum E,j(s,-,sj) = quk(s}-)d)i(si), where
the sum is over all atoms k of site j. The Poisson-Boltzmann
program UHBD is implemented with the script pk_run to
perform this task, making use of the UHBD commands for
assigning charges to individual atoms, printing out the
electrostatic potential, and computing the solvation free energy
of a set of charges corresponding to the diagonal terms E;(s,s;).
Other programs, e.g, the multigrid Poisson-Boltzmann
program APBS>? or generalized Born electrostatic methods®**®
offer similar functionality and could be equivalently employed.
The output of the electrostatic calculations is stored in two
files, one for the system and all pairs of sites i, j, the other with
data on all model compounds. Since the Poisson-Boltzmann
calculations for all sites and model compounds are independent,
the main script offers parallel processing for the UHBD
calculations.

Titration Calculation
Three programs are available for computing titration curves
and pKa’s of all sites according to eq 5: "titrex” for a full
enumeration of all protonation states of the system, applicable
to approximately 30 titrating sites; a parallelized version,
"titrex_p” which extends the range of applicability, e.g,, by a
factor of 10 for 1000 compute nodes; and “titrmc”, which
computes titration curves by Monte Carlo sampling. The input
of the titration programs is the list of all sites with the standard
pK, values and the output from the electrostatic energy
calculations on the system and model compounds. The output
are the probabilities of all sites and protonation states over a
user-defined pH-range. The titration programs are not
restricted to two protonation states; in particular, they can
treat the case of His residues with 3 possible states. Similar to
the Beroza method,** the Monte Carlo titration program uses
exchange of H+ with the solvent and between "coupled” sites
as Monte Carlo steps. However, it differs from that of Beroza
by the fact that it can handle multiple (>2) protonation states.
Finally, a separate program reads the titration curve data and
derives effective pK, values of all site, giving an upper or lower
bound if they are outside the computed pH-range.

The program is available from its author (M. Schaefer,
michael.schaefer@novartis.com).

B ASSOCIATED CONTENT

© Supporting Information

The atomic charges of all titratable residues are given in Table S1.
The His experimental (NMR) and calculated pK, values of deoxy
HbA WHATIF structure, minimized crystal structure, and crystal
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structure for PDB code 2DN2, 4HHB, 1BZ0, 1RQ3, 1XXT, and
1KD2 are given in Table S2, S3, and S4, respectively. The His
experimental (NMR) and calculated pK, values of oxy HbA
WHATIF structure, minimized crystal structure, and crystal
structure for PDB code 2DN3, 1IHHO, 1BBB, 1MKO, and 1YZI
are given in Table S5, S6, and S7, respectively. Table S8 lists the
His experimental (NMR) pK, value and calculated pK, values
using different dielectric constants of the solvent, and the surface
exposure percentage of each His residue for both deoxy 2DN2
and oxy 2DN3 structures. The calculated His pK, value
differences between two dimers of HbA for both deoxy 2DN2
and oxy 2DN3 are shown in Table S9. This material is available
free of change via the Internet at http://pubs.acs.org.
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