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Abstract
The unusually strong reversible binding of biotin by avidin and streptavidin has been investigated
by density functional and MP2 ab initio quantum mechanical methods. The solvation of biotin by
water has also been studied through QM/MM/MC calculations. The ureido moiety of biotin in the
bound state hydrogen bonds to five residues, three to the carbonyl oxygen and one for each –NH
group. These five hydrogen bonds act cooperatively, leading to stabilization that is larger than the
sum of individual hydrogen-bonding energies. The charged aspartate is the key residue that provides
the driving force for cooperativity in the hydrogen-bonding network for both avidin and streptavidin
by greatly polarizing the urea of biotin. If the residue is removed, the network is disrupted, and the
attenuation of the energetic contributions from the neighboring residues results in significant
reduction of cooperative interactions. Aspartate is directly hydrogen-bonded with biotin in
streptavidin and is one residue removed in avidin. The hydrogen-bonding groups in streptavidin are
computed to give larger cooperative hydrogen-bonding effects than avidin. However, the net gain in
electrostatic binding energy is predicted to favor the avidin-bicyclic urea complex due to the relatively
large penalty for desolvation of the streptavidin binding site (specifically expulsion of bound water
molecules). QM/MM/MC calculations involving biotin and the ureido moiety in aqueous solution,
featuring PDDG/PM3, show that water interactions with the bicyclic urea are much weaker than
(strept)avidin interactions due to relatively low polarization of the urea group in water.
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Introduction
The non-covalent binding association of biotin to avidin (Ka ≅ 1015 M−1)1 and streptavidin
(Ka ≅ 1013 M−1)2 is the paragon of high-affinity host-guest/supramolecular interactions and
has led to many practical applications.3–8 In contrast to these strong associations,
corresponding to femtomolar and tenth picomolar dissociation constants, respectively,
noncovalent host-guest binding affinities in water are typically in the range of 101–106 M−1,
and protein-ligand binding rarely exceeds 1011 M−1.9 The biotin– (strept)avidin complexes
generally exceed estimates of affinities from empirically determined free energy scoring
functions and binding surveys.10–13 The mechanism by which biotin– (strept)avidin exceeds
normal highest protein-ligand affinities by 102–104 M−1,9 has been subject of much interest.
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Despite the extraordinary utility of this complex, which has resulted in a plethora of
experimental studies,14–21 and the uniqueness of the binding, which has led to many structural
and computational studies,22–25 the origin of binding energetics and dynamics of association
has not yet been clearly understood.

Protein binding motifs have been identified through crystal structures of protein-ligand
complexes,2,26–31 thermodynamic experiments,14,17–21,23,32,33 and molecular dynamics/
free energy perturbation simulations.22–25 These studies yielded three hypotheses for the
strong binding affinity: (1) Weber and Salemme and co-workers reported the original crystal
structure of biotin-streptavidin and suggested that the hydrogen-bonding interactions to the
ureido ring system of biotin dominate the stabilization of the complex. (2) Miyamoto and
Kollman contended that the energy provided by van der Waals contacts, primarily of the four
tryptophan residues that line the binding pocket, is greater than the electrostatic/hydrogen-
bonding free energy benefit. (3) Williams and co-workers proposed that the binding of biotin
to streptavidin results in a large free energy benefit due to the strengthening of existing
nonconvalent interactions within streptavidin.34

The quantitative importance of both hydrogen-bonding residues (Weber-Salemme) and
tryptophan contacts (Miyamoto-Kollman) to the 18–20 kcal/mol binding free energy have been
verified by Stayton, Stenkamp and co-workers through an elegant series of site-directed
mutagenesis experiments.14,18–20,35 Additionally, biotin-streptavidin binding is
accompanied by significant flap motions of the 3–4 loop. This facilitates binding by exclusion
of solvent molecules from the binding site and increases the contribution of a number of direct
hydrogen bonds and hydrophobic interactions with the valerate moiety. Removal of the 3–4
loop in streptavidin results in a reduction of the Ka by 6 orders of magnitude from wild type,
nearly half of the binding energy.16,36

Molecular dynamics, and separate electrostatic and van der Waals free-energy calculations of
the biotin-streptavidin complex suggested that the largest contribution to the extremely
negative free energy of binding is the non-polar van der Waals contribution of the tryptophan
residues Trp 79, Trp 92, Trp 108, and Trp 120 rather than electrostatic forces.24,25 The
simulations also predict a large electrostatic contribution inside the protein, supported by site-
directed mutagenesis experiments studies on streptavidin, which show that mutation of a
residue directly hydrogen-bonded to the ureido moiety of biotin results in a substantial decrease
in binding energy.14,18–20 However, Kollman et al. proposed that this electrostatic
stabilization is similar to that in the water solvent, so the net electrostatic contribution to binding
of the ureido group is small.24,25 Therefore, it was contended that the hydrogen-bonding
residues merely form a weak recognition pocket and give only small net free energy gain from
water to protein.

The hydrogen bonding interactions involved in biotin–(strept)avidin binding and biotin in
aqueous solution have been re-evaluated using density functional and ab initio QM and
combined QM/MM statistical mechanical calculations.

Computational Methodology
QM

Model structures were optimized using density functional theory with B3LYP/6-31+G(d,p)
37–39 and MPWB1K/6-31+G(d,p) functionals/basis set. MPWB1K, developed by Truhlar and
co-workers,40 based on the modified Perdew and Wang 1991 functional41 (MPW) and
Becke’s 1995 meta correlation functional42 gave excellent overall results in recent benchmarks
for nonbonded interactions.40,43 B3LYP has been shown to produce accurate orientations and
non-bonding distances compared to protein structures,44 and B3LYP and MP2 have been
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shown to produce realistic hydrogen bond energies for a series of model complexes involving
ligands and protein backbone and side-chain residues.45 Default convergence criteria in
Gaussian 03 were met except for the RMS displacements for a few structures (see Supporting
Information). The failure of RMS displacements to convergence is a result of the extremely
flat potential surface of the hydrogen-bonding complexes for these large models. In such
occurrences, changes in electronic energy across several steps were only 10−7 hartrees (6 ×
10−5 kcal/mol). For all structures, the optimization step-sizes were decreased in order to
facilitate location of the stationary points. All model protein systems were characterized by
frequency calculations at the level of theory corresponding to the optimized structures. To
determine atomic charges, the CHelpG algorithm, developed by Breneman and Wiberg,46 and
natural population analysis (NPA)47–50 have been used.

MP2/6-31+G(d,p) single-point evaluations51 were performed on the density functional
optimized geometries to better estimate the magnitudes of weak intermolecular interactions.
Correction for basis set superposition error (BSSE) was performed using the counterpoise (CP)
method of Boys and Bernardi.52–56

CPCM-SCRF57–60 single-point calculations on DFT geometries utilizing the UAKS cavity
size at the HF/6-31+G(d,p) level were carried out on the biotin-residue or biotin-water
stationary points for calculation of solvation energies. This method has been shown to be the
most accurate standard cavity model for aqueous solvation.61 Free energies of solvation were
then added to MP2/6-31+G(d,p) energies. A dielectric constant of 4.33 was used to simulate
the environment of multiple tryptophan residues and deeply buried hydrogen-bonding residues
encompassing the binding site.62 A dielectric constant of 78.39 was used for water. All reported
B3LYP and MPWB1K structures, MP2 energies, CPCM solvation energies, and CP
corrections were obtained using Gaussian 03.63

QM/MM
Combined quantum mechanical and molecular mechanics (QM/MM) calculations,64,65 as
implemented in BOSS 4.6,66,67 were performed to analyze the properties and energetics of
biotin in aqueous solution. The solute was treated with the PDDG/PM3 method,68,69 which
has been extensively tested for gas-phase structures and energetics68,69 and has successfully
been applied to solution-phase QM/MM studies of SN2,70 SNAr,71 Kemp72 and biotin73
decarboxylations, and Cope eliminations.74 The solvent molecules were represented by the
TIP4P water model.75 The Metropolis Monte Carlo (MC) simulations were performed in a
periodic box of 750 (minus the number of non-hydrogen atoms of the solute) TIP4P water
molecules at 25 ºC and 1 atm in the NPT ensemble.76 Each simulation consisted of 3.2 million
configurations of equilibration and 20 million configurations of averaging. The solute energy
and energy changes are treated quantum mechanically using PDDG/PM3 and computation of
the QM energy and atomic charges were performed for every solute move. The partial charges
were obtained from the CM3 charge model77 and the PDDG/PM3 wavefunction unscaled for
negatively charged solutes or scaled by 1.14 for neutral charged solutes.78 Solute-solvent and
solvent-solvent intermolecular cutoff distances of 12 Å were employed.

MD
Molecular dynamics were performed on a monomer of unliganded avidin (PDB 1AVE),27 and
the unliganded streptavidin tetramer (PDB 1SWC)16 using AMBER 8.79 The crystal structure
for unliganded streptavidin contains two subunits adopting an open conformation for the 3–4
loop. The related loop in unliganded avidin, however, remains in the closed conformation for
each subunit. From the protein crystal structures, hydrogen atoms and a cubic box of
TIP3P75 water molecules extending 10 Å from the solute were added using the xLEaP module
of AMBER. Crystal waters were removed. The Duan et al. (ff03) force field80 was employed
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to describe the proteins, and long-range electrostatic forces were treated using the particle mesh
Ewald (PME) method.81,82 Trajectories were integrated with a 1 fs time step. All simulations
were carried out under constant temperature (300 K) and pressure (1 atm). The avidin system
was equilibrated for 110 ps and the streptavidin for 250 ps. The SHAKE algorithm83 was used
for all hydrogens with a nonbonding pair cutoff of 10 Å. Average structures were generated
using the PTRAJ utility for the unliganded avidin over 60–110 ps and for unliganded
streptavidin over 200–250 ps.

Results and Discussion
The binding energy of each hydrogen-bonding residue in the (strept)avidin binding site that
interacts with the ureido of biotin was evaluated through the application of two model systems.
The first model treats the hydrogen-bonding residues as separate entities, and the latter mimics
the protein environment where all residues are interacting with the ligand in concert. Binding
energies obtained for the isolated residue-biotin complexes are referred to as isolated residue
binding energies (IRBEs) and those derived from the protein binding site models are labeled
binding site residue binding energies (BSRBEs). The aim of this differentiation is to explore
the energetic effect of the hydrogen-bonding array in the protein binding site upon each
particular residue–biotin interaction. This is determined quantitatively by the difference in
IRBE and BSRBE for a designated residue. The resultant quantity is defined as the hydrogen
bond cooperativity involving specific hydrogen-bonding interactions of one biotin to one
subunit. Following the analysis of biotin– (strept)avidin hydrogen-bonding interactions, the
binding energetics of biotin– and unliganded (strept)avidin–water complexes are presented.

Isolated Hydrogen-Bonding Residues
Biotin bound to (strept)avidin accepts three hydrogen bonds to the ureido carbonyl and one to
each –NH group. The optimized isolated residue–biotin complexes at the B3LYP/6-31+G(d,p)
level are shown in Figure 1. Hydrogen bond complexes, 1–7, represent the five hydrogen bonds
that are made with the ureido of biotin in either the streptavidin or avidin binding site. Methanol
is used as the mimic for a serine residue, phenol for tyrosine, acetate for aspartate, and
formamide for an asparagine residue. These residue models have been used successfully for
the investigation of mechanism and stereoselectivity of enzyme catalyzed reactions.84,85

The fully optimized protein binding site models for streptavidin and avidin shown in Figure 2
served as a starting point for the calculation of the isolated complexes. Each individual
hydrogen-bonding residue to the ureido moiety was constrained to match the optimized angle
and dihedral angle in the streptavidin model, and the remaining variables were allowed to relax.
For example, the initial geometry of the Tyr-OH---ureido hydrogen bond complex was
obtained by removing all other hydrogen-bonding residues from the optimized streptavidin–
biotin model (Figure 2a); the dihedral angle C=O(ureido)---O-C(Tyr) was constrained and the
remaining variables were optimized, including the hydrogen bonding length. All other IR
complexes were obtained in an analogous manner. These restraints caused structures 2, 3, and
7 not to be true minima in the gas phase as indicated by frequency analysis. The very small
imaginary frequency (ca. −20 cm−1) in these structures corresponds to an in-plane bending
motion of the residue to form an additional hydrogen bond to the carbonyl oxygen or –NH
group of biotin. However, for comparison with the hydrogen bond energies obtained for the
(strept)avidin complex (Figure 2), these dihedral constraints were necessary in order to
maintain only a single hydrogen bond to biotin.

Table 1 gives IRBES for complexes, 1–7, involving isolated hydrogen-bonding residues and
the bicyclic heterocycle of biotin. The IRBEs for the isolated complexes, computed at
MP2/6-31+G(d,p)//B3LYP/6-31+G(d,p) and MP2/6-31+G(d,p)//MPWB1K/6-31+G(d,p)
levels of theory, show excellent agreement in gas phase (Table 1, column 2) and CPCM model
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(column 3). The gas phase binding energies are quite high, especially for complexes involving
a charged residue. The reported values in column 3, involving CPCM solvation corrections to
mimic the interior of a protein, are more in line with the expected values for such hydrogen
bonding complexes. Hydrogen bonds by the tyrosine or serine models to the urea carbonyl
oxygen, as well as the urea NH bond to the aspartate are the strongest (~5 kcal/mol), while the
NH---O hydrogen bonds (4, 6, 7) are all about 3 kcal/mol, in agreement with expected
magnitues.86 Our discussion concentrates on quantities given by the CPCM model in column
3.

Streptavidin Model
The model systems for the streptavidin and avidin binding sites consist of the ureido of biotin
in presence of the key first- and second-shell hydrogen-bonding residues. The optimized
streptavidin–biotin structure at the B3LYP/6-31+G(d,p) level of theory is shown in Figure 2a.
The corresponding MPWB1K/6-31+G(d,p) optimized structure is given in Supporting
Information.

Calculated hydrogen-bonding energies for each of the five residues to the ureido moiety in the
streptavidin model at the MP2/6-31+G(d,p)//B3LYP/6-31+G(d,p) and MP2/6-31+G(d,p)//
MPWB1K/6-31+G(d,p) levels are reported in Table 2. The calculated individual hydrogen-
bonding energy of each residue in the binding site was obtained in the following manner:
starting from the optimized model shown in Figure 2a, the residue of interest was removed,
and a single-point calculation of the energy of the structure with the missing residue was
computed. The energy change resulting from removal of a hydrogen-bonding residue is defined
as the residue deletion energy (RDE) (see Supporting Information). This energy involves
interaction energies of the residue with biotin and other neighboring groups. In the streptavidin
model, Asp 128 makes a hydrogen bond to Asn 23 and Tyr 43 hydrogen bonds with the adjacent
Ser 45 (Figure 2). The energy of interaction of each residue of the binding site with biotin only
is defined as the binding site residue binding energy (BSRBE). The BSRBEs are estimated by
subtracting the energy calculated for hydrogen-bonding of the residue with neighboring non-
biotin residues from the RDE (eq 1).

(1)

For example, the BSRBE for the Tyr 43 in streptavidin is computed by subtracting the energy
of the Tyr 43–Ser 45 complex from the RDETyr. The BSRBEs for all five hydrogen-bonding
residues for the streptavidin model, defined as the energy of interaction between each residue
model and the bicyclic heterocycle of biotin, are given in Table 2.

The calculated BSRBEs of column 3 can be compared to experimental site-directed
mutagenesis studies reported in column 4. The ΔΔHWT-mutant quantity reported corresponds
to the change in enthalpy of binding between wild type streptavidin and the corresponding
mutant. The computed BSRBEs are analogous to residue X-to-null mutations, so perfect
agreement of columns 3 and 4 is not expected. A direct comparison between these two energies
is most appropriate when the mutant structure shows minimal disruption of the hydrogen
bonding residues and water does not replace the missing side-chain atoms. This situation is
applicable for the S45A,18 Y43A,20 and N23A.20

In S45A, biotin shifts toward Asp 128, but only an average variation of 0.1 Å is observed in
the hydrogen bond lengths to the ligand. The calculated BSRBECPCM for Ser 45, −5.7 kcal/
mol, is very close to the experimental value, 6.1 kcal/mol (Table 2, column 3).18

Y43A results in a 180° rotation of the neighboring Phe 29 to fill the void created by deletion
of the large tyrosine side-chain.20 Yet, as in the case of S45A, hydrogen-bonding lengths to
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biotin are moderately perturbed, ± 0.2 Å.20 The experimental value, 8.9 kcal/mol,
corresponding to a loss of hydrogen-bonding functionality, is comparable to the
BSRBECPCM, 10 kcal/mol (Table 2, columns 3).19

The BSRBECPCM for N23A is lower than the observed value by 4 kcal/mol.20 However,
deletion of this residue results in the loss of hydrogen-bonding interactions to Asp 128 side-
chain and the backbone NH functionalities of Leu 25, Gly 26, and Ser 27.2 These interactions
are expected to be quite favorable as a single NH---O hydrogen bond in formamide dimers has
been reported to be approximately 5 kcal/mol in the gas phase at the MP2/aug-cc-pVDZ level,
88 rivaling the hydrogen bond with the urea carbonyl of biotin, −2.7 kcal/mol (Table 2, column
2). As a consequence, the mutated unbound protein structurally alters to compensate for the
removal of this residue.20 In contrast, the biotin-bound mutant structure displays little
deviation compared to the native. It is likely that the destabilization of the mutant unliganded-
protein is a significant factor contributing to the relatively higher binding enthalpy obtained
from the mutation experiment.

The overestimations of BSRBE for Asp 128 and Ser 27 (Table 2, column 3) compared to
experiment are reasonable due to structural changes and substitution of water for the mutated
residue.20,35 In D128A, biotin shifts away from the side-chain of alanine, and presumably,
strengthens interactions with residues of the opposing side of the binding pocket.35 In addition,
a water molecule is observed within 0.5 Å of the Asp 128 carboxylate in the wild type.35
Similarly, the water observed in the S27A mutant crystal structure resides in the position
occupied by the side-chain in the wild type.20 Therefore, the computational binding enthalpies
of Asp 128/Ser 27–biotin interactions are likely to be higher than those obtained from mutation
experiments, particularly due to the water–biotin hydrogen bonds gained in the mutants.

Overall, the calculated BSRBEs in streptavidin are quite large, in agreement with experimental
mutagenesis studies, in particular for the Tyr 43, Asp 128, and Ser 45 models, which give
among the largest energy changes reported for removing single hydrogen bonding residues.
18,19,35

Avidin Model
The optimized avidin model is shown in Figure 2b. There are two important differences
between the streptavidin and avidin models: in avidin, (1) Asn 118 replaces Asp 128; (2) the
charged aspartic acid residue (Asp 13) is not in direct contact with the ligand, but is in the
second shell, as opposed to Asp 128 in streptavidin.

The calculated BSRBEs for the avidin model are shown in Table 3. These can be compared to
IRBEs, given in Table l. The trends are similar to the streptavidin results (Table 2), and we
concentrate on column 3, the CPCM corrected values, in the following discussion. The
hydrogen-bonding energies for Tyr 33 and Asn 12, which form hydrogen bonds to the carbonyl
of the ureido moiety, and the Thr 35 hydrogen bond to the –NH group remain almost identical
between the streptavidin (Table 2, column 3) and avidin models (Table 3, column 3). Only a
slight difference is observed for the streptavidin Ser 27 hydrogen bond to the carbonyl of the
bicyclic urea, which is calculated to be approximately 1 kcal/mol higher than that for Ser 16
in the avidin model. The greatest difference, however, is observed in the interaction energy for
the Asp 13–Asn 116---NH(ureido) hydrogen bond, −9.0 kcal/mol, compared to −12.3 kcal/
mol for the Asp 128---NH(ureido) hydrogen bond in the streptavidin model. It is apparent that
the magnitude of the hydrogen-bonding interaction is quite sensitive to the position of the
aspartic acid.
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Avidin Model (Asp 13 Removed)
To further assess the influence of the aspartate residue on the binding energy, the avidin model
with the Asp 13 removed was optimized with B3LYP (Figure 3a). The geometrical changes
resulting from the deletion of Asp 13 in avidin are displayed by the superposition of the bicyclic
urea bound to either of the avidin models (Figure 3b). The most significant deviations occurs
with Asn 118 and Asn 12 residues, while Tyr 33, Ser 16, and Thr 35 remain relatively
unperturbed. To understand the binding energetics of this model structure, the calculated
BSRBEs are reported in Table 3. As expected, the largest reductions in binding energy results
from Asn 118 of 5.5 kcal/mol, which is now devoid of the second-shell aspartate hydrogen
bond, and Asn 12 of 1.7 kcal/mol (Table 3, column 3). Small decreases in BSRBE are predicted
for Tyr 33 and Ser 16 of 1.3 and 0.4 kcal/mol, respectively.

Another important consequence of the removal of the aspartate in avidin is an increase in
hydrogen bond lengths for the three residues surrounding the ureido carbonyl ranging from
0.05 Å to 0.17 Å and the significant lengthening of the Asn 118 hydrogen bond to the –NH
group by 0.3 Å. Thr 35 hydrogen bond to the opposing –NH group is shortened by 0.06 Å,
resulting in the only, albeit modest, increase in BSRBE compared to avidin of 0.7 kcal/mol
(Table 3, column 3).

(Strept)Avidin Hydrogen Bond Cooperativity
The difference in energy between the IRBE (Table 1) and BSRBE (Tables 2 and 3) values is
defined as the cooperative hydrogen-bonding energy (ΔΔEcoop-x) (eq 1).

(1)

Cooperativity is the sum in total binding energy versus the sum of individual hydrogen bonds.
The cooperative hydrogen-bonding energies with the CPCM model for all the residues in the
streptavidin and avidin binding sites to the bicyclic urea are shown in Figure 4. Gas phase and
MPWB1K cooperative hydrogen bonding energies parallel the results shown in Figure 4 and
are given in the Supporting Information.

The cooperative hydrogen-bonding energy, ΔΔEcoop, is large for the hydrogen bond acceptors
Asp 128, and Ser 45, interacting with the urea NHs, and for the strongest hydrogen bond donor,
Tyr 43, to the carbonyl oxygen. While this work was in progress, Stenkamp and Stayton and
co-workers characterized the S45A/D128A double mutant in streptavidin. The free energy
change (ΔΔG298) between wild type and the double mutant was 1.4 kcal/mol higher than the
sum of the ΔΔG298 values for S45A and D128A single mutations.87 Our results support that
non-additivity in this case is due to the large hydrogen bond cooperativity associated with these
two residues.

The hydrogen bond cooperativity values (ΔΔEcoop) for avidin and avidin with Asp 13 removed
are also reported in Figure 4. Streptavidin has ~4 kcal/mol larger cooperative binding energy
than avidin. More than half of the difference in cooperative hydrogen bond energy is due to
the more favorable BSRBE of the aspartate directly interacting with the bicyclic urea in
streptavidin.

When the Asp 13 is removed from avidin, ΔΔEcoop(CPCM) is significantly reduced by 7 kcal/
mol. The remaining neutral residues still provide cooperative hydrogen bonding energy of −3.6
kcal/mol. However, a decrease in cooperativity is observed for all residues except for the Thr
35 hydrogen bond to the –NH group of the bicyclic urea (Figure 4). The larger cooperative
hydrogen bond energy for this residue of −0.7 kcal/mol is likely due to strengthened interactions
reflected in a shorter hydrogen bond length (Figure 3). The Ser 16 and Asn 12 hydrogen bonds
to the carbonyl of the biotin become significantly anti-cooperative at approximately +1.5 kcal/
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mol. Although some cooperativity is maintained with only neutral residues, the aspartate
residue is critical for the large non-additive binding energies (ΔΔEcoop(CPCM)) predicted for
avidin and streptavidin of −11 and −14 kcal/mol, respectively.

Origin of Hydrogen Bond Cooperativity
Cooperative interactions are important for the stability of many hydrogen-bonded systems.
89–94 Predictions of hydrogen bond cooperativity involving systems containing urea
functionality have been reported in previous theoretical work.95–97 Masunov and Dannenberg
applied ab initio and density functional theory calculations to a contiguous chain of urea
molecules (Figure 5a) and demonstrated that hydrogen-bonding became stronger as the number
of molecules increased, due to mutual polarization of the ureas as a function of chain length.
95

The origin of biotin–(strept)avidin hydrogen bond cooperativity is similar, the induced
polarization of the urea function of biotin causes strong interactions with the first and second
contact-shell hydrogen-bonding residues. The strongly polarized urea allows interactions to
work in a cooperative (non-additive) way.98 This mechanism to achieve hydrogen bond
cooperativity has been shown to enhance binding in other hydrogen bond complexes, such as
peptides and proteins,95,99–113 nucleic acid pairs,114 β-diketone fragments,115 and
carboxylic acid dimers.116,117

A polarized urea function resulting from hydrogen bonds was first reported by Blessing through
analysis of more than 100 crystal structures.118 This study revealed that with increasing strong
hydrogen-bonding to the urea oxygen there is a progressive lengthening of the C-O bond and
corresponding shortening of the C-N bond. The computed structure of biotin surrounded by
the hydrogen-bonding residues in the (strept)avidin binding site is in agreement with this
observation. Figure 5 shows optimized geometries for the bicyclic urea 8, the bicyclic urea
bound in (strept)avidin 9 (Figure 2), and deprotonated bicyclic urea, 10. The C-O bond of the
urea increases from 1.21Å to 1.27Å upon binding both the (strept)avidin models, 9. Yet, the
C-N bond decreases from 1.38Å to 1.33 Å for streptavidin (9-strept) while the avidin bicyclic
urea (9-avidin) is not as dramatically perturbed. This difference in geometry is likely
manifested in the differing ΔΔEcoop between the streptavidin and avidin models, as shown in
Figure 4. It is important to note that the C-O bond length change of 0.06 Å is quite dramatic
since the C-O bond length of 1.25 Å in the conjugate base, 10, is actually shorter. The
augmented negative charge to the carbonyl oxygen and positive charge to the remaining urea
atoms mirror the geometrical perturbations from the isolated to bound (strept)avidin bicyclic
urea (Figure 5).

Electrostatic potential surfaces in various hydrogen-bonding complexes are shown in Figure
6. This shows a gradual increase in electron density on the carbonyl and a gradual decrease of
electron density on the nitrogen and carbon atoms of the urea functionality with growing
number of hydrogen bond donors and acceptors to the biotin model. The electrostatic potential
of the bicyclic urea hydrogen-bonded to acetate (aspartic acid model) is nearly identical to the
streptavidin model system (far right) supporting the critical role of a charged species in
generating significant polarization of the ureido group of biotin.

The evidence for significant polarization of the ureido moiety in Figure 6 is reflected in the
calculated dipole moment of the ureido moiety in various cases. The computed dipole moment
of the bicyclic molecule is exceptionally large (15.72 D) in the geometry it has in the
streptavidin model as compared to 5.40 D of the unperturbed ureido structure (MP2/6-31+G
(d,p)//B3LYP/6-31+G(d,p)).119 The hydrogen-bonding residues in streptavidin interacting
with the ureido moiety lead to a nearly 300% increase in dipole moment. The structural
relationship between the three residues and a polarized ureido oxygen is indeed reminiscent of
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an oxyanion hole, an important component of catalysis in proteases120 and esterases,121 as
initially postulated by Weber et al.2

Biotin in Aqueous Solution
The strong oxyanion hole-like binding interaction in streptavidin should be compared to
solvation of biotin and the predicted binding site in water. To obtain information about aqueous
solvation, QM/MM/MC calculations were applied to various electronic structures of the
bicyclic urea of biotin and multiple conformations of D-(+)-biotin using the TIP4P potential
for water and the semi-empirical PDDG/PM3 for the solutes.68,69

Five separate simulations have been carried for various bicyclic urea ground state solutes: (1)
the bicyclic urea from the streptavidin-model (Figure 2a) with internal coordinates fixed at
those values (9-con-strept), (2) the bicyclic urea from the avidin-model (Figure 2b) with
internal coordinates fixed at those values (9-con-avidin) (3) the bicyclic urea geometry
optimized in gas phase by B3LYP/6-31+G(d,p) with internal coordinates of the solute fixed at
those values (8-con), (4) the urea optimized by PDDG/PM3 in water (8-opt), (5) the bicyclic
urea conjugate base optimized by PDDG/PM3 in the liquid phase (10-opt).

Solute-solvent energy pair distributions for the simulations involving the various geometries
of the ureido moiety, 9-con-strept, 9-con-avidin, 8-con, and 8-opt, are shown in Figure 7.
The solute-solvent energy pair distributions record the average number of solvent molecules
that interact with the solute with an associated energy. The most favorable hydrogen-bonding
interactions are reflected in the left-most region, with energies more attractive than -3 kcal/
mol. The large bands near 0 kcal/mol result from the many distant water molecules in outer
shells.

The outstanding feature of Figure 7 is the presences of waters with especially large energies
of interaction for the 9-con polarized structures compared to 8-con and 8-opt, arising from
stronger hydrogen bonds with the solute. The differing distribution of 8-con and 8-opt
compared to those of the 9-con structures suggests that water does not strongly polarize the
solute unlike the (strept)avidin binding sites. The solvation of the water-perturbed bicyclic-
urea is thus not particularly unusual.

The coordination of water to the carbonyl oxygen of the bicyclic urea is better quantified by
radial distribution functions (rdfs). Shown in Figure 8a are the rdfs for the four structures
discussed above. The number of contact waters to the carbonyl oxygen is determined by
integrating the first peak of the rdf from 1 to 2.5 Å. The polarized structures of 9-con-avidin
and 9-con-strept involve 2.6 and 2.7 hydrogen bonds to the carbonyl, respectively. While 8-
con and 8-opt involves only 2.3 or 2.2 hydrogen bonds to water, respectively. On average, the
bicyclic urea forms two hydrogen bonds between the carbonyl oxygen and water. But, the
artificially polarized bicyclic ureas can form up to three hydrogen bonds to its carbonyl, more
like an alkoxide. 9-con-avidin is slightly less polarized than 9-con-strept, which results in a
slightly smaller probability to form a three hydrogen-bonded system. The sensitivity of solvent
hydrogen bonds to the ureido carbonyl oxygen was also found in a recent study by Acevedo
and Jorgensen on the aqueous solvent effects upon of biotin decarboxylation.73 The ureido
conjugate base carbonyl oxygen 10-opt occupies 5.0 hydrogen bonds. The similar geometries
between the 9-con bicyclic ureas and the conjugate base (Figure 5) do not translate to
comparable ranges of hydrogen bond accepting ability of the carbonyl oxygen. Nevertheless,
the rdfs support that the bicyclic urea is uniquely polarized when bound to the (strept)avidin
binding sites (Figure 8a).

The critical factors for hydrogen bond cooperativity in the (strept)avidin binding sites are the
charged aspartate residues present in each biotin binding site. Biotin has been shown to adopt
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multiple conformations in the gas phase122 and in aqueous solution.123 On possible
conformation is an intramolecular hydrogen bond involving the near –NH group and the
carboxylate tail 11 shown in Figure 9. However, this conformation must compete with other
conformers, such as folded 12, semi-folded 13, and water-mediated intramolecular H-bond
14. These four representative biotin conformers were initially optimized in the gas phase then
subject to QM/MM/MC simulations to gain insight into the energetics in water.

Shown in Figure 8b are the rdfs for each of the biotin conformers. Similar radial distribution
functions around the carbonyl oxygen of the ureido moiety are predicted for the intramolecular
hydrogen bond conformer of biotin and the polarized structures, 9-con. This is reasonable,
since the ureido moiety in 11 is polarized by the intramolecular hydrogen bond involving the
carboxylate tail of biotin. As expected, integration yields 2.6 water molecules hydrogen-
bonded to the carbonyl oxygen for conformer 11 compared to 2.2–2.3 waters for conformers
12–14. However, the computed relative free energies of solvation, ΔΔGsolv, for the various
conformations of biotin reported in Table 4 show the intramolecular hydrogen bond conformer
will not contribute significantly to the overall ensemble of solvated geometries.123 The relative
biotin solvation energies strongly disfavor conformation 11 compared to 12–14 (Table 4). The
energy gained by the intramolecular hydrogen bond in 11 does not exceed the penalty for
disrupting the apparently more favorable solvation of the carboxylate by water. This is in
agreement with work by Li and co-workers where the intramolecular hydrogen-bonded
conformation was observed only fleetingly during a 15ns simulation trajectory of neutral biotin.
123 The predicted most favorable conformations, 12 and 14, are in qualitative agreement with
NMR experiments that predict a compact structure of biotin in aqueous solution.124,125

To assess the net binding energy in water, the ureido group with four coordinating waters (two
to the carbonyl oxygen and one to each –NH group), in accordance with QM/MM/MC
predictions, was optimized at the B3LYP/6-31+G(d,p) level (see Supporting Information). The
energies for each water molecule interacting with the ureido of biotin were calculated in an
analogous fashion to BSRBEs using MP2/6-31+G(d,p)//B3LYP/6-31+G(d,p) level with
CPCM corrections using a dielectric of water (ε = 78.39). A total binding energy of −14.2 kcal/
mol was calculated for the four water molecules hydrogen-bonded to the ureido of biotin. This
is considerably lower than the total BSRBE of streptavidin (−35.2 kcal/mol) and avidin (−30.7)
reported in Tables 2 and 3, column 3. Furthermore, the calculated dipole moment on the ureido
moiety with four coordinating water molecules is only 9.27 D, while the induced dipole
moment of the ureido in the streptavidin model is 15.72 D. Biotin in aqueous solution is
polarized much less than biotin in the (strept)avidin binding sites, and the hydrogen bonds to
the ureido group are much stronger when bound to the protein.

Solvation of Unliganded (Strept)Avidin: Why Avidin is a Better Binder than Streptavidin
The total BSRBEs for streptavidin or avidin minus −14.5 kcal/mol for biotin-water interactions
provide estimates of the binding energies for the protein-ligand complex. Free energy
contributions from residues providing favorable hydrophobic/packing interactions have been
shown by Lazaridis et al. to be nearly identical in streptavidin and avidin.126 Thus, the BSRBE
quantities predict that streptavidin is the better binder, while experiment has shown the free
energy of binding is 2–3 kcal/mol better with avidin.1,21 However, the interaction of bound
water molecules with the hydrogen-bonding residues in the unliganded protein needs to be
taken into account.

In the absence of a ligand bound to (strept)avidin, the binding site is occupied by water.2,26
The solvation energy of the streptavidin and avidin binding sites were obtained by determining
the number and geometric placement of occupying waters that are interacting with the bicyclic
urea hydrogen bonding residues using classical molecular dynamic simulations (see

DeChancie and Houk Page 10

J Am Chem Soc. Author manuscript; available in PMC 2008 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Computational Methodology). Average structures for unliganded (strept)avidin are shown in
Supporting Information.

The generally proposed open conformation of the 3–4 loop in unliganded streptavidin16 is
predicted to facilitate an influx of water molecules to line the binding cavity. Molecular
dynamics show that for the subunits with an open conformation, B and D, there are five waters:
two interacting with the oxyanion hole residues (Ser 27, Asn 23, Tyr 45), three waters
hydrogen-bonded to Asp 128 with two hydrogen-bonding to the inner binding-site-oxygen and
one to the outer, exposed to bulk solvent. Additionally, there are two waters interacting with
the side-chain of Ser 45, a member of the 3–4 loop. In subunit D, however, a disordered rotamer
conformation of Ser 45 is observed, such that it is not arranged to bind biotin, unlike in subunit
B. Therefore, we choose to focus on subunit B where the hydrogen-bonding residues are best
pre-arranged to bind biotin. The placement and number of waters is consistent with
crystallographic studies2 and previous calculations on unliganded streptavidin,24 which
predict five to six waters in the binding site.

Contrary to streptavidin, the 3–4 in avidin remains in a closed conformation in absence of
biotin.27 Dynamics studies show that unliganded avidin contains two water molecules
hydrogen-bonded to each other. One of the waters is found in the deepest part of the binding
cavity bound to Asn 118 and the oxyanion hole side-chain residue atoms of Ser 16 and Tyr 33
and loosely to Asn 12. The other water is hydrogen-bonded to the side-chain of Thr 35. This
structural depiction for the solvated binding site is in excellent accord with deductions from
the crystal structure.27

B3LYP/6-31+G(d,p) optimizations were performed starting from the computed average
atomic coordinates of the (strept)avidin binding sites and bound waters, as shown in Figure
10. Due to dramatic distortions resulting from unconstrained optimizations, constraints were
designed to impose the geometric integrity of the protein scaffold to locate realistic minima
corresponding to nature. Fixing interatomic distances between the residue side-chain and intra-
residue side-chain angles and dihedral angles, and then optimizing the remaining degrees of
freedom determined the streptavidin–7H2O and avidin-2H2O complexes.

The binding energies of two and seven water molecules in the avidin and streptavidin binding
sites, were determined from the energy to transfer the H2O molecules from the unliganded
(strept)avidin–H2O complexes into bulk aqueous solution. The resulting binding energies
include energetic contributions from the hydrogen-bonding interactions between the individual
water molecules and the protein side-chains. To account for the energy corresponding to the
H2O–H2O hydrogen bonds in the protein, the binding energy of the water complex was
subtracted from this energy difference. The binding energy of the unliganded (strept)avidin–
nH2O complexes, ΔEprotein–water binding, was calculated by eq 2.

(2)

Only six waters were transferred out of the streptavidin binding sites, in accord with the crystal
structure (PDB 1STP), which shows that the water molecule hydrogen-bonded to the outside
oxygen of Asp 128 remains bound with biotin. The energy corresponding to the transfer of a
water molecule into bulk water is taken as the experimental value of the free energy of solvation
for water, −6.3 kcal/mol.127 Different dielectric constants (ε = 4.33, 78.39) were applied to
the CPCM-SCRF treatment of the unliganded (strept)avidin–nH2O complexes due to the
uncertainty of the dielectric of the unliganded protein binding pocket. Nevertheless, the binding
energy (ΔEprotein–water binding) for streptavidin remains approximately 8 kcal/mol larger than
avidin. Hydrogen-bonding distances shown in Figure 10 indicates that the larger desolvation
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energies for the streptavidin binding site is derived from the stronger H2O–Asp 128/Tyr 43
hydrogen bonds compared to the analogous sites in avidin.

Further sampling may yield alterative configurations for the water–binding site interactions,
in addition to the consideration of other crystal structures of unliganded streptavidin.128
However, it is clear that the key factors giving rise to the large number of occupying waters in
streptavidin are the first-shell aspartate residue, which renders the binding pocket more polar,
and the open conformation of the 3–4 loop. Avidin will bind biotin more strongly than
streptavidin because the placement of Asp 13 reduces the large desolvation penalty resulting
from a first-shell charged residue and provides good hydrogen-bond cooperativity via
juxtaposition to Asn 118. The evolutionary driving force for avidin to bind biotin with greater
affinity is not achieved by strengthening interactions with the ligand, but by weakening binding
interactions with water.

Conclusion
Quantitative investigation of the binding interactions within the streptavidin and avidin binding
sites demonstrate that the hydrogen-bonding residues induce a polarized electronic structure
of the ureido moiety of biotin, which causes the non-covalent hydrogen-bonding interactions
with the ligand to be unusually strong. This relationship between the residues and ligand create
a cooperative effect: the binding energy inside the protein is larger than expected based on the
sum of individual hydrogen-bonds. The biotin–(strept)avidin complexes that form strong
stabilizing oxyanion holes provide superior hydrogen-bonding interactions compared to the
electrostatic interactions in aqueous solution. Streptavidin is predicted to have larger
cooperative hydrogen-bonding energy compared to avidin, but the large inherent binding
energy is counteracted by the higher desolvation energy of streptavidin.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Optimized structures of the isolated hydrogen-bonding residues for streptavidin and avidin
model binding sites at the B3LYP/6-31+G(d,p) level.
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Figure 2.
B3LYP/6-31+G(d,p) optimized binding site models: a) streptavidin; b) avidin.
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Figure 3.
a) B3LYP/6-31+G(d,p) optimized avidin model with Asp 13 removed. b) Superposition of the
urea heavy atoms in avidin (green carbon atoms) and avidin with Asp 13 removed (gray carbon
atoms) models.
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Figure 4.
Computed hydrogen bond cooperativity (IRBE – BSRBE) for streptavidin, avidin, and avidin
with Asp 13 removed models. Negative values correspond to increased (cooperative) hydrogen
bonding, while positive values correspond to negative (anti-cooperative) hydrogen-bonding.
Values correspond to CPCM model (ε = 4.33).
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Figure 5.
Comparison of bond lengths (Å) and charges (NPA) of isolated bicylic urea unit of biotin (8),
the urea group when bound in the (strept)avidin model binding sites (9), and the conjugate base
(10). Structures were optimized by B3LYP/6-31+G(d,p).
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Figure 6.
Electrostatic potential surfaces of bicyclic urea from B3LYP/6-311++G(d,p)//B3LYP/6-31+G
(d,p) calculations. From left (isolated ureido moiety) to right (streptavdin model) there is an
increase in red (oxygen becoming more negative) and an increase in blue surface area (nitrogens
becoming more positive).
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Figure 7.
Solute-solvent energy pair distributions for different structures of the ureido moiety. The
ordinate records the number of solvent molecules that interact with the solute with interaction
energies on the abscissa. Units for the ordinate are number of molecules per kcal/mol.
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Figure 8.
Computed HOH---O= radial distributions functions for different structures of (a) bicyclic urea
and (b) D-(+)-biotin.

DeChancie and Houk Page 24

J Am Chem Soc. Author manuscript; available in PMC 2008 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Representative conformations of biotin in aqueous phase from QM/MM/MC simulations.
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Figure 10.
Model protein binding sites for streptavidin and avidin in complex with water at the B3LYP/
6-31+G(d,p) level.
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Table 1
Isolated Residue Binding Energies (IRBEs) in kcal/mol for Streptavidin and
Avidin

Isolated Complexa IRBEvac
b IRBECPCM

c

Streptavidin or Avidin
Tyr 43/33 1 −12.9 (−11.8) −5.3 (−5.2)
Ser 27/16 2 −8.0 (−7.8) −4.7 (−3.0)
Asn 23/12 3 −9.6 (−9.7) −2.7 (−2.4)

Ser 45/Thr 35 4 −8.9 (−9.5) −3.5 (−2.6)
Streptavidin

Asp 128 5 −28.5 (−28.9) −5.3 (−5.2)
Avidin

Asn 118-Asp 13 Pair 6 −16.7 −3.6
Asn 118 7 −9.6 −2.6

a
See Figure 2 for residue identification.

b
MP2/6-31+G(d,p)//B3LYP/6-31+G(d,p). MP2/6-31+G(d,p)//MPWB1K/6-31+G(d,p) in parentheses.

c
CPCM/HF/6-31+G(d,p) level corrections to MP2 energies using the dielectric of ether (ε = 4.33).
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Table 2
Binding Site Residue Binding Energies (BSRBEs) in kcal/mol for Hydrogen-Bonding Residues of the Streptavidin
Model and Binding Enthalpy Changes from Site-Directed Mutagenesis Studies

Streptavidin Residues BSRBEvac
a BSRBECPCM

b ΔΔHWT – mutant (25°C) c

Tyr 43 −19.9 (−20.6) −10.2 (−11.1) Y43A = 8.9 ± 1.4 19,20
Ser 27 −12.9 (−12.6) −4.1 (−3.4) S27A = 1.6 ± 0.7 19,20
Asn 23 −2.7 (−2.7) −2.9 (−3.5) N23A = 6.9 ± 0.7 19,20
Asp 128 −38.2 (−55.7) −12.3 (−11.6) D128A = 5.9 87
Ser 45 −11.4 (−16.8) −5.7 (−5.6) S45A = 6.1 87

a
MP2/6-31+G(d,p)//B3LYP/6-31+G(d,p). MP2/6-31+G(d,p)//MPWB1K/6-31+G(d,p) in parentheses.

b
CPCM/HF/6-31+G(d,p) level corrections to MP2 energies using the dielectric of ether (ε = 4.33).

c
Binding energy change upon mutation of wild type to mutant streptavidin (kcal/mol), see references 19, 20, and 87.
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Table 3
Binding Site Residue Binding Energies (BSRBEs) in kcal/mol for the Hydrogen-
Bonding Residues of the Avidin and Avidin with Asp 13 Removed Models

Protein Residues BSRBEvac
a BSRBECPCM

b

Avidin
Tyr 33 −18.1 −9.4
Ser 16 −11.3 −3.2
Asn 12 −4.9 −3.1

Asn 118–Asp 13 Pair −20.5 −9.0
Thr 35 −13.1 −6.0

Avidin with Asp 13 removed
Tyr 33 −15.3 −8.1
Ser 16 −9.8 −2.7
Asn 12 −8.3 −1.4
Asn 118 −5.0 −3.5
Thr 35 −13.5 −6.7

a
MP2/6-31+G(d,p)//B3LYP/6-31+G(d,p).

b
CPCM/HF/6-31+G(d,p) level corrections to MP2 energies using the dielectric of ether (ε = 4.33).

J Am Chem Soc. Author manuscript; available in PMC 2008 August 30.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

DeChancie and Houk Page 30

Table 4
Relative Free Energy of Solvation, ΔΔGsolv (kcal/mol), D-(+)-biotin conformations from QM/MM/MC Simulations

Solute EQM solute EMM solute-solvent van der Waals EQM/MM solute-solvent electrostatic ΔΔGsolv
a

11 −154.5 −12.7 −177.7 +37.3 ± 2.2
12 −141.2 −9.3 −202.3 +2.8 ± 2.0
13 −149.4 −10.9 −193.9 +17.6 ± 1.2
14 −141.8 −9.0 −205.9 0.0

a
ΔGsolv = (Esolute-solvent electrostatic + Esolute-solvent van der Waals) − EQM. ΔΔGsolv = ΔGsolv (11,12,13 or 14) − ΔGsolv (14).
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