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Herein we examine the viability of physicochemical approaches based on standard computational chemistry
tools to characterize the structure and energetics of flexible drug molecules with various titratable sites. We
focus on the case of the monobactam antibiotic aztreonam, whose structure and physicochemical properties
have been ascribed to several tautomeric forms, although it is still unclear which protonation states are
responsible for its biological activity. First, we experimentally determined the pKa values for aztreonam
over the pH range 0.8-7.0 using both1H NMR and13C NMR spectroscopy. Second, we carried out quantum
chemical calculations on snapshots extracted from classical molecular dynamics simulations. Various levels
of approximation were used in the energy calculations: ONIOM(HF/3-21G*:AMBER) for geometry
relaxation, B3LYP/6-31+G** for electronic and electrostatic solvation energies, and molecular mechanics
for attractive dispersion energy. The value of the free energy of solvation of a proton was treated as a
parameter and chosen to give the best match between calculated and experimentalpKa values for small
molecules. Overall, this computational scheme can give satisfactory results in the pKa calculations for drug
molecules.

Introduction

Electrostatic interactions are key factors in determining the
properties of drug molecules including their pharmacological
functions, such as ligand binding, absorption, and transport as
well as their structure and resistance to chemical and enzymatic
degradation. The electrostatic properties of a molecule can
dramatically change depending on the protonation states of its
titratable groups, which, in turn, depend on their intrinsic
chemical properties, substituent effects, ionization state of other
titratable sites, and the pH and ionic strength of the surrounding
solvent. Consequently, pKa is one of the main physicochemical
properties afecting the drug likeness of a molecule.1 For
example, the bioavailability of compounds has been proposed
to be governed by several properties depending on the pre-
dominant protonation state at biological pH.2 However, most
often, the pKa values or the protonation state responsible for
activity or both have not been reported for molecules of
therapeutic importance.3 Moreover, many different ionization
states for a compound are often neglected in rational drug design
because of the lack of robust protocols for routine estimation
of pKa values.4

Aztreonam (AZR) was the first marketed monobactam
antibiotic.5 It is specifically active against aerobic gram-negative
bacteria and exhibits a high degree of stability toâ-lactamases.
Scheme 1 shows some tautomeric forms of AZR differing in
the protonation state of the thiazol ring, the carboxyl group,
and the amino group, which are all located in the 4-acylamino
side chain attached to theâ-lactam nucleus. The chemical
structures sketched in Scheme 1 correspond to zwitterionic (Z1,
Z2, andZ3), anionic (A1-A4), or dianionic (D1) forms.

On the basis of a survey of the scientific literature and/or
chemical databases, it is unclear as to which AZR protonation
states is biologically active. For example, earlier articles usually

depict AZR in itsZ2 configuration;5,6 the AZR entry in the
Pubchem database7 also corresponds to theZ2 zwitterionic form;
the ZINC database8 generates an (unlikely) anionic tautomer
with a protonatedN-SO3H moiety; and the CAS electronic
record of AZR (78110-38-0) displays a fully neutralized
tautomer. However, the crystal structure of AZR (cocrystallized
with dimethylacetamide) has been shown to unambiguously
correspond to theZ1 structure.9 In the crystallographic study
on theC. freundii acyl-enzyme,10 AZR was initially modeled
as a monoanion in theA1 form. However, the apparent pKa

values of AZR were indirectly determined by solubility mea-
surements,6 the reported pKa values for the sulfonyl, amine, and
carboxyl groups being-0.7, 2.75, and 3.91, respectively. Similar
pKa values are predicted by the SPARC method,11 which
combines an empirical fragment-type approach with a linear
free energy treatment. However, the SPARC online calculator12

assigns the highest pKa value (4.34) to theN-thiazol atom
followed by the pKa value for the carboxyl group (2.70).
Regardless of the precise assignment of the pKa values, these
pKa calculations indicate that AZR should exist as a dianion
(D1) in aqueous solution at physiological pH. In consonance
with this, two negative charges are assumed for AZR in the
experimental studies on the diffusion ofâ-lactams through
liposome membranes.13,14

As described above, the structure and physicochemical
properties of AZR have been ascribed to (at least) four different
protonation states (Z1, Z2, A1, D1) and there are significant
doubts about the assignment of the pKa values. We lack
information about the actual free energy differences among these
and other protonation states of AZR as well as their structural
and dynamical properties. The acquisition of this knowledge
could be useful in shedding light onto some characteristics of
AZR activity such as its resistance against the broad-spectrum
metallo-â-lactamases.15 Intriguingly, the active site of these
enzymes can accommodateâ-lactam substrates with very
different side chains attached to theâ-lactam core. Whether AZR
cannot bind to the metallo-â-lactamases or binds but in a
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nonproductive orientation must be critically related to its most
populated protonation state.

The case of AZR prompted us to consider the viability of
physicochemical approaches based on standard computational
chemistry tools to predict the relative free energies of different
tautomers of drug molecules, thereby improving our knowledge
of their biological mode of action and their pharmacokinetic
properties. First, we experimentally re-examined the pKa values
for AZR over the pH range 0.8-7.0. The electrostatic behavior
of titrating groups in AZR was investigated by using both1H
NMR and13C NMR spectroscopy. Nonlinear least-squares fits
of simple relationships derived from the Henderson-Hassel-
balch equation to the chemical shifts versus pH data led to the
unambiguous determination of ionization constants. Second, we
developed and tested a novel computational scheme, which
combines classical molecular-dynamics (MD) and quantum-
mechanical (QM) calculations, resulting in a mixed continuum/
discrete representation of the solute-solvent interactions. This
MD/QM approach represents an extension of previous theoreti-
cal work that has demonstrated that the combination of QM
methods with continuum dielectric solvation models can provide
quantitatively good pKa predictions (less than(1 pKa unit) for
small closely related solutes.16-26 Moreover, computational
strategies based on ab initio QM calculations are beginning to
be used for the prediction and rationalization of pKa values of
ionizable residues in proteins.27 In our approach, QM calcula-
tions are performed for multiple solute conformations extracted
from classical MD simulations to determine the pKa values by
carrying out a statistical mechanical average over the conforma-
tions. In addition, protonation sampling among the several
titratable groups of AZR is taken into account to compute the
global pKa values. The experimentally derived and calculated
pKa values are discussed in light of the biological activity of
AZR. Finally, some potential benefits of systematically applying
the MD/QM computational approach to drug molecules are
discussed.

Results

pH Dependence of 1H and 13C Chemical Shifts. To
experimentally determine pKa values in the AZR molecule as
well as to assess the functional group or groups responsible for
them, changes in the1H chemical shifts were measured as a
function of pH in an aqueous solution at 25°C, and the pH
variation of13C chemical shifts was followed in a D2O solution.

pH values ranged from 0.85 to 7.0. Theâ-lactam ring of AZR
irreversibly opened at pH values of more than 7.0. Those protons
and carbons displaying chemical shift changes less than 0.01
and 0.2 ppm, respectively, over the whole pH range studied
were considered to be pH independent. They correspond to
protons H-2, H-3, and H-4 and to carbons C-2, C-3, and C-4,
which are located at theâ-lactam moiety of the AZR molecule
(see C atom numbering in Scheme 1). This result is the expected
one, taking into account the fact that the pKa value for the
sulfonate group attached to theâ-lactam moiety is below pH
0.85.

Chemical shifts corresponding to protons amide NH, H-8,
H-11, and H-11a and to carbons C-6, C-7, C-8, C-11, and C-12
are strongly pH dependent (Figure 1 and Figure S2 in Supporting
Information). The observed total chemical shift changes are, in
absolute value, 0.12-0.22 ppm for the protons and 1.1-10.9
ppm for the carbons. To derive pKa values, titration curves for
protons and carbons were independently analyzed because they
were obtained from AZR samples in H2O/D2O 9:1 v/v and in
pure D2O, respectively. Assuming a single pKa value, nonlinear
fits of the corresponding Henderson-Hasselbach equation to
either the proton or the carbon titration curves were very poor,
showing large deviations from the experimental data points.
Therefore, a nonlinear regression procedure to eq 1, which is
derived from Henderson-Hasselbach equation for a noninter-
acting model and assumes two different pKa values and rapid
equilibrium between protonated and deprotonated forms,28,29was
fit to the titration data

whereδA, δAH, and δAH2 represent individual chemical shift
values of the observed resonance in the different protonation
states. Least-squares analysis was performed by assuming
identical pKa1 and pKa2 for all considered protons and for all
considered carbons. The1H and13C chemical shifts correspond-
ing to each of the three AZR protonated forms obtained from
the fittings are listed in Table 1. There is a good agreement
between the values derived from1H chemical shifts (pKa1 )
2.70, pKa2 ) 4.19) and from13C chemical shifts (pKa1 ) 2.49,
pKa2 ) 4.34). Although it is commonly assumed that pKa values
determined in D2O and expressed in pH* units (uncorrected

Scheme 1.Tautomeric Forms of Aztreonam Considered in This Work

δ )
δAH210(pKa1 + pKa2 - 2pH) + δAH10(pKa1- pH)+ δA

10(pKa1 + pKa2 - 2pH) + 10(pKa1- pH) + 1
(1)
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pH) are similar to the corresponding values determined in H2O
and expressed in pH units,30 the slight differences between the
two sets of values arise most probably from isotopic effects.

To experimentally assess which of the two possible acidic
groups, N-thiazol or carboxylic acid, corresponds to each
deprotonation step, we examined the magnitudes of the chemical
shift changes in all pH dependent protons and carbons. Ideally,
some protons and carbons would report only one of the pKa

values, and this pKa value will correspond to their closest
titrating group. This strictly occurs only for one proton and one
carbon: (a) the NH amide proton that has identicalδAH andδA

(within error range; Table 1) values and (b) the C-8 carbon with
identical δAH2 and δAH (within error range; Table 1) values.
Thus, the NH amide proton that is closer to the carboxylate
group than to theN-thiazol senses only pKa1, and the C-8 carbon
that is on the thiazol ring sees only pKa2. All of the other pH
dependent protons and carbons are sensitive to both deproto-
nations. The fact that in general the change in chemical shift
for those protons and carbons closer to theN-thiazol group is
larger between pH values 3.5 and 7.0 than between 0.85 and
3.5 (Figure 2) while the variation for those protons and carbons
closer the carboxylate group is smaller between pH values 3.5
and 7.0 than between 0.85 and 3.5 (Figure 2) provides further
support that pKa1 and pKa2 correspond to the carboxylate and
N-thiazol groups, respectively.

MD Simulations. To understand the conformational proper-
ties of AZR, we carried out 3 ns MD simulations of the eight
AZR tautomers computationally examined in this work (Scheme
1). The systems were fully solvated by a box of water molecules
and classically described using our AMBER-like force field for
AZR and the popular TIP3P potential for water molecules.

The eight AZR isomers corresponded to three zwitterionic
structures (Z1-Z3), four anionic(A1-A4) structures, and one
dianionic structure (D1). The selection of the AZR protonation
states is in agreement with the experimental fact that AZR exists
as a zwitterion, anion, and dianion in the pH interval 0-10.
The AZR tautomers shown in Scheme 1 differ in the protonation
state of their acid-base groups, namely, the carboxyl group,
the exo-cyclic amino group, and theN-thiazol atom. Note that
in this pH interval theN-SO3

- group must be deprotonated
owing to its strong acidic character.

TheA3, A4, Z2, andZ3 states of AZR are found to be high
energy configurations of AZR (see below). Therefore, we focus
here on the structural and dynamical features of the most stable
protonation states, namely,Z1, A1, A2, andD1. The superposi-
tion of their most important cluster representatives is shown in
Figure 3. On the basis of their root-mean-square similarity, the
representative structures account for∼80% of the sampled
snapshots of each trajectory. Note that the thickness of the
individual models is proportional to the population of the
corresponding clusters.

According to our simulations, the flexibility of the AZR side
chain mainly arises through internal rotations about the C2-N
and C10-O bonds. As expected, the protonation state of AZR
influences the conformational preferences of its acyl-amino side
chain. On the one hand, the AZR side chain shows considerable
mobility when the five-membered thiazol ring bears a positive
charge (Z1 andA2 in Figure 3). TheA2 state exhibits the larger
side chain flexibility because in addition to the positive charge
on the thiazol N atom, its carboxyl acid is negatively charged.
On the other hand, theA1 andD1 states, in which the thiazol
ring is neutral, adopt a slightly more compact conformation and
have lower side chain flexibility as revealed by the clustering
analyses. Of particular interest can be the case of the dianionic
state D1: its side chain is relatively rigid because of an

Figure 1. Titration curves for protons for amide NH (left), H-8 (center), and methyl groups H-11 and H-11a (right). Symbols correspond to the
observed1H δ-values. The fit of eq 1 is shown as a continuous line.

Table 1. 1H and13C Chemical Shifts Values for the Three AZR
Protonated Forms Considered for pKa Determination that Are Obtained
by Fitting to Eq 1a

δAH2 δAH δA

1H
amide NH 9.623( 0.002 9.749( 0.003 9.752( 0.002
H-8 7.165( 0.002 7.061( 0.006 6.941( 0.002
methyl H-11 1.591( 0.002 1.509( 0.003 1.470( 0.002
methyl H-11a 1.591( 0.002 1.506( 0.004 1.459( 0.002

13C
C-6 145.7( 0.08 146.6( 0.10 150.3( 0.06
C-7 132.6( 0.09 136.1( 0.18 143.5( 0.07
C-8 114.3( 0.08 114.3( 0.09 115.5( 0.06
C-11 25.6( 0.08 26.3( 0.09 26.7( 0.06
C-12 180.0( 0.09 182.4( 0.12 184.7( 0.06

aReported errors are the standard fitting errors.

Figure 2. Change in chemical shift for pH dependent protons (right)
and carbons (left).
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intramolecular COO-‚‚‚H-N H-bond that is present in 50% of
the analyzed snapshots.

pKa Calculations.Table 2 contains the relative free energies
in solution (∆Gaq,i) of the zwitterionic (Z1-Z3) and anionic
(A1-A4) forms with respect to the dianionic configuration (D1)
as a function of pH. The∆Gaq,i values were obtained using eq
2 with the average values of standard free energies (Gh aq,i

0 )
being computed by means of the combined MD/QM protocol
described in the Experimental Section. Figure S4 in the
Supporting Information depicts the evolution of standard free
energies for theZ1, A1, A2, and D1 states along the MD
trajectories. These plots indicate that theGaq,i

0 values remain
stable over the 3 ns of snapshot production time. Mean values
of Gh aq,i

0 were then estimated to within a standard error of only
0.6 kcal/mol.

As mentioned above, the free energy calculations allow us
to safely discard theZ2, Z3, A3, andA4 configurations as likely
configurations of the AZR antibiotic in aqueous solution because
these states are calculated to be high energy states in the pH
interval 0-8. The relative stability of the remaining states,Z1,
A1, A2, andD2, changes continuously from pH) 0 to 8. Thus,
the most stable states at pH 0, 4, and 8 are the zwitterionZ1,
the anionA2, and the dianionD1 forms, respectively. It must
also be noted that the two anionic forms,A1 andA2, are quite
close in energy, althoughA2 is about 1 kcal/mol more stable.

Table 2 also shows the occupancy of the different states (wi)
as evaluated by a Boltzmann sum for each state. We found that
the four configurations are significantly populated at intermedi-
ate values of pH (2-4) because the free energy differences
among them are not large. Then, we computed the fractional
charges (f(HX)) of the thiazol and carboxyl groups simply as
the sum of thewi values for all of the states where the
corresponding group is protonated. A plot off(HX) as a function
of pH gave the titration curves of the thiazol and carboxyl groups
with a typical sigmoid shape (Figure S5 in Supporting Informa-
tion). The pKa value for each group was determined from the
calculated titration curves as the pH where the group (thiazol
or carboxyl) is half-protonated. The predicted pKa values for
carboxyl and thiazol are 2.55 and 4.45, respectively. These pKa

values have a statistical imprecision of(0.8 pKa units.

For the sake of comparison, we recomputed the∆Gaq,i values
at pH 0 using only one structure for each solvated AZR
tautomers, which corresponded to the starting point at their MD
trajectories. In this case, the relative∆Gaq,i values with respect
to D1 are-9.34,-4.14.-2.43, 1.74, 1.11, 10.00, and 11.57
kcal/mol for theZ1, A1, A2, D1, Z2, Z3, A3, andA4 states,
respectively. Comparing these values with the equivalent ones
in Table 2, we see that averaging free energies over representa-
tive MD snapshots especially influences the stability of the
anionic statesA2-A4. From the one conformation free energy
values, the predicted pKa values for carboxyl and thiazol are
3.50 and 3.33, respectively. These values differ by about 1 pKa

unit from those derived from the average free energies, thus
confirming the importance of taking the flexibility of the AZR
tautomers in the QM pKa calculations into account.

13C Chemical Shifts Calculations. As mentioned in the
Experimental Section, ab initio NMR calculations of13C shifts
for theZ1, A1, A2, andD1 configurations were performed with
the same relaxed geometries that were employed in the free
energy calculations. In this way, we obtained the average13C
chemical shifts for the different C atoms of each AZR
configuration. Subsequently, to compute the13C shifts as a
function of pH, the series ofδ values of a given C atom
corresponding to theZ1, A1, A2, andD1 configurations were
averaged using the Boltzmann factors (wi) at the pH of interest.
The resulting13C chemical shifts are reported in Table S1 in
the Supporting Information section, which shows both experi-
mental and theoretical values at different pH.

A comparison of the calculated Boltzmann weighted13C δ
values with the experiment for selected C atoms (Figure 4)
shows that the accuracy of the theoretical values ranges from 1
to 10 ppm depending on the C atom: the more shielded the C
atom, the more accurate its theoretical13C δ. These systematic
errors are mainly due to the limitations of the level of theory
(incomplete description of correlation energy, basis set effects,
etc.). However, for those C atoms adjacent to the acidic N and
O atoms (i.e., C7, C8, and C12), the experimentally observed
trends in the13C chemical shifts as functions of pH are
reproduced quite well by the NMR calculations. This result is
another indication that theZ1, A1-A2, andD1 configurations
are the only populated protonation states of AZR in the pH
interval 0-7. For other C atoms less affected by the deproto-
nation of theN-thiazol and carboxyl groups (C2, C4), their
theoretical13C δ values are nearly constant at varying pH, in
agreement with experiment (Table S1). There are, however,
other C atoms whose13C chemical shifts are predicted to change
upon pH increase (e.g., C1, C10) in contrast to the experimental
results. The source of this disagreement between theory and
experiment might be related to the limitations of the MD
sampling (3 ns of simulation time) and/or solvent effects not
taken into account by the PCM model. Nevertheless, we
conclude that the overall agreement between computed and
experimental13C δ values is quite good.

Discussion

Protonation State of AZR. Table 3 summarizes both the
experimental and theoretical pKa values of AZR, which were
determined in this work as well as the experimental values (pKa1

) 2.75, pKa2 ) 3.91) that have been reported by Florey in his
article dedicated to the physicochemical, analytical, and phar-
macokinetic properties of aztreonam.6 Florey’s values, assigned
to the exo cyclic amine and carboxyl groups, were determined
through solubility (S) measurements and by applying the method
of Peck and Benet,31 which uses the X-intercepts in a plot of

Figure 3. Superposition of the most populated representative structures
derived from the clustering analyses of the simulations. The thickness
of the models corresponds to the number of snapshots represented by
each model. The average values of the molecular surface (σ) as
evaluated with molsurf are also indicated.
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log(S/S0 - 1) versus pH withS0 being the lowest solubility
measured. In the same article,6 it is mentioned that the reported
pKa values are in agreement with (unpublished) data obtained
by potentiometric, spectrophotometric, and kinetic methods.
Table 3 also includes the results of the SPARC web-based
calculations of pKa values. These values were obtained by means
of computational automated reasoning in chemistry to estimate
chemical reactivity parameters of organic molecules from their
fundamental chemical structure. Note that the SPARC method
has been parametrized using thousands of physical property data
points including 2500 pKa values in water.

Overall, the agreement among the different pKa values
collected in Table 3 is quite good. For the first ionization
constant (pKa1), the differences are only 0.10-0.20 pKa units,
whereas the values for the pKa2 constant range from 3.91 to
4.45. Nevertheless, it is reasonable to admit that the newly
derived NMR pKa values supersede the solubility-based pKa

values, thus becoming the best experimental ionization constants
of AZR to be compared with the computational values. In this
respect, both our MD/QM calculations and the SPARC algo-
rithm predict pKa values very similar to the experimental ones
(differences are less than 0.2 pKa units). It is also interesting to
note how the SPARC values match the NMR experimental
results closer than the MD/QM data. This observation was not
entirely unexpected given that the SPARC method has achieved
considerable success in the prediction of physicochemical
properties as shown by an extensive validation by 4550 pKa

values with standard deviation within(0.25 units for oxy acids
and(0.41 for in-ring N centers.32

With regard to the assignment of the AZR pKa values to
specific acid groups, our results coincide with those of the
SPARC method in that the lower pKa (2.50-2.70) belongs
unequivocally to the carboxyl group and the higher pKa (4.1-
4.4) to theN-thiazol center. We believe that this robust pKa

Table 2. Relative Free Energies in kcal/mol (∆Gi) and the Equilibrium Population (wi) of the AZR States at Different pH Values

∆Gaq,i wi

i pH ) 0 pH ) 2 pH ) 4 pH ) 6 pH ) 7 pH ) 0 pH ) 2 pH ) 4 pH ) 6 pH ) 7

Z1 -9.58 -4.13 1.33 6.77 9.52 0.997 0.748 0.023 0.000 0.000
A1 -4.78 -2.05 0.68 3.40 4.77 0.000 0.023 0.068 0.003 0.000
A2 -6.16 -3.22 -0.70 2.03 3.39 0.003 0.229 0.695 0.031 0.004
D1 0.00 0.00 0.00 0.00 0.00 0.000 0.001 0.214 0.966 0.996
Z2 2.13 7.58 13.04 18.50 21.23 0.000
Z3 4.64 10.10 15.56 21.01 23.75 0.000
A3 7.52 10.26 12.99 15.71 17.08 0.000
A4 0.16 2.89 5.62 8.34 9.71 0.000

Figure 4. Plots of calculated Boltzmann-weighted13C δ values (2, __) and the corresponding experimental values (9, ----) as a function of pH.

Table 3. Summary of the Experimentally/Theoretically Determined pKa Values for AZR

from 1H
δ-values
(H2O)a,b

from 13C
δ-values
(D2O)a,b

from MD
and QM
calc.a

from solubility
measurementsc

SPARC
empirical
valuesd

pKa1 2.70( 0.04 2.49( 0.08 2.55( 0.80 2.75 2.70
pKa2 4.19( 0.06 4.34( 0.03 4.45( 0.80 3.91 4.34

a This work. b Reported errors correspond to fitting errors. Significant figures for pKa values do not resemble measurement precision.c From ref 6.d From
ref 11.
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assignment corrects the confusing pKa identification previously
reported in the literature (i.e., 2.5 for amine and 3.9 for carboxyl)
and clarifies which protonation states of AZR are biologically
relevant. Hence, it is now clear that at physiological pH the
dianionic structure (D1) is the only stable form of AZR.
However, as shown by the theoretical calculations, the anionic
statesA1 andA2 are only∼4 kcal/mol aboveD1 at pH) 7 so
that relatively small environmental changes (electrostatic screen-
ing, specific interactions, localization in acidic organelles, etc.)
that take place during enzyme-substrate binding or antibiotic
diffusion through cell membranes could well stabilize the
anionic form of AZR.

The biological relevance of the quasi-energeticA1 andA2
anionic states finds support in the crystallographic study of the
acyl-enzyme formed between theC. freundii â-lactamase
enzyme and AZR.10 We modeled AZR in itsA1 state as
suggested by the presence of a direct contact (2.9 Å) observed
in the crystal structure between the carboxylic group of the AZR
molecule in chain A and the Asp123 carboxylate group in chain
B. Moreover, according to recent MD calculations,33 AZR binds
to the C. freundii â-lactamase active site in its anionic form.
(TheD1 state resulted inâ-lactamase/AZR interactions unfavor-
able for catalysis, whereas the anionicA1 AZR molecule
adopted an orientation that was clearly reactive.) Similarly, it
may be interesting to note that the stabilization of theA1 or
A2 states of AZR in an environment with a lower polarity could
explain why AZR exhibits a significant rate of diffusion through
liposome membranes comparable to those of monoanionic
â-lactam antibiotics such as cefoxitin.13

MD/QM Calculations. To date, the large majority of the
reported QM pKa calculations have dealt with a series of
monoprotic molecules (carboxylic acids, amines, azoles, etc.)
for which low energy conformers are readily available. In fact,
QM predictions of pKa values for flexible molecules with various
titratable groups are scarce because of the large computational
cost that is necessary to generate an ensemble of QM structures.
In principle, MD simulations carried out with a hybrid QM/
MM Hamiltonian in which the solute molecule is treated
quantum mechanically while the water molecules are represented
by a classical force field could provide the required structures
to perform QM calculations of either energies or molecular
properties of solute molecules. Particularly, the use of the SCC-
DFTB procedure as the QM method seems very promising
because of its computational efficiency.34 Nevertheless, the
computational cost of the QM/MM/MD simulations is still rather
high and, consequently, some studies in which purely MM/MD
simulations are used to generate the statistical ensemble of solute
structures followed by QM calculations of molecular properties
have been recently reported.35,36 It must be noted that this
approach can be considered as the QM counterpart of other
computational methods, such as the so-called MM-PB method,37

which predict mean values of the free energies of interaction
between biomolecules in solution as estimated over a series of
representative snapshots extracted from classical MD simula-
tions.

Our results confirm that carrying out QM calculations on MD
snapshots constitutes a straightforward and physically based
approach that can give satisfactory results in the pKa calculations
for drug molecules such as AZR, provided that the energy
calculations account for all aspects of the proton-binding
phenomenon, except for the value of∆Gsolv(H+), which was
considered to be the parameter that gives the best match between
calculated and experimentalpKa values for small and relevant
molecules. Various levels of approximation can be used in the

energy calculations. For example, the internal geometry of solute
molecules can be quantum mechanically relaxed at a low level
of theory, ensuring that the conformational orientation of the
solute is preserved. A standard level of theory (e.g. B3LYP/6-
31+G**) combined with an implicit solvent model can take
into account both the intramolecular electronic effects and the
solute-solvent electrostatic interactions. For some anions,
particularly those concentrating charge on a single exposed
heteroatom, it has been shown very recently that strengthening
implicit solvent calculations with a single explicit water
molecule could be adequate to better account for strong short-
range hydrogen-bonding interactions between the anion and the
solvent.26 However, other interactions such as attractive disper-
sion interactions can be accurately empirically calculated. In
terms of performance and predictive ability, there is certainly
room for further improvement in these and other details of the
computational protocol (e.g., using scaling factors on the
electronic energies for including thermal contributions). We
believe, however, that the extensive sampling performed by the
classical MD simulations with an explicit solvent should not
be replaced by conformational searching algorithms because the
latter may underestimate the contributions of the relatively high
energy conformers accessible to the solute molecules.

Because the empirical fragment-based SPARC method pre-
dicts accurate pKa values for AZR, one may question whether
MD/QM computational approaches are really needed. One
obvious answer is that the MD/QM pKa calculations have
broader applicability because they can take into account the
effect of nonaqueous solvents or investigate chemical com-
pounds that are outside commercial databases or training sets.
In addition to this, we point out that the set of MD-generated
structures complemented with their QM charge densities
contains much valuable information for computing QM descrip-
tors of drug-like molecules which, in turn, could be used in the
design of more sophisticated physicochemical potentials (scoring
functions) to be employed in structure-based drug discovery.38

With the advent of faster QM methodologies and the decreasing
cost of computer hardware, MD and QM calculations could be
used soon to enrich databases of drug-like molecules8 by
assessing the free energy of the biologically relevant protonation
states and annotating molecules with electrostatic properties and
QM descriptors.

Experimental Section

NMR Spectroscopy.NMR spectra were acquired at 25°C on a
600 MHz Bruker Avance spectrometer equipped with a cryoprobe.
The pH values were measured at 22°C using a Radiometer pH
meter calibrated with standard solutions at pH 1.68, 4.01, 7.00,
and 10.00 and were not corrected for isotope effects. One-
dimensional1H NMR spectra were recorded for AZR samples at 1
mM concentration in an H2O/D2O (9:1) solution at 13 different
pH values between pH 0.85 and 7.00. Natural abundance1H-13C-
HSQC spectra with mixing times optimized for direct and long-
range coupling constants (130 and 7 ms) were acquired using 20
mM AZR samples in a D2O solution at seven different pH values
in the 0.85-6.9 pH range. The decomposition of the compound
prevented measurements at pH values higher than 7.0. Spectra were
processed and analyzed using XWINNMR (Bruker, Rheinsteteen,
Germany) and MESTRE-C.39 The1H and13C chemical shifts were
internally referenced using sodium 2,2-dimethyl-2-sila-pentane-5-
sulfonate (DSS).

The 1H NMR signals of Aztreonam were readily assigned on
the basis of their chemical shift, multiplicity, and intensity. The
13C resonances for carbons bound to protons were then straight-
forwardly identified from the cross-peaks observed in the1H-13C-
HSQC spectra optimized for direct couplings. Finally, the13C
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chemical shifts of the remaining carbons were assigned from the
1H-13C-HSQC spectra optimized for long-range couplings.1H and
13C chemical shifts are listed in Tables 1 and 2 and Table S1. Least-
squares analysis (see Results) was performed using Microcal Origin
v. 6.0.

MD/QM Calculations. MM Parametrization of AZR Tau-
tomers. Initial coordinates for AZR were taken from the X-ray
structure of its zwitterionic form cocrystallized with dimethyl-
acetamide.9 Then the various AZR configurations (Z1-Z3, A1-
A4, D1) were generated by simple molecular modeling, and their
geometries were relaxed at the HF/6-31+G* level of theory using
the Onsager solvent continuum model (ε ) 80.0) as implemented
in the Gaussian 03 suite of programs.40 Subsequently, the atomic
charges were computed for each configuration using the RESP
fitting procedure and the gas-phase HF/6-31G* electrostatic po-
tential. Most of the bond, angle, and dihedral parameters of AZR
were available from the AMBER force field.41 However, some
structural data required to represent the equilibrium geometry of
the â-lactam ring and the acyl-amino side chain were extracted
from the HF/6-31+G* optimized structures. The van der Waals
parameters were taken from the closest existing AMBER atom types
using electronic similarity as a guide. In addition, some specific
torsion parameters were included to properly reproduce the syn
conformation of theN-SO3

- group with respect to the acyl-amino
side chain. These torsion parameters were adjusted against ab initio
conformational energies and geometries obtained for a small model
compound (3-formylamino-4-methyl-2-azetidine-1-sulfonate ion) at
the MP2/6-31+G** level.

Molecular Dynamics Simulations.MD simulations in aqueous
solution were carried out using the SANDER program included in
the AMBER 8.0 suite of programs.42 The time step was chosen to
be 1.5 fs and the SHAKE algorithm was used to constrain all bonds
involving hydrogen atoms. The solute was surrounded by a solvent
box of TIP3P water molecules that extended 20 Å from the solute
atoms. Periodic boundary conditions were applied to simulate a
continuous system at constant pressure (1 atm) and temperature
(300 K). To include the contributions of long-range interactions,
the Particle-Mesh-Ewald (PME) method was used. To neutralize
the negative charge of the anionic/dianionic forms, a uniform density
with a total charge of+1/+2 was included in the PME calcula-
tions.43 A cutoff of 10 Å was used to compute the vdW forces.

The solvent molecules were initially relaxed by means of energy
minimizations and 60 ps of MD. Then the full systems were
minimized followed by MD simulations. Trajectories were well
equilibrated and were stable after 200 ps as evidenced by various
properties (e.g., dimensions of the simulation box, energy compo-
nents, etc.). Subsequently, 3 ns trajectories were computed, and
the coordinates were saved for analysis at 10 ps intervals.

Sampled conformations from the MD trajectory were clustered
using the NMRCLUST program.44 This program uses the method
of average linkage to define how clusters are constructed, followed
by an application of a penalty function that simultaneously
minimizes (1) the number of clusters and (2) the variation within
each cluster. A minimum distance of 1.5 Å was used to select
representative structures from each cluster. To characterize some
networks of hydrogen bonds (water bridges), we assumed that a
solvent H bond was present if both distance (i.e., O‚‚‚O <3.5Å)
and angular (i.e., O-H‚‚‚O >120°) criteria were simultaneously
satisfied. Geometrical averages were obtained using the CARNAL
module of AMBER 8.0 and some other specific trajectory analysis
software that was locally developed. Some figures were produced
with the programs Molscript45 and Raster3D.46

pKa Calculations. Theoretically, pKa values for a compound in
aqueous solution can be formally calculated from the generalized
thermodynamic cycle in Scheme 2. These pKa calculations require
reliable standard free energy calculations in gas-phase (∆Ggas) as
well as solvation energies (∆Gsolv) for the different species involved
including the standard free energy of proton solvation, which is
usually considered an additional parameter chosen to give the best
match between calculated and experimental pKa results.18,47We note
that the accurate evaluation of the pKa values of acid/base functional

groups is a highly challenging issue in modern computational
chemistry because a small error of 1.36 kcal/mol in the free energy
of the corresponding deprotonation reaction results in a significant
deviation of one pH unit in the pKa.

Here, the relative free energies in solution of the zwitterionic
(Z1-Z3) and anionic (A1-A4) forms of AZR with respect to its
dianionic configuration (D1) were computed as a function of pH
by means of the following equation

whereGaq,H

+0
represents the standard free energy of the proton and

ni ) 2 for i ) Z1-Z3 andni ) 1 for i ) A1-A4.
The average standard free energies (Gh aq,i

0 ) that appear in eq 2
were computed by means of the following computational protocol.

(1) For each AZR configuration, the coordinates of the solute
and a solvent layer of 1000 water molecules centered on the
C1@AZR atom were taken from 50 representative snapshots
extracted every 60 ps along the corresponding MD trajectory.

(2) The selected sets of truncated snapshots were subject to
energy minimization using the ONIOM method48,49 implemented
in the Gaussian03 suite of programs.40 In the ONIOM calculations,
the AZR molecule was described at the HF/3-21G* level of theory,
whereas the surrounding water molecules were described by the
TIP3P potential. In this way, we quantum mechanically relaxed
the internal geometry of AZR, preserving its conformation in
solution. We chose the ONIOM strategy because it represents a
reasonable compromise between computational cost and accuracy.

(3) The free energy of thejth snapshot extracted from the MD
trajectory of theith configuration of AZR (Gi,j), was estimated
utilizing the following equation

whereEi,j
elec is the gas-phase electronic energy, andEi,j

disp solute
is an

empirical term that accounts for the solute intramolecular dispersion
energy. The three terms in parentheses contribute to the solvation
energy of the solute. The first one,∆Gi,j

PB-SCRF
, is the electro-

static solvation energy, which is calculated using a DFT Hamilto-
nian coupled with a continuum model, whereasγAi.j and
Ei,j

disp solute-solvent
are the cavitation and solute-solvent dispersion

energies, respectively, which are computed using empirical for-
mulas.

(3.1) The electronic energies (Ei,j
elec) in eq 3 were computed by

means of single-point B3LYP/6-31+G** calculations50 on the
solute coordinates extracted from the ONIOM energy minimiza-
tions. Similarly, the electrostatic solvation energy (∆Gi,j

PB-SCRF
)

was taken into account by means of Poisson-Boltzmann self-
consistent reaction field (PB-SCRF) calculations51 at the B3LYP/
6-31+G** level assuming a value of 80 for the dielectric constant
of the surrounding continuum. Both the gas-phase and PB-SCRF
calculations were carried out with the Jaguar program.52

(3.2) The dispersive contributions to eq 3 (Ei,j
disp solute

and
Ei,j

disp solute-solvent
) were computed using an empirical formula that

has been introduced by Elstner et al.53 to extend their approximate
DFT method54 to the description of dispersive interactions, which
are normally neglected in both DFT and semi-empirical QM
methods. The energy expression basically consists of aC6/R6 term,

Scheme 2

∆Gaq,i ) Gaq,i - Gaq,D1 - niGaq,H+ ) Gh aq,i
0 - Gh aq,D1

0 - niGaq,H

+0
-

ni(ln10‚RT)pH (2)

Gi,j ) Ei,j
elec+ Ei,j

disp solute+ (∆Gi,j
PB-SCRF+ γAi.j + Ei,j

disp solute-solvent
)

(3)
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which is appropriately damped for shortR distances. The corre-
spondingC6 coefficients for each pair of interacting atoms are
calculated from experimental atomic polarizabilities55 so that the
totalEdisp energy can be consistently added to the energy expression
of the DFT methods. In this work, we used the same parameters
and combination rules as those described by Elstner et al.,53 which
in turn are based on previous work by Halgren.56 The solute-
solvent energies (Ei,j

disp solute-solvent
) take into account the dispersive

attractive interactions between the solute and the solvent layer
consisting of 1000 water molecules.

(3.3) The cavity free energy of solvation (γAi.j) was determined
by a molecular surface area dependent term57,58in which the surface
tension proportionality constantγ was set to 69 kcal mol-1 Å-2.
The molecular surface area was determined using the molsurf
program of the AMBER 8.0 suite, applying Bondi radii for the
solute atoms and a water probe radius of 1.4 Å.

(4) Free energy contributions arising from changes in the degrees
of freedom (translational, rotational, and vibrational) of the solute
molecule were included by applying classical statistical thermo-
dynamics. Because these calculations are highly computationally
demanding, they were performed only for five snapshots extracted
from the corresponding MD simulation of the AZR configurations.
Analytical frequency calculations at the ONIOM(HF/3-21G:TIP3P)
level of theory were carried out on the optimized geometry of the
truncated snapshots (solute+ 1000 water molecules). Subsequently,
a submatrix of the full Hessian matrix, which was constructed by
taking the matrix elements associated with the nuclear degrees of
freedom from the solute, was diagonalized, and the resulting
harmonic frequencies were used to compute thermal contributions
(298 K 1 bar) to enthalpy (H

rot-tran-vib
) and entropy (S

rot-tran-vib
)

within the ideal gas, rigid rotor, and harmonic oscillator approxima-
tions. Both enthalpy and entropy terms were corrected using the
corresponding scaling factors proposed by Scott & Radom.59

(5) The mean value of the standard free energy (Gh aq,i
0 ) for the ith

configuration of AZR was obtained by combining the free energy
termsGij (eq 3) with the thermal contributions

whereN ) 50 andM ) 5.
(6) The standard free energy of a proton (Gaq,H+

0 ), which is
required to compute the AZR relative free energies using eq 2,
was estimated by combining the gas-phase free energy of a proton
(5/2 RT- TSgas) 1.48- 7.76) -6.28 kcal/mol at 298 K and 1
atm) with its solvation free energy (∆Gsolv(H+)). Here,∆Gsolv(H+)
was treated as a parameter chosen to give the best match between
calculated and experimentalpKa values for acetic acid (4.90),
2-amino-thiazol (5.36), thiazol (2.44), and methylamine (10.66).
The calculated free energies in solution for these small molecules,
which are directly relevant to the acid-base groups of AZR, were
obtained by means of a computational protocol nearly identical to
that employed for the individual AZR snapshots. The selected
∆Gsolv(H+) (-263.5 kcal/mol, in good agreement with the typical
literature values20) gave a standard deviation of the computed pKa

values with respect to the experimental ones of(0.4 pH unit.
NMR Calculations. Previous computational experience has

shown that the level of theory of geometry optimization has only
a moderate impact on the quality of ab initio NMR shifts.60,61 In
this work, the13C chemical shifts of AZR were calculated with the
ONIOM(HF/3-21G*//AMBER) optimized geometries and by em-
ploying the gauge-invariant atomic orbital (GIAO) method.62 Thus,
for the Z1, A1, A2, andD1 tautomeric forms, we carried out 50
GIAO-B3LYP calculations with a 6-31+G** basis set. In these
GIAO-B3LYP/6-31+G** calculations, the electrostatic effects of
the aqueous solvent was taken into account by means of the
polarizable continuum model (PCM) method.63 The resulting13C
NMR chemical shifts were averaged and referenced to (CH4)4Si
(calculated absolute shift, i.e.,σ(C) ) 194.9 at the GIAO-B3LYP/

6-31+G**//HF/3-21G* level). All of the GIAO-B3LYP PCM
calculations were performed with the Gaussian03 program.40
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