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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.

Introduction biotin—(strept)avidin exceeds normal highest protdigand
affinities by 16—10* M1 (ref 9) has been a subject of much
interest. Despite the extraordinary utility of this complex, which
has resulted in a plethora of experimental stuéfed and the
uniqueness of the binding, which has led to many structural
and computational studié$;?> the origin of binding energetics
and dynamics of association has not yet been clearly understood.
Protein binding motifs have been identified through crystal
structures of proteinligand complexe$;26-3! thermodynamic
experimentd417-21.23.32.3%3nd molecular dynamics/free energy

The noncovalent binding association of biotin to avidi (
= 105 M~ and streptavidinK, = 103 M~1)2 is the paragon
of high-affinity host-guest/supramolecular interactions and has
led to many practical applicatios® In contrast to these strong
associations, corresponding to femtomolar and tenth picomolar
dissociation constants, respectively, noncovalent -hgsest
binding affinities in water are typically in the range of10
10° M~1, and proteir-ligand binding rarely exceeds #av—1.2
The biotin—(strept)avidin complexes generally exceed estimates
of affinities from empirically determined free energy scoring (13) Kuntz, I. D.; Chen, K.; Sharp, K. A;; Kollman, P. Rroc. Natl. Acad.
functions and binding survey8: 5 The mechanism by which () 36,0 S A1 98 807 10002, "L noe
92, 1754-1758.

(1) Green, N. MAdv. Protein Chem1975 29, 85-133. (15) Freitag, S.; Le Trong, I.; Chilkoti, A.; Klumb, L. A.; Stayton, P. S;
(2) Weber, P. C.; Wendoloski, J. J.; Pantoliano, M. W.; Salemme, R.R. Stenkamp, R. EJ. Mol. Biol. 1998 279, 211—-221.
Am. Chem. Sod992 114, 3197-3200. (16) Freitag, S.; Le Trong, I.; Klumb, L.; Stayton, P. S.; Stenkamp, Rr&tein
(3) Wilchek, M.; Bayer, E. AMethods Enyzmoll99Q 184, 5—45. Sci. 1997 6, 11571166.
(4) Wilbur, D.; Pathare, P.; Hamlin, D.; Stayton, P.; To, R.; Klumb, L.; Buhler, (17) GonZ&z, M.; Bagatolli, L. A.; Echabe, I.; Arrondo, J. L. R.; ArgaerC.
K.; Vessella, RBiomol. Eng.1999 16, 113-118. E.; Cantor, C. R.; Fidelio, G. DOl. Biol. Chem1997, 272, 11288-11294.
(5) Hamblett, K. J.; Kegley, B. B.; Hamlin, D. K.; Chyan, M. K.; Hyre, D.; (18) Hyre D.; Le Trong I.; Freitag, S.; Stenkamp, R. E.; Stayton, Pr&ein
Press, O. W.; Wilbur, D. S.; Stayton, P.Boconjugate ChenR002 13, Sci. 2000 9, 878-885.
588-598. (19) Klumb, L. A; Chu, V.; Stayton, P. 8iochemistryl998 37, 7657-7663.
(6) Demidov, V. V.; Bukanov, N. O.; Frank-Kamenetskii, Ourr. Issues Mol. (20) Le Trong, I.; Freitag, S.; Chu, V.; Stayton, P. S.; Stenkamp, RAdEa.
Biol. 200Q 2, 31-35. Crystallogr. 2003 D59, 1567-1673.
(7) Bontempo, D.; Maynard, H. OJ. Am. Chem. So2005 127, 6508-6509. (21) Swamy M. JBiochem. Mol. Biol. Int1995 36, 219-225.
(8) Howarth, M.; Chinnapen, D. J.-F.; Gerrow, K.; Dorrestein, P. C.; Grandy, (22) Dixit, S. B.; Chipot, C.J. Phys. Chem. 2001, 105 9795-9799.
M. R.; Kelleher, N. L.; El-Husseini, A.; Ting, A. YNature Method2006 (23) Dixon, R. W Kollman, P. AProteins: Struct., Funct., Genet999 36,
3, 267-273. 471-473.
(9) Zhang, X.; Houk, K. NAcc. Chem. Re®005 38, 379-385. (24) Miyamoto, S.; Kollman, P. AProteins: Struct., Funct., Genet993 16,
(10) Houk, K. N.; Leach, A. G.; Kim, S. P.; Zhang, Xngew. Chem., Int. Ed. 226—-245.
2003 42, 4872-4897. (25) Mlyamoto S.: Kollman, P. AProc. Natl. Acad. Sci. U.S.A993 90, 8402—
(11) Bthm, H.-J.J. Comput.-Aided Mol. Ded.992 6, 593-605. 8406.
(12) Bthm, H.-J.J. Comput.-Aided Mol. Ded.994 8, 243-256. (26) Rosano, C.; Arosio, P.; Bolognesi, Biomol. Eng.1999 16, 5—-12.
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perturbation simulation® 2> These studies yielded three hy- re-evaluated using density functional and ab inito QM and
potheses for the strong binding affinity: (1) Weber and Salemme combined QM/MM statistical mechanical calculations.

and co-workers reported the original crystal structure of bietin
streptavidin and suggested that the hydrogen-bonding interac-
tions to the ureido ring system of biotin dominate the stabili- QM. Model structures were optimized using density functional theory
zation of the complex. (2) Miyamoto and Kollman contended With B3LYP/6-31+G(d,p}""**and MPWB1K/6-3%G(d,p) functionals/
that the energy provided by van der Waals contacts, primarily Pasis set. MPWB1K, developed by Truhlar and co-workéisased

of the four tryptophan residues that line the binding pocket, is O the modified Perdew and Wang 1991 functiéhgMPW) and
greater than the electrostatic/hydrogen-bonding free energyBECkes_ 1995 meta correlation functloﬁélga\(e excellent overall
benefit. (3) Williams and co-workers proposed that the binding results in recent benchmarks for nonbonded interactiéfiB3LYP

f biotin to streptavidi Its | | f benefit has been shown to produce accurate orientations and nonbonding
of biotin 1o streptavidin resulls In a large iree energy Deneiit  yiqionceq compared to protein structufesnd B3LYP and MP2 have

due to the strengthening of existing noncovalent interactions peen shown to produce realistic hydrogen-bond energies for a series
within streptavidini* of model complexes involving ligands and protein backbone and side-

The quantitative importance of both hydrogen-bonding resi- chain residue$: Default convergence criteria in Gaussian 03 were met
dues (WeberSalemme) and tryptophan contacts (Miyameto  except for the rms displacements for a few structures (see Supporting
Kollman) to the 18-20 kcal/mol binding free energy has been Information). The failure of rms displacements to converge is a result
verified by Stayton, Stenkamp, and co-workers through an of the extremely flat potential surface of the hydrogen-bonding _
elegant series of site-directed mutagenesis experintet§20.35 complex_es for these large models. In such occurrences, changes in
Additionally, biotin—streptavidin binding is accompanied by elec;tromc energy across several steps were On.]y ﬂ:artree§ (6x
significant flap motions of the-34 loop. This facilitates binding 10 kcal/m.OD' For all structures, th.e optimization step-sizes were

. S . decreased in order to facilitate location of the stationary points. All

_by exclusion of so!vent molecules from the binding site and model protein systems were characterized by frequency calculations
increases the C.()n.t“bunor] ofa number of direct h){drogen bonds 4 the level of theory corresponding to the optimized structures. To
and hydrophobic interactions with the valerate moiety. Removal getermine atomic charges, the CHelpG algorithm, developed by
of the 3-4 loop in streptavidin results in a reduction of tkg Breneman and Wiber§,and natural population analysis (NPAY°
by 6 orders of magnitude from wild type, nearly half of the have been used.
binding energy.536 MP2/6-3H-G(d,p) single-point evaluatioflsvere performed on the

Molecular dynamics and separate electrostatic and van derdensity functiongl optimized gegmetrie_s. to better esFimate the magni-
Waals free energy calculations of the bietistreptavidin tudes of weak intermolecular interactions. Correction for basis set
complex suggested that the largest contribution to the extremerSUperpOSition error (BSSE) was performed using the counterpoise (CP)

56
negative free energy of binding is the nonpolar van der Waals me(t:r;oglvcl)_fsliog;?;ds?negrg a_l;é;?m calculations on DFT geometries
contribution of the tryptophan residues Trp79, Trp92, Trp108

. . . ' utilizing the UAKS cavity size at the HF/6-33G(d,p) level were carried
and Trp120 rather than electrostatic foréé¥:The simulations  ,;t on the biotin-residue or biotin-water stationary points for calculation

also predict a large electrostatic contribution inside the protein, of solvation energies. This method has been shown to be the most
supported by site-directed mutagenesis experiments studies orccurate standard cavity model for aqueous solvéfiGinee energies
streptavidin, which show that mutation of a residue directly of solvation were then added to MP2/6-3G(d,p) energies. A dielectric
hydrogen-bonded to the ureido moiety of biotin results in a constant of 4.33 was used to simulate the environment of multiple
substantial decrease in binding enety$Z-2° However, Kollman tryptophan residues and deeply buried hydrogen-bonding residues

Computational Methodology

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 sm&H:2®> 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 bietin

(37) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(38) Lee, C,; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(39) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(40) Zhao, Y.; Truhlar, D. GJ. Phys. Chem. 2004 108 6908-6918.

(41) Perdew, J. P. IfElectronic Structure of Solid<Ziesche, P., Eschig, H.,
Eds.; Akademie Verlag: Berlin, 1991; p 11.

(43) Zhao, Y.; Truhlar, D. GJ. Chem. Theory Compu2005 1, 415-432.
(44) Morozov, S. V.; Kortemme, T.; Tsemekhman, K.; Baker,ADoc. Natl.
Acad. Sci. U.S.A2004 101, 6946-6951.

(strept)avidin binding and biotin in aqueous solution have been (45) Hao, M.-H.J. Chem. Theory Compu2006 2, 863-872.

(27) Pugliese, L.; Coda, A.; Malcovati, M.; Bolognesi, W.Mol. Biol. 1993
231, 698-710.

(28) Hendrickson, W. A.; Pahler, A.; Smith, J. L.; Satow, Y.; Meritt, Y. S;
Phizackerley, R. PProc. Natl. Acad. Sci. U.S.A989 86, 2190-2194.

(29) Livnah, O.; Bayer, E. A.; Wilchek, M.; Sussman, J.Rroc. Natl. Acad.
Sci. U.S.A1993 90, 5076-5080.

(30) Freitag, S.; Le Trong, I.; Klumb, L.; Stayton, P. S.; Stenkamp, Rr&tein
Sci. 1997 6, 1157-1166.

(31) Pahler, A.; Hendrickson, W. A.; Gawinowicz Kolks, M. A.; ArgasarC.

E.; Cantor, C. RJ. Biol. Chem1987 262 13933-13937.

(32) Marttila, A. T.; Hytmen, V. P.; Laitinen, O. H.; Bayer, E. A.; Wilchek,
M.; Kulomaa, M. S.Biochem. J2003 369, 249-254.

(33) Stayton, P. S.; Freitag, S.; Klumb, L. A.; Chilkoti, A.; Chu, V.; Penzotti,
J. E.; To, R.; Hyre, D.; Le Trong, |.; Lybrand, T. P.; Stenkamp, R. E.
Biomol. Eng.1999 16, 39—44.

(34) Williams, D. H.; Stephens, E.; O’Brien, D. P.; Zhou, Mngew. Chem.,
Int. Ed. 2004 43, 6596-6616.

(35) Freitag, S.; Chu, V.; Penzotti, J. E.; Klumb, L. A;; To, R.; Hyre, D.; Le
Trong, I.; Lybrand, T. P.; Stenkamp, R. E.; StaytonPioc. Natl. Acad.
Sci. U.S.A1999 96, 8384-8389.

(36) Chu, V.; Freitag, S.; Le Trong, |.; Stenkamp, R. E.; Stayton, Pr&ein
Sci. 1998 7, 848-859.

5420 J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007

)
)
)
)
(42) Becke, A. D.J. Chem. Phys1996 104, 1040-1046.
)
)
)
)
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(48) Wiberg, K. B.; Rablen, P. Rl. Comput. Chen11993 14, 1504-1518.
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(51) Mgiller, C.; Plesset, M. Shys. Re. 1934 46, 618-622.
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encompassing the binding sfieA dielectric constant of 78.39 was
used for water. All reported B3LYP and MPWB1K structures, MP2

algorithn®® was used for all hydrogens with a nonbonding pair cutoff
of 10 A. Average structures were generated using the PTRAJ utility

energies, CPCM solvation energies, and CP corrections were obtainedfor the unliganded avidin over 6670 ps and for unliganded streptavidin

using Gaussian 0%.

QM/MM. Combined quantum mechanical and molecular mechanics

(QM/MM) calculations$*® as implemented in BOSS 4%57 were

over 123-133 ps.

Results and Discussion

performed to analyze the properties and energetics of biotin in aqueous  The binding energy of each hydrogen-bonding residue in the

solution. The solute was treated with the PDDG/PM3 meffitiyhich
has been extensively tested for gas-phase structures and enét§etics

(strept)avidin binding site that interacts with the ureido of biotin
was evaluated through the application of two model systems.

and has successfully been applied to solution-phase QM/MM studies The first model treats the hydrogen-bonding residues as separate

of Sy2,7° SyAr,”t Kemp'? and biotif® decarboxylations, and Cope

eliminations’ The solvent molecules were represented by the TIP4P

water modef® 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 af@5and 1 atm in the
NPT ensemblé® Each simulation consisted of 3.2 million configurations
of equilibration and 20 million configurations of averaging. The solute

entities, and the latter mimics the protein environment where
all residues are interacting with the ligand in concert. Binding
energies obtained for the isolated resi¢ibéotin 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 (BSRBESs). The aim of

energy and energy changes are treated quantum mechanically usingiS differentiat!on is to gxplore the' en'erg.etic gffect of the
PDDG/PM3, and computation of the QM energy and atomic charges hydrogen-bonding array in the protein binding site upon each
was performed for every solute move. The partial charges were obtainedparticular residue biotin interaction. This is determined quan-

from the CM3 charge modél,and the PDDG/PM3 wavefunction was

titatively by the difference in IRBE and BSRBE for a designated

unscaled for negatively charged solutes or scaled by 1.14 for neutral residue. The resultant quantity is defined as the hydrogen-bond

charged solute®. Solute-solvent and solventsolvent intermolecular
cutoff distances of 12 A were employed.

MD. Molecular dynamics were performed on a monomer of
unliganded avidin (PDB 1AVEY and the unliganded streptavidin
tetramer (PDB 1SWGC using AMBER 87° The crystal structure for

unliganded streptavidin contains two subunits adopting an open

conformation for the 34 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
TIP3P5 water molecules extending 10 A from the solute were added

using the xLEaP module of AMBER. Crystal waters were removed.
The Duan et al. (ff03) force fieRd was employed to describe the

cooperativity involving specific hydrogen-bonding interactions
of one biotin to one subunit. Following the analysis of bietin
(strept)avidin hydrogen-bonding interactions, the binding en-
ergetics of biotin- and unliganded (strept)avidimater com-
plexes are presented.

Isolated Hydrogen-Bonding Residues.Biotin bound to
(strept)avidin accepts three hydrogen bonds to the ureido
carbonyl and one to eachNH group. The optimized isolated
residue-biotin complexes at the B3LYP/6-315(d,p) level are
shown in Figure 1. Hydrogen-bond complex&s,7, represent
the five hydrogen bonds that are made with the ureido of biotin

proteins, and long-range electrostatic forces were treated using thell €ither the streptavidin or avidin binding site. Methanol is

particle mesh Ewald (PME) meth8#2? Trajectories were integrated
with a 1 fstime step. All simulations were carried out under constant

used as the mimic for a serine residue, phenol for tyrosine,
acetate for aspartate, and formamide for an asparagine residue.

temperature (300 K) and pressure (1 atm). The avidin system was These residue models have been used successfully for the

equilibrated for 70 ps and the streptavidin for 133 ps. The SHAKE

(62) Simonson, T.; Brooks, C. L., lIJ. Am. Chem. Sod 996 118 8452
8458

(63) Frisch, M. J.; et alGaussian O3revision C.02; Gaussian, Inc.: Wallingford,
CT, 2004.

(64) Warshel, A.; Levitt, MJ. Mol. Biol. 1976 103 227-249.

(65) Kaminshi, G. A.; Jorgensen, W. [. Phys. Chem. B998 102, 1787—
1796

(66) Jorgénsen, W. LBOSS version 4.6; Yale University: New Haven, CT,
2004.

(67) Jorgensen, W. L.; Tirado-Rives, J. Comput. Chem2005 26, 1689—
1700

(68) Repasky, M. P.; Chandrasekhar, J.; Jorgensen, W. Comput. Chem.
2002 23, 1601-1622.

(69) Tubert-Brohman, I.; Guimaes, C. R. W.; Repasky, M. P.; Jorgensen, W.
L.; Brauman, J. I.J. Am. Chem. SoQ003 125 138-150.

(70) Vayner, G.; Houk, K. N.; Jorgensen, W. L.; Brauman, J. lAm. Chem.
S0c.2004 126, 9054-9058.

(71) Acevedo, O.; Jorgensen, W. Org. Lett.2004 6, 2881-2884.

(72) Acevedo, O.; Jorgensen, W.L.Am. Chem. So2005 127, 8829-8834.

(73) Acevedo, O.; Jorgensen, W. IL. Org. Chem2006 71, 4896-4902.

(74) Acevedo, O.; Jorgensen, W.L.Am. Chem. So2006 128 6141-6146.

(75) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, W.; Klein, M.
L. J. Chem. Phys1983 79, 926-935.

(76) Jorgensen, W. L. IEncyclopedia of Computational Chemist8chleyer,
P. v. R., Ed.; Wiley: New York, 1998; Vol. 3, pp 1754763.

(77) Thompson, J. D.; Cramer, C. J.; Truhlar, D.J5Comput. Chem2003
24, 1291-1304.

(78) Udier-Blagovi¢ M.; Morales De Tirado, P.; Pearlman, S. A.; Jorgensen,
W. L. J. Comput. Chen2004 25, 1322-1332.

(79) Case, D. A,; et ahmber 8 University of California: San Francisco, CA,
2004,

(80) Duan, Y.; Wu, C.; Chowdhury, S.; Lee, M. C.; Xiong, G.; Zhang, R.;
Cieplak, P.; Luo, R.; Lee, TJ. Comput. Chen003 24, 1999-2012.

(81) Darden, T.; York, D.; Pedersen,L.Chem. Physl993 98, 10089-10092.

(82) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; York, D.; Pedersen,
L. J. Chem. Phys1995 103 8577-8593.

investigation of mechanism and stereoselectivity of enzyme-
catalyzed reactior.8>

The fully optimized protein binding site models for strepta-
vidin 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 Fyr
OH:---ureido hydrogen-bond complex was obtained by removing
all other hydrogen-bonding residues from the optimized strepta-
vidin—biotin model (Figure 2a); the dihedral angle=O-
(ureido)--O—C(Tyr) was constrained, and the remaining vari-
ables were optimized, including the hydrogen-bonding length.
All other IR complexes were obtained in an analogous manner.
These restraints caused structuges3, and 7 not to be true
minima in the gas phase as indicated by frequency analysis.
The very small imaginary frequency (ca20 cnt?) 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

(83) van Gusteren, W. F.; Berendesen, H. JMol. Phys.1977, 34, 1311.

(84) Tantillo, D. J.; Chen, J.; Houk, K. NCurr. Opin. Chem. Biol1998 2,
743-750.

(85) Cannizzaro, C. E.; Ashley, J. A.; Janda, K. D.; Houk, KJNAmM. Chem.
Soc.2003 125 2489-2506.
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Streptavidin or Avidin Hydrogen Bonds | [ Streptavidin Hydrogen Bond

.

Figure 1. Optimized structures of the isolated hydrogen-bonding residues for streptavidin and avidin model binding sites at the B3L&RdgBlevel.

Ser 27
(a)
Asp 45
(b) Asn 12
i
2171
Asn 118
1.53
Asp 13

Avidin Model
Figure 2. B3LYP/6-31+G(d,p) optimized binding site models: (a)  given by the CPCM model in column 3.

streptavidin; (b) avidin.

complex (Figure 2), these dihedral constraints were necessar
in order to maintain only a single hydrogen bond to biotin.

Table 1. Isolated Residue Binding Energies (IRBEs) in kcal/mol
for Streptavidin and Avidin

isolated complex? IRBE ac? IRBEcpen®
streptavidin or avidin
Tyr43/331 —12.9 (-11.8) —5.3(5.2)
Ser27/1&2 —8.0(—=7.8) —4.7 (—3.0)
Asn23/123 —9.6 (—9.7) —2.7(=2.4)
Ser45/Thr3% —8.9 (—9.5) —3.5(-2.6)
streptavidin
Asp1285 —28.5(28.9) —5.3(-5.2)
avidin
Asn118-Aspl3 pairé —16.7 -3.6
Asn1187 -9.6 -2.6

aSee Figure 2 for residue identificatiohMP2/6-3H-G(d,p)//B3LYP/
6-31+G(d,p); MP2/6-3%G(d,p)//MPWB1K/6-3%#G(d,p) in parentheses.
¢ CPCM/HF/6-31-G(d,p) level corrections to MP2 energies using the
dielectric of ether{ = 4.33).

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 strongest5 kcal/mol), while the NH:-O hydrogen
bonds 4, 6, 7) are all about 3 kcal/mol, in agreement with
expected magnitudé8 Our discussion concentrates on quantities

Streptavidin Model. The model systems for the streptavidin
and avidin binding sites consist of the ureido of biotin in the
ypresence of the key first- and second-shell hydrogen-bonding

residues. The optimized streptavieibiotin structure at the

Table 1 gives IRBEs for complexek;-7, involving isolated B3| Yp/6-31+G(d,p) level of theory is shown in Figure 2a. The

hydrogen-bonding residues and the bicyclic heterocycle of corresponding MPWB1K/6-3tG(d,p) optimized structure is
biotin. The IRBES for the isolated complexes, computed at MP2/ given in Supporting Information.

6-31+G(d,p)//B3LYP/6-3%+G(d,p) and MP2/6-31G(d,p)//
MPWBlK/6—3l+G(d,p) levels of theory, show excellent agree- (86) Fersht, A. R.; Shi, J.-P.; Knill-Jones, J.; Lowe, D. M.; Wilkinson, A. J.;
ment in the gas-phase (Table 1, column 2) and CPCM model Blow, D. M.; Brick, P.; Carter, P.; Waye, M. M. Y.; Winter, Qlature

(column 3). The gas-phase binding energies are quite high

1985 314, 235-238.
'(87) Hyre, D. E.; Le Trong, I.; Merritt, E. A.; Eccleston, J. F.; Green, N. M,;

especially for complexes involving a charged residue. The Stenkamp, R. E.; Stayton, P. Brotein Sci.2006 15, 459-467.

5422 J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007



The Origins of Femtomolar Protein—Ligand Binding ARTICLES

Table 2. Binding Site Residue Binding Energies (BSRBES) in Y43A results in a 180rotation of the neighboring Phe29 to
;‘r:%'/ Q;"d‘;gg E{}?ﬁg?;;gﬁ;%g% ﬁgﬁ:dgﬁg_g‘;rg‘cete%“&ﬂttz‘gg'n”eggde' fill the void created by deletion of the large tyrosine side cH&i.n. .
Studies Yet, as in the case of S45A, hydrogen-bonding lengths to biotin
streptavidin AM o are moderately perturbed;0.2 A20 The experimental value,
residues BSRBE,,? BSRBEcocy (25 °C)° 8.9 kcal/mol, corresponding to a loss of hydrogen-bonding
Tyra3 T100(206) —-102(C111) YA3A— 8.9+ 1492 functionality, is comparable to the BSRB&M 10 kcal/mol
Ser27  —12.9(-12.6) —4.1(-3.4)  S27A= 1.6+ 0.71920 (Table 2, column 3}?
Asn23  —2.7(=2.7) —2.9(-3.5) N23A= 6.9+ 0.74920 The BSRBEpcm for N23A is lower than the observed value
foples 382 E:ig'g :é27'3£_(_5161)'6) 51‘52252651;387 by 4 kcal/mol2® However, deletion of this residue results in

the loss of hydrogen-bonding interactions to Asp128 side-chain
aMP2/6-31+G(d,p)//B3LYP/6-3%-G(d,p); MP2/6-3%G(d,p)//MPWB1K/ and the backbone NH functionalities of Leu25, Gly26, and
6-314+G(d,p) in parenthese8 CPCM/HF/6-34-G(d,p) level corrections to Ser272 These interactions are expected to be quite favorable
MP2 energies using the dielectric of ether<t 4.33).¢Binding energy as a single NH-O hydrogen bond in formamide dimers has
change upon mutation of wild type to mutant streptavidin (kcal/mol); see . .
refs 19, 20, and 87. been reported to be approximately 5 kcal/mol in the gas phase
at the MP2/aug-cc-pVDZ levép rivaling the hydrogen bond
Calculated hydrogen-bonding energies for each of the five with the urea carbonyl of biotins2.7 kcal/mol (Table 2, column
residues to the ureido moiety in the streptavidin model at the 2). As a consequence, the mutated unbound protein structurally
MP2/6-3HG(d,p)//B3LYP/6-3%G(d,p) and MP2/6-31G- alters to compensate for the removal of this resfuie contrast,
(d,p)/IMPWB1K/6-31G(d,p) levels are reported in Table 2. the biotin-bound mutant structure displays little deviation
The calculated individual hydrogen-bonding energy of each compared to the native. It is likely that the destabilization of
residue in the binding site was obtained in the following the mutant unliganded protein is a significant factor contributing
manner: starting from the optimized model shown in Figure to the relatively higher binding enthalpy obtained from the
2a, the residue of interest was removed, and a single-pointmutation experiment.
calculation of the energy of the structure with the missing  The overestimations of BSRBE for Asp128 and Ser27 (Table
residue was computed. The energy change resulting from2, column 3) compared to experiment are reasonable due to
removal of a hydrogen-bonding residue is defined as the residuestructural changes and substitution of water for the mutated
deletion energy (RDE) (see Supporting Information). This residue?®3°In D128A, biotin shifts away from the side chain
energy involves interaction energies of the residue with biotin of alanine and, presumably, strengthens interactions with
and other neighboring groups. In the streptavidin model, Asp128 residues of the opposing side of the binding poékét.addition,
makes a hydrogen bond to Asn23 and Tyr43 hydrogen bondsa water molecule is observed within 0.5 A of the Asp128
with the adjacent Ser45 (Figure 2). The energy of interaction carboxylate in the wild typé® Similarly, the water observed in
of each residue of the binding site with biotin only is defined the S27A mutant crystal structure resides in the position
as the binding site residue binding energy (BSRBE). The occupied by the side chain in the wild tygfeTherefore, the
BSRBEs are estimated by subtracting the energy calculated forcomputational binding enthalpies of Aspl128/Serbibtin
hydrogen bonding of the residue with neighboring non-biotin interactions are likely to be higher than those obtained from

residues from the RDE (eq 1). mutation experiments, particularly due to the wateiotin
hydrogen bonds gained in the mutants.
BSRBE= RDE — AE,;, pistin_residue_complex (1) Overall, the calculated BSRBEs in streptavidin are quite large,

in agreement with experimental mutagenesis studies, in par-

For example, the BSRBE for the Tyr43 in streptavidin is ticular for the Tyr43, Asp128, and Ser45 models, which give
computed by subtracting the energy of the Tyr&Rrd5 among the largest energy changes reported for removing single
complex from the RDE,. The BSRBES for all five hydrogen-  hydrogen-bonding residué%29:35
bonding residues for the streptavidin model, defined as the Ayidin Model. The optimized avidin model is shown in
energy of interaction between each residue model and therjgyre 2b. There are two important differences between the
bicyclic heterocycle of biotin, are given in Table 2. streptavidin and avidin models: in avidin, (1) Asn118 replaces

The calculated BSRBEs of column 3 can be compared to Asp128; (2) the charged aspartic acid residue (Asp13) is not in
experimental site-directed mutagenesis studies reported ingjrect contact with the ligand but is in the second shell, as
column 4. TheAAHwr-muantquantity reported corresponds to  gpposed to Asp128 in streptavidin.
the change in enthalpy of binding between wild-type streptavidin - 1,6 ¢4iculated BSRBES for the avidin model are shown in
and the corresponding mutant. The computed BSRBES arér,p16 3 These can be compared to IRBES, given in Table I.
analogous to residue X-to-null mutations, so perfect agreementryg yrends are similar to the streptavidin resuits (Table 2), and
of columns 3 and 4 is not expected. A direct comparison ;e concentrate on column 3, the CPCM corrected values, in
between these two energies is most appropriate when the mutani,q ¢5j10wing discussion. The hydrogen-bonding energies for
structure shows minimal disruption of the hydrogen-bonding Tyr33 and Asn12, which form hydrogen bonds to the carbonyl

residues and water does not replace the missing side-chain, e ureido moiety, and the Thr35 hydrogen bond to-tH
atoms. This situation is applicable for the S43A/43A,%and group remain almost identical between the streptavidin (Table

N23A 2 - . 2, column 3) and avidin models (Table 3, column 3). Only a

Ir_1 5_45A' b'Ot:Q _sh|fts tOV"a“?' Asp128, but only an average slight difference is observed for the streptavidin Ser27 hydrogen
variation of 0.1 A is observed in the hydrogen-bond lengths t0 1,504 1 the carbonyl of the bicyclic urea, which is calculated
the ligand. The calculated BSRBEcm for Serd5,—5.7 kcal/

mol, is very close to the experimental value, 6.1 kcal/mol (Table (88) Vargas, R.; Garza, J.; Friesner, R. A.; Stern, H.; Hay, B. P.; Dixon, D. A.
2, column 3)18 J. Phys. Chem. 2001, 105, 4963-4968.
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Table 3. Binding Site Residue Binding Energies (BSRBES) in 2.5 R
kcal/mol for the Hydrogen-Bonding Residues of the Avidin and s .
Avidin with Asp13 Removed Models 1.5 N
¥
protein residues BSRBE 5 BSRBEcecw” 0.5 N23 |_|
avidin %\ 0.5 hl J
Tyr33 —18.1 —-9.4 £ . i
Serl6 -11.3 -3.2 ERE
Asnl2 —4.9 —-31 = 25
Asn118-Aspl3 pair -20.5 -9.0 § —
Thr35 —13.1 —6.0 § 35
avidin with Asp13 removed g 45 3
Tyr33 —15.3 —-8.1 '
Ser16 -9.8 —2.7 55 ™® .
Asnl2 —-8.3 —-1.4 M Streptavidin i
Asnll8 —=5.0 —3.5 -6.5 1 H Avidin
Thr35 -13.5 —-6.7 i | Avidin (Asp 13 removed) T
aMP2/6-31G(d,p)//B3LYP/6-33-G(d,p). P CPCM/HF/6-31-G(d,p) level Figure 4. Computed hydrogen-bond cooperativity (IRBEBSRBE) for
corrections to MP2 energies using the dielectric of ether 4.33). streptavidin, avidin, and avidin with Asp13 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 € 4.33).

Asn 12
tion of the bicyclic urea bound to either of the avidin models
(Figure 3b). The most significant deviations occur with Asn118
and Asnl2 residues, while Tyr33, Serl6, and Thr35 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 Asn118 of 5.5 kcal/mol, which is now devoid of
the second-shell aspartate hydrogen bond, and Asn12 of 1.7
kcal/mol (Table 3, column 3). Small decreases in BSRBE are
predicted for Tyr33 and Serl6 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 to 0.17 A and the significant lengthening of the Asn118
hydrogen bond to the-NH group by 0.3 A. Thr35 hydrogen
bond to the opposing-NH group is shortened by 0.06 A,
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 differ-
ence in energy between the IRBE (Table 1) and BSRBE (Tables
2 and 3) values is defined as the cooperative hydrogen-bonding

energy AAEcoop-x) (€9 2).

Asn 118 Thr 35

AAE_,,,= BSRBE, — IRBE, (2)

coop

Figure 3. (a) B3LYP/6-31-G(d,p) optimized avidin model with Asp13 Cooperativity is the sum in total binding energy versus the sum

removed. (b) Superposition of the urea heavy atoms in avidin (green carbon ©f individual hydrogen bonds. The cooperative hydrqgen-
atoms) and avidin with Asp13 removed (gray carbon atoms) models. bonding energies with the CPCM model for all of the residues

in the streptavidin and avidin binding sites to the bicyclic urea

to be approximately 1 kcal/mol higher than that for Serl6 in are shown in Figure 4. Gas-phase and MPWB1K cooperative
the avidin model. The greatest difference, however, is observedhydrogen-bonding energies parallel the results shown in Figure
in the interaction energy for the Aspt2sn116-NH(ureido) 4 and are given in the Supporting Information.
hydrogen bond;—9.0 kcal/mol, compared te-12.3 kcal/mol The cooperative hydrogen-bonding energ\Ecoop is large
for the Asp128-NH(ureido) hydrogen bond in the streptavidin  for the hydrogen-bond acceptors, Asp128 and Ser45, interacting
model. Itis apparent that the magnitude of the hydrogen-bonding with the urea NHs, and for the strongest hydrogen bond donor,
interaction is quite sensitive to the position of the aspartic acid. Tyr43, to the carbonyl oxygen. While this work was in progress,

Avidin Model (Asp13 Removed). To further assess the  Stenkamp and Stayton and co-workers characterized the S45A/
influence of the aspartate residue on the binding energy, the D128A double mutant in streptavidin. The free energy change
avidin model with the Aspl3 removed was optimized with (AAG,gg) between wild type and the double mutant was 1.4
B3LYP (Figure 3a). The geometrical changes resulting from kcal/mol higher than the sum of ti®AG,gg values for S45A
the deletion of Asp13 in avidin are displayed by the superposi- and D128A single mutatiori¥. Our results support that non-
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(-0.69)

8 9-avidin 9-strept 10

Figure 5. Comparison of bond lengths (A) and charges (NPA) of isolated bicyclic urea unit of b&tithé urea group when bound in the (strept)avidin
model binding sites9), and the conjugate bas&Q). Structures were optimized by B3LYP/6-8G(d,p).

additivity in this case is due to the large hydrogen-bond contact-shell hydrogen-bonding residues. The strongly polarized
cooperativity associated with these two residues. urea allows interactions to work in a cooperative (non-additive)
The hydrogen-bond cooperativity valu@sXEcoop for avidin way 28 This mechanism to achieve hydrogen-bond cooperativity
and avidin with Asp13 removed are also reported in Figure 4. has been shown to enhance binding in other hydrogen-bond
Streptavidin has-4 kcal/mol larger cooperative binding energy complexes, such as peptides and prot&tig,112 nucleic acid
than avidin. More than half of the difference in cooperative pairst'*S-diketone fragments>and carboxylic acid dimefd81%7
hydrogen-bond energy is due to the more favorable BSRBE of A polarized urea function resulting from hydrogen bonds was
the aspartate directly interacting with the bicyclic urea in first reported by Blessing through analysis of more than 100
streptavidin. crystal structure$!® This study revealed that with increasing
When the Asp13 is removed from avididAAEcoopcrom)is strong hydrogen bonding to the urea oxygen there is a
significantly reduced by 7 kcal/mol. The remaining neutral progressive lengthening of the<© bond and corresponding
residues still provide cooperative hydrogen-bonding energy of shortening of the €N bond. The computed structure of biotin
—3.6 kcal/mol. However, a decrease in cooperativity is observed surrounded by the hydrogen-bonding residues in the (strept)-
for all residues except for the Thr35 hydrogen bond to-tihH avidin binding site is in agreement with this observation. Figure
group of the bicyclic urea (Figure 4). The larger cooperative 5 shows optimized geometries for the bicyclic ur@athe
hydrogen-bond energy for this residue-¢.7 kcal/mol is likely bicyclic urea bound in (strept)avidid (Figure 2), and depro-
due to strengthened interactions reflected in a shorter hydrogen-+onated bicyclic ureal0. The G-O bond of the urea increases
bond length (Figure 3). The Serl6 and Asn12 hydrogen bondsfrom 1.21 to 1.27 A upon binding both the (strept)avidin models,
to the carbonyl of the biotin become significantly anti- 9. Yet, the G-N bond decreases from 1.38 to 1.33 A for
cooperative at approximatelr1.5 kcal/mol. Although some  streptavidin §-strept), while the avidin bicyclic urea9-avidin)
cooperativity is maintained with only neutral residues, the is not as dramatically perturbed. This difference in geometry is
aspartate residue is critical for the large non-additive binding likely manifested in the differindAAEcqqp between the strepta-
energies AAEcoopcrem) predicted for avidin and streptavidin vidin and avidin models, as shown in Figure 4. It is important
of —11 and—14 kcal/mol, respectively. to note that the €0 bond length change of 0.06 A is quite
Origin of Hydrogen-Bond Cooperativity. Cooperative dramatic since the €0 bond length of 1.25 A in the conjugate
interactions are important for the stability of many hydrogen- base0, is actually shorter. The augmented negative charge to
!and.ed Sy.Stem@'i% PrediCti(.m.S of hydrOgen-bond cooperat- (98) steiner, TChem. Commuril997, 727—734.
ivity involving systems containing urea functionality have been (99) Ludwig, R.J. Mol. Lig. 200Q 84, 65-75.
reported in previous theoretical wotk.%” Masunov and Dan- (100) éﬁ%‘%ﬁ;@?‘ig"z%é 1V2\ﬂgt§1f183-~ Weinhold, F.; Farrar, T.XC.Phys.
nenberg applied ab initio and density functional theory calcula- (101) Ludwig, R.; Weinhold, F.; Farrar, T. Q. Phys. Chem. A997 101,
gg:fofsgaiggtﬁ:g:uﬁ chain of urea. molecules (Flgure Sa) andélOZ) EI3<806b1k0§8l\7.(;)'Paraskevas, L.; del Rio, E.; Dannenberg, J. Am. Chem.
ydrogen bonding became stronger as th S0c.2001, 123 4348-4349.

number of molecules increased, due to mutual polarization of (103) ﬁ)ﬂobl;il;e?rge;shzi N.; Roques, B. P.; Salahub, Dl.Rhys. Chem. B00Q
the ureas as a function of chain length. (104) Guo, H.; Salahub, D. Ringew. Chem., Int. EQ.998 37, 2985-2990.
i inti idi _ _ (105) Guo, H.; Karplus, MJ. Phys. Chem1994 98, 7104-7105.
_T_he_ongm_ of.b|ot|r_1—(strept)aV|d|_n h_y drogen-bond cooper (106) Zhao, Y.-L.; Wu, Y.-D.J. Am. Chem. So@002 124, 1570-1571.
ativity is similar; the induced polarization of the urea function (107) wieczorek, R.; Dannenberg, J.JJAm. Chem. So2003 125, 8124~
ioti i i i i 8129.
of biotin causes strong interactions with the first and second (108) Moisan, S.. Dannenberg, J3JPhys. Chem. B003 107, 12842-12846.
(109) Salvador, P.; Kobko, N.; Wieczorek, R.; Dannenberg, J. Am. Chem.

(89) Jeffrey, G. A.; Saenger, WHydrogen Bonding in Biological Structures Soc.2004 126, 14190-14197.

Springer-Verlag: Berlin, 1991. (110) Viswanathan, R.; Asensio, A.; Dannenberg, J. Phys. Chem. 2004
(90) Scheiner, SHydrogen BondingOxford University Press: New York, 1997. 108 9205-9212.
(91) Guo, H.; Sirois, S.; Proynov, E. |.; Salahub, D. RTheoretical Treatments (111) Sheridan, R. P.; Lee, R. H.; Peters, N.; Allen, L.Bibpolymers1979

of Hydrogen BondingHadzi, D., Ed.; John Wiley & Sons: New York, 18, 2451-2458.

1997; Chapter 3. (112) Van Duijnen, P. T.; Thole, B. Biopolymers1982 21, 1749-1761.
(92) Cargabal, P.; Jockusch, R. A.; Hig, |.; Snoek, L. C. T. K. R.; Davis, B. (113) Morozov, A. V.; Tsemekhman, K.; Baker, D. Phys. Chem. R006

G.; Gamblin, D. P.; Compagnon, I.; Oomens, J.; Simons, J. fRm. Chem. 110, 4503-4505.

So0c.2005 127, 11414-11425. (114) Asensio, A.; Kobko, N.; Dannenberg, JJJPhys. Chem. 2003 107,
(93) Williams, D. H.; Maguire, A. J.; Tsuzuki, W.; Westwell, M. Science 6441-6443.

1998 280, 711-714. (115) Gilli, G.; Bellucci, F.; Ferretti, V.; Bertolasi, \d. Am. Chem. Sod.989
(94) Suhai, SJ. Quantum Chenl994 52, 395-412. 111, 1023-1028.
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Figure 6. Electrostatic potential surfaces of bicyclic urea from B3LYP/6-8315(d,p)//B3LYP/6-31#+G(d,p) calculations. From left (isolated ureido moiety)
to right (streptavidin model), there is an increase in red (oxygen becoming more negative) and an increase in blue surface area (nitrogens lbecoming mo
positive).

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.2
in electron density on the carbonyl and a gradual decrease of 3
electron density on the nitrogen and carbon atoms of the urea € !
functionality with growing number of hydrogen-bond donors g
and acceptors to the biotin model. The electrostatic potential 505
of the bicyclic urea hydrogen-bonded to acetate (aspartic acid Z ™

15

olecules

r

9-con-avidin

model) is nearly identical to the streptavidin model system (far 9-con-strept \

right) supporting the critical role of a charged species in 0 /

generating significant polarization of the ureido group of biotin. S 13 -1 9 I S5 a3 - | 3 5
The evidence for significant polarization of the ureido moiety Energy (kcal/mol)

in Figure 6 is reflected in the calculated dipole moment of the Figure 7. Solute-solvent energy pair distributions for different structures

ureido moiety in various cases. The computed dipole moment of the ureido moiety. The ordinate records the number of solvent molecules
of the bicyclic molecule is exceptionally large (15.72 D) in the that interact with the solute with interaction energies on the abscissa. Units

geometry it has in the streptavidin model as compared to 5.40 for the ordinate are number of molecules per kcal/mol.

D of the unperturbed ureido structure (MP2/6+33(d,p)// o o o
B3LYP/6-31+G(d,p))11° The hydrogen-bonding residues in yalues O-con-avidin), (3) the bicyclic urea geqmetry optlmlged
streptavidin interacting with the ureido moiety lead to a nearly In the gas phase by B3LYP/6-355(d,p) with internal coordi-
300% increase in dipole moment. The structural relationship Nates of the solute fixed at those valu@scon), (4) the urea
between the three residues and a polarized ureido oxygen isPPtimized by PDDG/PM3 in watestopt), (5) the bicyclic urea
indeed reminiscent of an oxyanion hole, an important component conjugate base optimized by PDDG/PM3 in the liquid phase

of catalysis in proteas#@ and esteraséd! as initially postulated ~ (10-0p9. S . )
by Weber et a? Solute-solvent energy pair distributions for the simulations

Biotin in Aqueous Solution. The strong oxyanion hole-like ~ INvolving the various geometries of the ureido moiedycon-
binding interaction in streptavidin should be compared to Srept, 9-con-avidin, 8-con and8-opt, are shown in Figure 7.
solvation of biotin and the predicted binding site in water. To The solute-solvent energy pair distributions record the average
obtain information about aqueous solvation, QM/MM/MC number of solvent molecules that interact with the solute with
calculations were applied to various electronic structures of the @ associated energy. The most favorable hydrogen-bonding

bicyclic urea of biotin and multiple conformations of(+)- interactions are reflected in the left-most region, with energies
biotin using the TIP4P potential for water and the semiempirical MOre attractive thas-3 kcal/mol. The large bands near 0 kcal/
PDDG/PM3 for the solute®69 mol result from the many distant water molecules in outer shells.

Five separate simulations have been carried for various _The outst_anding feature of_Figure_? is the_presence of waters
bicyclic urea ground state solutes: (1) the bicyclic urea from With especially large energies of interaction for tBecon
the streptavidin model (Figure 2a) with internal coordinates fixed Polarized structures compared&econand8-opt, arising from
at those valuescon-strepd, (2) the bicyclic urea from the ~ Stronger hydrogen bonds with the solute. The differing distribu-

avidin model (Figure 2b) with internal coordinates fixed at those fion of 8-con and 8-opt compared to those of th8-con
structures suggests that water does not strongly polarize the
(119) The dipole for the bicyclic urea in the streptavidin model binding site is  solute unlike the (strept)avidin binding sites. The solvation of

derived by subtracting the dipole vector contributions of the surrounding _ ; B ; ;
hydrogen-bonding residues from the fotal dipole moment. the water-perturbed bicyclic urea is thus not particularly unusual.

(120) Menard, R.; Storer, A. (Biol. Chem. Hoppe-Seylet992 373 393- The coordination of water to the carbonyl oxygen of the
(121) Nachon, F.: Asojo, O. A.: Borgstahl, G. E.. Masson, P.: Lockridge, O. bicyclic urea is. bet’Fer quantified by radial distribution functions
Biochemistry2005 44, 1154-1162. (rdfs). Shown in Figure 8a are the rdfs for the four structures
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Figure 8. Computed HOH-O= radial distribution functions for different

structures of (a) bicyclic urea and (bj(+)-biotin.

discussed above. The number of contact waters to the carbonyl o
¢ Wwith four coordinating waters (two to the carbonyl oxygen and

oxygen is determined by integrating the first peak of the rd
from 1 to 2.5 A. The polarized structures ®fcon-avidin and
9-con-strept involve 2.6 and 2.7 hydrogen bonds to the
carbonyl, respectively. Whil8-conand8-opt involve only 2.3

or 2.2 hydrogen bonds to water, respectively. On average, the

boxylate taill1 shown in Figure 9. However, this conformation
must compete with other conformers, such as folti2dsemi-
folded 13, and water-mediated intramolecular H-bdidtl 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 structure®-con This is reasonable since the ureido
moiety in11is 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 conformerll compared to 2.22.3 waters for
conformersl2—14. However, the computed relative free ener-
gies of solvation AAGsqy, 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 geometri@$The relative biotin solvation
energies strongly disfavor conformatidi compared tal2—

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 15 ns simulation trajectory of neutral
biotin.123 The predicted most favorable conformatiof&,and

14, are in qualitative agreement with NMR experiments that
predict a compact structure of biotin in agqueous solutfdiz>

To assess the net binding energy in water, the ureido group

one to each—NH group), in accordance with QM/MM/MC
predictions, was optimized at the B3LYP/6-8&(d,p) level (see
Supporting Information). The energies for each water molecule
interacting with the ureido of biotin were calculated in an

bicyclic urea forms two hydrogen bonds between the carbonyl 2n@0gous fashion to BSRBES using MP2/6+&(d,p)//B3LYP/

oxygen and water, but the artificially polarized bicyclic ureas
can form up to three hydrogen bonds to its carbonyl, more like

an alkoxide. Thed-con-avidin is slightly less polarized than
9-con-strept which results in a slightly smaller probability to

6-31+G(d,p) level with CPCM corrections using a dielectric
of water ¢ = 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

form a three hydrogen-bonded system. The sensitivity of solvent the total BSRBE of streptavidin{35.2 kcal/mol) and avidin

hydrogen bonds to the ureido carbonyl oxygen was also foun
in a recent study by Acevedo and Jorgensen on the aqueou

solvent effects upon of biotin decarboxylati6hThe ureido
conjugate base carbonyl oxyg#&f8-opt occupies 5.0 hydrogen
bonds. The similar geometries between%eonbicyclic ureas

and the conjugate base (Figure 5) do not translate to comparabl
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

d (=30.7 kcal/mol) reported in Tables 2 and 3, column 3.
gzurthermore, 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 agueous solution is polarized much
ess than biotin in the (strept)avidin binding sites, and the
ydrogen 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 biotir-water

(strept)avidin binding sites are the charged aspartate residuednteractions provide estimates of the binding energies for the
present in each biotin binding site. Biotin has been shown to Protein-ligand complex. Free energy contributions from resi-

adopt multiple conformations in the gas phidsand in aqueous
solution!?® On possible conformation is an intramolecular
hydrogen bond involving the nearNH group and the car-

dues providing favorable hydrophobic/packing interactions have
been shown by Lazaridis et al. to be nearly identical in
streptavidin and avidif2® Thus, the BSRBE quantities predict

(122) Strzelczyk, A. A.; Dobrowolski, J. C.; Mazurek, A. P. Mol. Struct.
(THEOCHEM) 2001, 541, 283-290.

(123) Lei, Y.; Li, H.; Zhang, R.; Han, S1. Phys. Chem. B004 108 10131
10137.

(124) Fry, D. C.; Fox, T. L.; Lane, M. D.; Mildvan, A. S. Am. Chem. Soc.
1985 107, 7659-7665.

(125) Tonan, K.; Adachi, K.; lkawa, SSpectrochim. Acta, Part A998 54,
989-997.
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13

water mediated intramolecular H-bond
14

Figure 9. Representative conformations of biotin in aqueous phase from QM/MM/MC simulations.

Table 4. Relative Free Energy of Solvation, AAGsey (kcal/mol),
D-(+)-Biotin Conformations from QM/MM/MC Simulations

EMM EQM/MM
Equ (solute—solvent (solute—solvent
solute (solute) van der Waals) electrostatic) AAGgy,2

11 —154.5 —12.7 =177.7 +37.3+ 2.2
12 —141.2 —-9.3 —202.3 +2.84+ 2.0
13 —149.4 —-10.9 —193.9 +17.6+ 1.2
14 —141.8 —-9.0 —205.9 0.0
aAGsolv = (Esolutesolventelectrostatic+ Esolut&solventvan derWaa)s - EQM-

AAGsoly = AGsov1,1213 or 14 — AGsolv(14).

that streptavidin is the better binder, while experiment has shown

the free energy of binding is-23 kcal/mol better with avidid:2!
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 waté® The solvation energy of the

streptavidin and avidin binding sites were obtained by determin-

inner-binding-site oxygen and one to the outer, exposed to bulk
solvent. Additionally, there are two waters interacting with the
side chain of Ser45, a member of the&8loop. In subunit D,
however, a disordered rotamer conformation of Ser45 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 prearranged to bind
biotin. The placement and number of waters is consistent with
crystallographic studi@snd previous calculations on unliganded
streptavidire* which predict five to six waters in the binding
site.

Contrary to streptavidin, the-34 in avidin remains in a closed
conformation in absence of biotfi.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 Asn118 and the oxyanion
hole side-chain residue atoms of Serl6 and Tyr33 and loosely
to Asnl2. The other water is hydrogen-bonded to the side chain
of Thr35. This structural depiction for the solvated binding site
is in excellent accord with deductions from the crystal struc-

ing the number and geometric placement of occupying waters ;.27

that are interacting with the bicyclic urea hydrogen-bonding

B3LYP/6-311+G(d,p) optimizations were performed starting

residues using classical molecular dynamic simulations (se€¢.qm the computed average atomic coordinates of the (strept)-

Computational Methodology). Average structures for unliganded
(strept)avidin are shown in Supporting Information.
The generally proposed open conformation of thet3oop
in unliganded streptavidifiis predicted to facilitate an influx
of water molecules to line the binding cavity. Molecular

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

dynamics show that for the subunits with an open conformation, ihe residue side-chain and intraresidue side-chain angles and

B and D, there are five waters: two interacting with the

dihedral angles and then optimizing the remaining degrees of

oxyanion hole residues (Ser27, Asn23, Tyr45), three Waters fraeqom determined the streptavieifitO and avidin-2H,0

hydrogen-bonded to Asp128 with two hydrogen bonding to the

complexes.

(126) Lazaridis, T.; Masunov, A.; Gandolfo, Proteins: Struct., Funct., Genet.
2002 47, 194-208.
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(127) Gonalves, P. F. B.; Stassen, Rure Appl. Chem2004 76, 231—240.
(128) Korndafer, I. P.; Skerra, AProtein Sci.2002 11, 883-893.
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unliganded streptavidin-7H50 H,O—Asp128/Tyr 43 hydrogen bonds compared to the analo-
Asn 23 gous 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 streptavidftiow-
ever, 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 loop. Avidin will bind
biotin more strongly than streptavidin because the placement
of Asp13 reduces the large desolvation penalty resulting from
a first-shell charged residue and provides good hydrogen-bond
cooperativity via juxtaposition to Asnl118. 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.

1.83 Ser 45

Asp 128 1.79

Conclusion

Quantitative investigation of the binding interactions within
the streptavidin and avidin binding sites demonstrates that the
hydrogen-bonding residues induce a polarized electronic struc-
Q ture of the ureido moiety of biotin, which causes the noncovalent
Figure 10. Model protein binding sites for streptavidin and avidin in  hydrogen-bonding interactions with the ligand to be unusually
complex with water at the B3LYP/6-315(d,p) level. strong. This relationship between the residues and ligand creates

The binding energies of two and seven water molecules in & cooperative effect: the binding energy inside_ the protein is
the avidin and streptavidin binding sites were determined from larger than expected based on the sum of individual hydrogen
the energy to transfer the,® molecules from the unliganded bonds. The biotir-(strept)avidin complexes that form strong
(strept)avidin-H,O complexes into bulk agueous solution. The Stabilizing oxyanion holes provide superior hydrogen-bonding
resulting binding energies include energetic contributions from interactions compared to the electrostatic interactions in aqueous
the hydrogen-bonding interactions between the individual water solution. Streptavidin is predicted to have larger cooperative
molecules and the protein side chains. To account for the energyhydrogen-bonding energy compared to that of avidin, but the
corresponding to the #—H,0 hydrogen bonds in the protein, large inherent binding energy is counteracted by the higher
the binding energy of the water complex was subtracted from desolvation energy of streptavidin.
this energy difference. The binding energy of the unliganded
(strept)avidin-nH>O complexesSAEpotein-water_binding Was cal-

Acknowledgment. We are grateful to the National Science

culated by eq 3. Foundation (CHE-0548209) and DARPA for financial support
of this research. This research was also facilitated through the
AE  otein-water_binding— [EunIiganded_(strept)avid+mHZO_comp|ex_ Partnerships for Advanced Computational Infrastructure (PACI)

through the support of the National Science Foundation. The
computations were performed on the National Science Founda-

Only six waters were transferred out of the streptavidin 0N Terascale Computing System at the Pittsburgh Supercom-
binding sites, in accord with the crystal structure (PDB 1STP), Puting Center (PSC) and on the UCLA Academic Technology

which shows that the water molecule hydrogen-bonded to the Services (ATS) Hoffman Beowulf cluster. J.D. would like to
outside oxygen of Asp128 remains bound with biotin. The acknowledge the National Institutes of Health, UCLA Chemistry

energy corresponding to the transfer of a water molecule into Biology Interface training program, for financial support through
bulk water is taken as the experimental value of the free energy@ traineeship.

of solvation for water,—6.3 kcal/mol*?” Different dielectric
constants{ = 4.33, 78.39) were applied to the CPCM-SCRF
treatment of the unliganded (strept)avietimH,O complexes due

to the uncertainty of the dielectric of the unliganded pro- L S -
tein binding pocket. Nevertheless, the binding energy solute-solvent energy pair distributions for biotin, MD average

(AEprotein-water_bindind fOT Streptavidin remains approximately 8 structures pf unhggno}ed (s.trept)awdln, and complete refs 63
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(EnHZO(aq)+ EunIiganded_(strept)avid)r] - AEHZO_cIuster (3)

Supporting Information Available: Energies and Cartesian
coordinates of all structures calculated at B3LYP/6-8&d,p)
and MPWB1K/6-3%G(d,p) including counterpoise corrections,
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