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Abstract: A small streptavidin-binding ligand was identified which incorporates some of the binding interactions
seen in the crystal structures of streptavieliiotin, and of streptavidin complexed with cyclo-Ac-[CHPQFC]-MH

a cyclic peptide ligand with K4 of 2.3 x 1077 M, discovered by phage display. The crystal structure of streptavidin
glycoluril is described and compared with the crystal structures of streptasiditin and of streptavidircyclo-
Ac-[CHPQFC]-NH. TheKjy of glycoluril for streptavidin was determined by plasmon resonance measurements to
be 2.5x 10°® M. The differences in the affinities of biotin and glycoluril for streptavidin were related to the
differences in the crystal structures of the complexes and to differences in the determined solubilities of the ligands.
Streptavidin-bound glycoluril has structural characteristics of, and makes interactions common to, both bound biotin
and the bound cyclic peptide ligand. Binding of glycoluril and biotin is mediated by short, medium strength hydrogen
bonds involving the ureido oxygen common to the two ligands. Binding of glycoluril is further mediated by a short
hydrogen bond involving its unique ureido oxygen. The structural and physicochemical factors responsible for the
weaker binding of glycoluril compared with biotin are discussed.

Introduction

Using streptavidin as a model system, we recently probed
the structural relationship between the natural, organic ligand

A common challenge faced in drug design is the conversion ;i ang linear and cyclic peptide ligands containing the HPQ
of peptide ligands into small organic ligands of high affinity sequenc® discovered by phage display. The remarkable

and selectivity. Drug development often relies on the structures

affinity of streptavidin, a tetrameric protein secreted from

or sequences of peptide ligands as initial leads in the SUbseq“enétreptomyceszﬁdinii for the vitamin biotin Kg ~ 10-14 M2
design and evaluation of peptidomimetic compounds, SinCe ¢,;ms the hasis for its prevalent use in biotechnological,

peptides and proteins are the normal substrates or ligands forbioanalytical

diagnostic, and therapeutic applicati®n®

macromolecules involved in ubiquitous biological processes. gyeptavidin has also been used as a model system for discovery
Peptides may also be lead compounds discovered by phage peptide ligands by phage displ#26-29 as a paradigm for

display, a technology which has quickly become widespread

as an effective method for discovery of peptide ligands for
diverse macromolecular targets (reviewed in reflD). Phage

display offers the opportunity to produce cyclic peptide libraries
the conformational constraints of which imposed by disulfide

bonds often contain molecules of significantly increased ligand

affinity compared with their linear peptide counterpats'®
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glycoluril ‘

Figure 1. (a) Structures of GIn of streptavidin-bound cyclo-Ac-
[CHPQFC]-NH and of streptavidin-bound biotin with ligand labeling
scheme. (b) Relationship of GIn and biotin after superposition of
streptavidin-cyclo-Ac-[CHPQFC]-NH onto streptavidia-biotin.

From the crystal structure of streptavidihiotin, determined
here at pH 7.3 and 1.55 A resolution, and from the crystal
structure at pH 7.5 and 2.00 A resolution of streptavidin
complexed with a cyclic peptide, cyclo-Ac-[CHPQFC]-NF
discovered by phage displdywe identified a small organic
ligand having structural features common to both biotin and
the cyclic peptide ligand. In streptavidityclo-Ac-[CHPQFC]-
NHo, three contiguous side chain atoms of the GIn residge, C
Co, and N2, superimpose well on three contiguous atoms in
the bicyclic ring of streptavidin-bound biotin, the C2, S1, and
C5 atoms (Figure 1).
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A search of the Fine Chemical Database identified glycoluril
as a molecule which incorporates these aspects of the design.
In glycoluril the group corresponding to the C2 carbon atom of
biotin is also an NH group. Thus glycoluril, a C2-symmetric
molecule with the same basic bicyclic framework as biotin but
with different groups at the 1, 2, and 5 ring positions, was
identified as a commercially available compound that was a
potential streptavidin-binding ligand incorporating structural
features of both bound biotin and bound cyclo-Ac-[CHPQFC]-
NH,. Glycoluril was shown by plasmon resonance measure-
ments to bind to streptavidin withkgy of 2.5 x 1076 M. The
structure of streptavidinglycoluril was determined at pH 7.3
and 1.85 A resolution and compared with the structures of
streptavidin-biotin and streptavidircyclo-Ac-[CHPQFC]-NH,
from which it was designed.

Dissection of the structural and physicochemical factors
contributing to the unusually high affinity of streptavidin for
biotin has been the focus of many studies. Hydrophobic and
van der Waals contributions mediated primarily by tryptophan
residues have been predictédnd demonstrated by site-directed
mutagenesis studi€s'®to be dominant determinants of binding.
From free energy perturbation experiments, Miyamoto and
Kollman predicted that van der Waals interactions contribute
18.2 kcal/mol of the binding energy compared with 3.0 kcal/
mol for hydrogen-bonding interactio%. From microcalorim-
etry, Weber et al. determined that binding of biotin to
streptavidin is driven predominantly by enthalpy chan@es.
Glycoluril can be considered as an analog of biotin in which
the valerate substituent is removed. Thus the contribution of
the valerate group of biotin to its binding was probed by
comparing the affinities, solubilities, and streptavidin-bound
structures of biotin and glycoluril.

Experimental Section

Design of Glycoluril-like Ligand and Identification of Glycoluril
in the Fine Chemical Database.The structure of streptavidircyclo-
Ac-[CHPQFC]-NH was superimposed on the structure of streptavidin
biotin with a matrix determined from corresponding pairs of non-
hydrogen atoms involving 56 well orderel € 20 A2?) residues (29
32, 38-47, 54-61, 71-79, 88-96, 104-112, and 124130) spread
throughout the molecule. The superposition revealed that in strepta-
vidin—cyclo-Ac-[CHPQFC]-NH three contiguous side chain atoms of
the GIn residue, &, Co, and N2, superimpose well on three contiguous
atoms of streptavidin-bound biotin, the C2, S, and C5 carbon atoms
(Figure 1). With the program Insight (licensed from Molecular
Simulations, Burlington, MA 01803), we built a model of a biotin-like
ligand bound to streptavidin that incorporates substituents from both
biotin as well as from the GlIn side chain of cyclo-Ac-[CHPQFC]-NH
Using the crystal structure of streptavieihiotin, we replaced the sulfur
of biotin with a carbonyl group and the C5 carbon atom of biotin with
an NH group. A search of the Fine Chemical Database for such a
molecule as well as chemically similar molecules, using the program
Navigatoré! identified glycoluril as the compound the chemical structure
of which is the most similar in this database with respect to the bicyclic
ring of this biotin-like ligand. In glycoluril the S, C1, and C5 atoms
of biotin are converted to €0, NH, and NH groups, respectively.
Visualization of the model of streptavidirglycoluril with Insight
following energy minimization to convergence with Discover (licensed
from Molecular Simulations, Burlington, MA 01803) suggested that
glycoluril would fit into the biotin binding site and make many of the
interactions that biotin makes.

Determination of Ligand Solubilities. Biotin (hexahydro-2-oxo-
1H-thieno[3,4d]imidazole-4-pentanoic acid) was purchased from Sigma
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Figure 2. Inhibition curves for the competition of streptavidin between cycl@&faleramide-HPQGPPC]K-NHmmobilized on the sensor chip
and cyclo-[5Svaleramide-HPQGPPC]K-N4ilinear FSHPQNTK-NH, or glycoluril (in the absence or presence of 500 mM ammonium sulfate)
in the solution flowing over the sensor chip. Thesd€for the ligands were converted kKa's by applying the factor relating the igdetermined

for cyclo-[5-S-valeramide-HPQGPPC]K-NHn solution to the actud{y determined directly in a separate BlAcore experiment by described méthods.
The IGo's were determined by curve fitting the data to the function: RJA — D)/(1 + (ICsi/concB) + D, where RU is the BlIAcore response,
conc is the concentration of the free peptide ligand, AnB, 1Cso, andD are the parameters derived from the curve fit.

cyclo-[5-Svaleramide-HPQGPPC]K-Nk#* immobilized on the sensor
chip surface via the-amino group of the C-terminal lysine. The

Table 1. Thermodynamic Properties of Glycoluril and Biotin

glycoluril biotin . S
- competition curves are shown in Figure 2.
solubility (pH 7.3) (mM) 6.37 (0.18) 150 (5) Crystallography of Complexes of Streptavidin with Glycoluril
ﬁA(%;Naaon(kcaI/ moly _%'3:20(03')03)106 400  10-14b and Biotin. Apostreptavidin was crystallized from ammonium sulfate
AdAGbinding(kcallmol)c 10'4 (O. 1) 0 solution, pH 4.0, in the diamond plate form, space gro@22, as

described®4? Streptavidin-biotin, pH 7.3, and streptavidirglycoluril,

pH 7.3, were prepared by soaking large diamond plate apostreptavidin
crystals for several days in synthetic mother liquor solution (50%
saturated ammonium sulfate solution, 50% 0.50 M Tris, pH 7.3)
saturated with the ligands.

X-ray diffraction datasets were collected from single crystals on a
Siemens IPC X-1000 multiwire area detector coupled to a Siemens
and glycoluril from Aldrich. Weighed quantities of biotin and glycoluril  three-circle goniometer (Table 2). X-rays were produced with Rigaku
were each added separately to measured volumes of buffer followed RU200 generator using a rotating copper anode target tube operating
by constant agitation for-618 h on a rotor. On the basis of whether  at 50 kv, 60 mA. Data were indexed and reduced to produce integrated
or not total dissolution was attained, the quantities of ligands per volume intensities and structure factors with the programs Sadie and Saint
of buffer were accordingly modified in subsequent iterations. Saturation sypplied by Siemens (Redmond, WA 98052). The following settings
was signaled by visualization of small amounts of undissolved material were used: crystal to detector distaree8.5 cm, @ = —27.5 or
with a microscope after the agitation process. Solubility determinations —32. ¢, oscillation widths inw = —0.08%, exposure time per frame
were repeated twice to obtain averages and standard deviations given= 300 s. Three sweeps of 9th » at ¢ values of 0.0, 90.0, 45°0
in Table 1. The buffer was 150 mM 4-(2-hydroxyethyl)-1-pipera- were collected.
zineethanesulfonic acid (HEPES), pH 7.3. For biotin the final pH was  \qdels of streptavidin with bound ligands were manually built and
adjusted with NaOH (150 mM) to attain the target pH. To attain a \jsyalized by computer graphics using Quanta (licensed from Molecular
similar ionic strength for the glycoluril solubility determination, 150  gimylations, Burlington, MA 01803) from the structure of apostrepta-
mM NaCl was added. The added NaCl had an insignificant effect yigjin20from which the sulfates and waters were removed from the biotin
(<1.4%) on the solubility of glycoluril. . binding site. Models were based on initial electron density maps

Determination of the Affinity of Glycoluril for Streptavidin.  The calculated with coefficientso| — |Fe]) or (2Fe| — |Fel) and phases
affinity for glycoluril in the presence and absence of ammonium sulfate () after refinement to convergence of structures where the ligand
was determined by surface plasmon resonance measurements byioms were omitted from the refinement and map calculations.
methods previously describ&:"¢ The BlAcore 2000 system, sensor The structures of streptavidiigand complexes were refined with
chip, and coupling reagents-hydroxysuccinimide, N-ethyl-N'~(3- X-PLOR® and with difference Fourier metho#s.Bond lengths from
diethylaminopropyl)carbodiimide, and ethanolamine hydrochloride were the small molecule crystal structure of glycoltffiand biotirf® were

from Pharmacia Biotech, Inc, Uppsala, Sweden. In the firstkwo ;50 jn the refinements; other bond lengths and all force constants were
determination, done in the absence of sulfate, the running buffer used

a AGsowatioglycoluril) — AGsonatiofbiotin). ° pH 6.9, 100 mM KCE°®
¢ AGpinging@lycoluril) — AGpingingbiotin). Only the uncertainity in the
Kgq for glycoluril, based on a total of four independent determinations,
was used to calculate the uncertaintyAGpindging (the uncertainty of
which is thus underestimated because the uncertainty iktfe biotin
is not known).

was 10 mM HEPES, 150 mM NacCl, 3.4 mM ethylenediaminetetraacetic
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coupling reagentbl-hydroxysuccinimideN-ethyl-N'-(3-diethylamino-

propyl)carbodiimide, and ethanolamine hydrochloride were from Phar-
macia Biotech, Inc, Uppsala, Sweden. The affinity was determined in
a competition assay involving a cyclic streptavidin-binding peptide,

1992; pp 187206.
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Table 2. Crystallography of Streptavidin Complexes

biotin glycoluril
Parameters
no. atoms (including disorder) 2117 2070
no. waters (including sulfate(s)) 227 193
no. discretely disordered grolps 7 7
no. side chains with refined occs 22 21
Diffraction Statistics
resolution (A) 21+1.52 22-1.81
no. observatiorfs 71142 56712
no. merged reflections 27764 17677
average redundancy 2.6 3.2
RA’\’\erge(c%T')e 50 7.4
Refinement Statistics
refinement resolution 7:51.55 7.5-1.85
no. merged reflections 25217 15772
|Fol/o cutoff 1.8 15
Reryst (%0) f 16.8 17.2
free Rerysi (%) 9 19.9 21.2
overall completeness (%) 70.9 75.7
and at highest resolution (%) 27.6 34.3
highest resolution shell 1.62.55 1.93-1.85
RMS Deviation8
bond lengths (A) 0.018 0.018
bond angles (deg) 2.8 3.1
torsion angles (deg) 27.1 27.8

@ Restrained, isotropic temperature factors were refined and bulk
solvent contributions included for all structuré&ot including waters.
¢ Also includes ligand groups. Density for all side chain atoms or for

terminal atoms in these groups was weak or absent and temperature

factors were high. Discretely disordered groups are not included in
this category. Occupancies for poorly defined groups of atoms were
refined.® Data with Rym > 50% were rejected along with data with
values>3.5s from the mean for each bunch of symmetry equivalents.
€ Rmerge= Y n.ill ()i — D(h)@¥Y nYil ()i, wherel (h); is theith observation

of the intensity of reflectiorh. " Ryyst = Y (||Fol — |Fcl|)/Y|Fol (for
reflections from 7.5 A to the highest resolutiof)Cross validation
R-factor using 10% of the data withheld from the refinenfénf.Root
mean square deviations from ideal bond lengths and bond angles.

from the X-PLOR force field® In (|Fo] — |Fc|), ac maps, positive

J. Am. Chem. Soc., Vol. 118, No. 34, Y99G

peptide ligands at pH 7.3 are all significantly greater than that
of biotin (Kg = 4.0 x 10714 M, pH 6.9)30
Glycoluril Makes Interactions Common to Both Strepta-
vidin —Biotin and Streptavidin —HPQ-Containing Peptides
from Which It Was Designed. Superpositions of the (B
— |F¢]), ac maps for streptavidinglycoluril, pH 7.3, and
streptavidin-biotin, pH 7.3, onto the respective refined struc-
tures are shown in Figure 3, parts a and b. Both ligands are
defined by strong density; the average temperature factor for
the glycoluril is 20+ 3 A2 compared with 12t 3 A2 for biotin.
The dihedral angles for the valerate group of bound biotin,
defined by atoms starting from the bridgehead carbon and ending
at the carboxylate oxygen, ay& = 159(3¥, y2 = 177(4¥, %3
= —173(4y, y4 = —65(5), 5 = —38(4y. These dihedrals
represent an optimal, low-energy conformation. The structure
of streptavidin-biotin is the same as another high (1.55 A)
resolution structure determined in the same space gibup.
The superposition of streptavidirglycoluril onto streptavi-
din—biotin is shown in Figure 4a. The chemical structure of
the left ureido ring of glycoluril is the same as that of biotin,
and the streptavidin-bound structures of the left ureido rings of
the two ligands are also the same. The@ and NH groups
of the left ureido ring of glycoluril make the same hydrogen
bonds with streptavidin (O2Otya3, O2—Oyserz 02—
NO2asn2a N1I'—002asp128 and N3—Oysersg as the correspond-
ing groups in biotin. Hydrogen-bond lengths are given in Table
3.

In streptavidin-glycoluril the hydrogen bond between the
left ureido oxygen (O1) and @noo replaces the corresponding
hydrogen bond in streptaviditbiotin between the sulfur atom
of biotin and Q1 In streptavidin-glycoluril the O~

Oy Lrhro and N5H-77rp108 hydrogen bonds correspond to the
Oelin—Oy Lrhrgo and Ne2Hgin—mrrp108 hydrogen bonds, respec-
tively, in streptavidin-cyclo-Ac-[CHPQFC]-NH. (Similar NH

— 7 H-bonds have been describ®d The structure of strepta-
vidin—glycoluril is superimposed on the structure of streptavi-
din—cyclo-Ac-[CHPQFC]-NH,%° in Figure 4b. Thus, as in-

and negative peaks the magnitudes of which were greater than 2.8 tended, streptavidinglycoluril makes interactions common to
were systematically identified and analyzed using a proprietary peak poth streptavidir-biotin as well as streptavidirHPQ-contain-

picking program. Water structure was determined and refined. New
waters were identified on the basis of density peaks greater than 2.8
in (JFo| — |F¢|), ac maps that coincided with density in|@| — |Fc|),

o maps at stereochemically reasonable locatfén&Vaters were
generally rejected if their temperature factors exceeded B@afikr
refinement. Data collection and refinement statistics are given in Table
2. For comparison of structures, the streptavidigand complexes

ing peptide ligands.

Although Glycoluril Is Longer Than Biotin in One
Direction, Streptavidin Binds Both Ligands Similarly. Re-
placement of the sulfur atom of biotin with a carbonyl group in
glycoluril lengthens glycoluril in one direction; the 602
distance in glycoluril is 6.00 A compared with the -S02

were superimposed on one another with matrices determined fromdistance of 5.01 A in biotin. The additional length of the

corresponding pairs of non-hydrogen main chain atoms involving 56
well-ordered B < 20 A?) residues (2932, 38-47, 54-61, 71-79,
88—96, 104-112, and 124 130) spread throughout the molecule. The
structures will be deposited into the Brookhaven Data Bank.

Results

Affinity of Glycoluril Is Similar to Affinities of Other
Designed Streptavidin-Binding Ligands. TheKg of glycoluril
for streptavidin is 2.5x 1076 M at pH 7.3 (Figure 2). This
affinity is within the range of other small molecule azobenzene

bicyclic ring of glycoluril in this direction due to the addition
of the =0 substituent at position 1 is partially offset by the
somewhat smaller ring dimensions in glycoluril due to the
shorter N2-C1 and N5-C1 bond lengths (1.33 A) compared
with the corresponding C2S1 and C5-S1 bond lengths (1.80
A) in biotin. Also the van der Waals radius of the oxygen
substituent at C1 in glycoluril is significantly smaller that of
the sulfur in biotin. Finally, in the sulfur-containing ring of
biotin all atoms are sghybridized and thus this ring is puckered,
whereas the corresponding ring in glycoluril is planar. Thus

streptavidin-binding molecules developed by structure-basedstreptavidin incorporates glycoluril and biotin in a similar

design for whichKy's, determined by microcalorimetry, range
from 8.3 x 107 M to 1.4 x 10* M.37 The affinity for
glycoluril at pH 7.3 is intermediate between the values obtained
at pH 7.3 for linearKq ~ 1.5 x 1074 M) and cyclic K4~ 3.1

x 1077 M) peptides discovered by phage dispfagFigure 2).
TheKqy's of glycoluril, azobenzene ligands, and linear and cyclic

(46) DeTitta, G. T.; Edmonds, J. W.; Stallings, W.; Donohuel. Am.
Chem. Soc1976 98, 1920-1926.

(47) Finer-Moore, J. S.; Kossiakoff, A. A.; Hurley, J. H.; Earnest, T.;
Stroud, R. M.Proteins1992 12, 203-222.

binding mode and makes all the same or analogous hydrogen
bonds to the bicyclic ring of glycoluril as to that of biotin (Figure
4a).

Binding of Glycoluril Is Mediated by a Sulfate lon. An
unexpected component of the streptaviggtycoluril structure
is a sulfate anion mediating the binding of glycoluril to
streptavidin. The sulfate in streptavidiglycoluril makes a
hydrogen bond with the N1 group of glycoluril. The sulfate

(48) Burley, S. K.; Petsko, G. AFEBS Lett 1986 203 139-143.
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Figure 3. (a) 2(F.| — |F¢|) map for streptavidirglycoluril, pH 7.3, superimposed on the refined structure with hydrogen bonds mediating ligand
binding shown in yellow. (b) 2E| — |F¢|) map for streptavidirrbiotin, pH 7.3, superimposed on the refined structure.

anion in streptavidir-glycoluril occupies a position similar to  similar to that of the right ring described above. A partial
one of the two sulfates in the biotin binding site of streptavidin  positive charge on N2 can be stabilized by a hydrogen-bonded
sulfate, a form of apostreptavidffi. Both the sulfate in salt bridge with the sulfate ion. A partial positive charge on
streptavidir-glycoluril and the corresponding sulfate in apos- N5 can be stabilized by the NSH> w70 interaction. A
treptavidin make a hydrogen bond with Ndsg replacing a negative charge on O1 can be stabilized by the hydrogen bond
corresponding hydrogen bond betweend\band the carboxyl between O1 and @lrhrgo

group of biotin in streptavidirbiotin. Following crystal- Binding of Biotin and Glycoluril Is Mediated by Medium
lographic observation of the sulfate ion, the affinity was Strength Hydrogen Bonds Involving the Ureido Oxygen(s).
redetermined in 500 mM ammonium sulfate, but no significant The majority of hydrogen bonds in proteins and protdigand
difference inKy was observed. Even though the concentration complexes are classified as weak or conventional. For weak
of the ammonium sulfate in the crystal soaking solution was gy.. .o hydrogen bondsj(O—0) > 2.80 A, the hydrogen is
high, 50% saturated, the temperature factors of the sulfate atyiached to one of the oxygens by a covalent bond, and the

the crystallographically independent binding sites 1 6@ interaction with the other oxygen is largely electrostatit
A% and 2 (71+ 1 A?) indicate much weaker, looser binding  \when the |K;'s of the two oxygens are similar, OH- - -O
than for glycoluril, for which the temperature facters20 + 1 hydrogen bonds are shorter than 2.6 A and have covalent

an for Al _ _ ;
AZ at site 1 and 15 2 A® at site 2. character because there is a low barrier to transferring the proton

_ ) between the two oxygerf€3° Although low-barrier hydrogen
Discussion bonds in transition states or intermediates of enzymes have been
invoked as suppliers of stabilization energies of-20 kcal/
mol,3%-52 critical for driving many enzyme reactions, there is

an Oxyanion Hole. One determinant of the high affinity of ~ CONtroversy about whether or not such unusually strong
biotin is the stabilization by streptavidin of a tautomeric form Nydrogen exist in solution or in enzyme active sfesthe 02—

of biotin which makes better and more hydrogen bonds with O_’7Tyf4_3 a_md 02__07’5”27 h_y(_jrogen-bo_nd lengths in streptavi-
the protein than are possible in wa#rin the bound tautomer ~ din—biotin and in streptavidirglycoluril and the O%Oy 1t

a negative charge is localized on the resultirguspido oxygen bond Ie.ngth in streptavidinglycoluril (Table 2) are classified
occupying an oxyanion hole surrounded by the Tyr43, Ser27, 85 dedlum-strength hydrogen bonds (2.65 4(0—0) < 2.80
and Asn23 side chairfé. The resulting positive charge or partial  A)-*° The observation of these short hydrogen bonds mediating
positive charge on N1is stabilized by a hydrogen-bonded salt 29 Gili P~ Bortolasi V.- Ferreti. V.- Gili GJ. Am._ Chemn Soc
bridge with Asp128° In glycoluril a similar tautomeric form 195(,4 )11& 909-915. o T '

is stabilized by the oxyanion residues, Tyr43, Asn23, and Ser27, (50) Cleland, W. W.; Kreevoy, M. MSciencel994 264, 1887-1890.
and by Asp128. (51) Shan, S.; Loh, S.; Herschlag, Bciencel996 272, 97—101.

. . . . . (52) Frey, P. A,; Whitt, S. A.; Tobin, J. BSciencel994 264, 1927

Since both rings in the C2-symmetric glycoluril molecule 1930

are equivalent, the left ring is capable of a tautomeric form  (53) Guthrie, J. PChem. Biol.1996 3, 163-170.

Binding of Biotin and Glycoluril Involves Stabilization of
a Tautomeric Form of the Ligands by Residues Surrounding
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Figure 4. (a) Superposition of the structure of streptavidbiotin onto that of streptavidinglycoluril. In streptavidin-biotin carbon atoms are

light blue, oxygens orange, nitrogens purple, and sulfurs yellow. In streptaagtimoluril carbons are green, oxygens red, nitrogens blue, and
sulfurs yellow. Hydrogen bonds mediating binding of glycoluril are shown in yellow and the-Nfp10s H-bond in light cyan; other H-bonds

are shown in white. In both structures Leu110 is disordered between two discrete conformations. (b) Superposition of the structure of streptavidin
glycoluril onto that of cyclo-Ac-[CHPQFC]-NH For clarity, residues 4652 of the loop that is in an ordered, closed conformation in streptavidin
glycoluril and that is in an open, mobile/disordered conformation in streptavjuiptide complexe¥,are not shown. In the cyclic peptide complex
carbon atoms are light blue, oxygens orange, nitrogens purple, sulfurs yellow, and peptide ligand residues labeled in light blue font. Tyr43 is
disordered between two conformations involving a rotation about tee @3 bond. In streptavidirrglycoluril carbons are green, oxygens red,
nitrogens blue, and sulfurs yellow. Streptavidin residues are labeled in white font. Hydrogen bonds involving glycoluril are shown in yellow and
the NH— mrp108 H-bond in light cyan; other H-bonds are shown in white.

Table 3. Selected Hydrogen Bond Lengths in Complexes of Table 4. Comparison of StreptavidinGlycoluril with
Streptavidin with Glycoluril, Biotin, and cyclo-Ac-[CHPQFC]-NH Streptavidin-Biotin

protein ligand atoms, distances (&) glycoluril: biotin

atoms glycoluril biotin cyclo-Ac-[CHPQFC]-NH site 2 site 1 site 2
On Tyrd3 ~ 02,2.69(08) 02 2.72(06) O Gln, 3.07(17) glycoluril site 1 0.140 0.130 0.157
Oy Ser27 02 2.77(15) 02 2.69(07) glycoluril site 2 0.150 0.127
NO2Asn23  02,2.92(11) 02 3.02(05) biotin site 1 0.107
002 Asp128 N1 2.98(05) N1, 2.94(04) I : :
Oy Ser45 N3 2.93(08) N3 3.05(01) O Pro, 2.73(11) aRMS deviations (in A) are for well-determined residues+22,
061 Thro0 01, 2.68(07) S1,3.41(02) €DGIn, 2.80(05) 38-47, 54-61, 71-79, 88-96, 104-112, and 124130) after
7° Trp108 N3, 3.48(13) X2 GIn, 3.51(15) superposition. Site 1 is close to a crystallographically 2-fold related
SO2~ N2, 3.10(07) site.

2The bicyclic labeling scheme is shown in Figure® Eor glycoluril, Weaker Binding of Glycolurii Compared with Biotin

values and standard deviations are derived from the two crystallo- Reflects Missing Valerate Group. The structures and solubili-
graphically independent sites. For biotin they are derived from siX tiag of glycoluril and biotin and affinity for glycoluril were

distances involving both sites from three independently determined . . et
structures. For the cyclic peptide they are derived from eight distancesdeterm'ned at pH 7.3, and the affinity for biotin at pH %.9

involving both sites from four independent determinations at different (Table 1). There are no significant conformational differences
pH’s. ¢ Closest distance to the aromatic ring system. between streptavidinglycoluril and streptavidir-biotin (Figure

3a and Table 4). The ratio of th&, for glycoluril, 2.5 x 1076
the binding of glycoluril and biotin suggests that incorporating M, to that of biotin, 4.0x 1074 M (Table 1), is 6.3x 10,
into ligands the potential to form short, strong hydrogen bonds which corresponds to a change in the free energy of binding of
with protein targets may be an important principle in the glycoluril compared with that of biotifd AGpinging 0f 10.4 kcal/
engineering of specific, high-affinity ligands in drug design, to mol. Glycoluril is less soluble than biotin at pH 7.3 by a factor
the extent that short “strong” hydrogen bonds can really provide of 23.5, corresponding to a change in free energy of solvation,
significantly higher binding energies than “normal” hydrogen AAGsation Of —1.83 kcal/mol (Table 1). Since glycoluril is
bonds. C2-symmetric it can bind to streptavidin in two indistinguishable



7920 J. Am. Chem. Soc., Vol. 118, No. 34, 1996 Katz et al.

orientations, and thus has a favorable entropic component toand biotin in this study, since they displace water from the
its free energy of bindingAAGenwopy = RT In(2) = 0.4 binding site of apostreptavidi.
kcal/mol. lons play pivotal roles in mediating many important protein
Factors other than solubility differences or the C2 symmetry |igand recognition evenf§-62 The crystal structures of ligand
of glycoluril amount to a change in binding energy compared complexes in streptavidin and other systems underscore the often
with that of biotin of AAGresidual= AAGpinding — AAGsolvation critical and unpredicted contributions of both anions and cations
— AAGengropy= 10.4+ 1.8 — 0.4= 11.8 kcal/mol. The reduced as mediators of ligand binding in biology. In streptavidin
affinity for glycoluril predominantly reflects the missing interac-  glycoluril, a sulfate-mediated hydrogen bond replaces the
tions involving the valerate moiety. There is no hydrogen bond hydrogen bond between the valerate oxygen of biotin and
in streptavidin-glycoluril corresponding to that between the NHagns9in streptavidin-biotin. Since the enthalpy contribution
carboxylate oxygen of biotin and theyQugsin streptavidin- of solvent-mediated hydrogen bonds can be similar to those
biotin, and the hydrophobic interactions involving the valerate made directly by a ligané? this replacement is not necessarily
methylene groups are also missing or replaced by fewer andenthalpically unfavorable. However the entropy change ac-
weaker van der Waals interactions involving the sulfate oxygens. companying the ordering of the sulfate is unfavorable. For
The hydrophobic interactions between the valerate methylenewater, the entropic cost of ordering one molecule reduces ligand

groups and the Trp79 side chain in streptaviehiotin are large,  affinity by a value estimated to be as little as 0.3 kcal/fol,
estimated by analysis of the binding of 2-iminobiotin to the <0.6 kcal/mol* or 1.4 kcal/moF4 or as much as 3.0 to 4.8
Ala79 streptavidin mutant to be 5.4 to 8.2 kcal/dlThere  kcal/mol&*&5depending on the degree of ordering of the water.

are also van der Waals interactions between the valerateFor sulfate with more atoms than water, the corresponding
methylene groups and the Trp120 and Leul10 side chains andvalues are expected to be somewhat larger. Since the Kame
the main chain carbonyl of Val47 in streptavieibiotin. The  for binding of glycoluril was observed in the presence and
enthalpic contribution of the valerate group outweighs the absence of sulfate, water and/or other ions undoubtedly mediate
entropic cost of ordering it. The latter entropy change involves binding of glycoluril in the absence of sulfate.

ordering atoms associated with four bonds, rotation about each

of which yields three low-energy conformations. The change Conclusion

is thus estimated as # RTIn(3) = 2.5 kcal/mol.

Binding of Glycoluril versus Biotin Entails Compensating Phage display enables discovery of ligands to macromolecules
Changes in Hydrogen Bonding and Hydrophobic Interac- involved in diverse biological processes. Identification of a
tions Involving the Left Portions of the Bicyclic Rings. All small molecule streptavidin-binding ligand incorporating struc-
hydrogen bonds involving the right ring in streptavidiniotin tural and hydrogen-bonding features common to both the non-
have corresponding hydrogen bonds in streptavigigcoluril peptide biotin ligand and a peptide ligand discovered by phage
of comparable lengths. In the left ring, the shorter@ 190 display demonstrates the potential of structure-based design for

hydrogen bond is a more favorable enthalpic component to the €ngineering ligands targeted to proteins. The structure and
binding of glycoluril than is the corresponding weak-S1  affinity of glycoluril and comparisons with biotin also provide
Oy 1m0 hydrogen bond to the binding of biotin. The stronger Uuseful data to test and tune algorithms aimed at docking potential

hydrogen bond in streptavidirglycoluril may be offset locally ~ ligands into protein binding sites and at predicting ligand
in streptavidin-biotin by better hydrophobic interactions involy- ~ affinities.  Crystallography combined with phage display or
ing the sulfur of the S3Oy 1t hydrogen bond. The $1 other combinatorial chemistry methodologies promises to

C&2rmpreand S-CE2rye distances are shorter in streptavidin -~ €xpedite structure-based ligand and drug design.
biotin, 3.65 and 3.89 ,& respec_tively, thgn are the pqrr(_esponding JA961357Z

C1-C27pr9and CECE2rper distances in streptavidirbiotin,
4.19 and 4.34 A, respectively. The N5H srp10s hydrogen (55) Scapin, G.; Young, A. C. M.; Kromminga, A.; Veerkamp, J. H.;

bond in streptavidirrglycoluril is replaced with hydrophobic Go(fgg)”wﬁl-léi?t Sacghettim, J. Qo). Cell Blochem1393 123 313 @

interactions invloving the C5 atom_ in s_tre_ptawdmlotln. C. S.Biochemistryl995 34, 2172-2180. T '
Water and lons Play Key Roles in Binding of Ligands to (57) Smith, J. 'W. The Structural Basis of Integran-Ligand (RGD)

Streptavidin. Water plays a versatile and ubiquitous role in Interactions. VI.The Role of Dialent Cations in Ligand Binding in

; ; ; Integrans: Molecular and Biological responses to the Extracellular Matrix
chemistry and biology, not only as an integral component of Cheresh, D. A., Mecham, R. P., Eds.; Academic Press: San Diego, 1994;

protein structure but also as a mediator of molecular recognition pp 11-18.
and a determinant of ligand affinity in physiological environ- (58) Husain, S. SJ. Biol. Chem1993 268, 8574-8579.

ments. In the complexes of streptavidin with cyclo-Ac- Egg; Egﬁig';jaj‘sfr_‘v’w%_\é\;ﬁdzg moF-Cegﬁgllgjoé‘?ivzggt%;-R,Tume
[CHPQFC]-NH,, and other cyclic or linear peptides discovered ; v j Med. Chem1995 38, 1005-1014. T ’

by phage display, ordered waters mediate ligand binéifigne (61) Matthews, D. J.; Wells, J. AChem. Biol.1994 1, 25-30.
enthalpy of water-mediated proteitigand hydrogen bonds is (62) Somers, W.; Ultsch, M.; De Vos, A. M.; Kossiakoff, A. Nature

o ; : 1994 372, 478-481.
often substantigit} and the entropy change of displacing bound (63) Pearlman, D. A.; Connelly, P. R. Mol. Biol 1995 248 696

waters upon ligand complexation sometimes dominates ligand 717.

binding>®> Entropy also contributes to the binding of glycoluril (64) Smith, G. M.; Alexander, R. S.; Christianson, D. W.; McKeever,

B. M.; Ponticello, G. S.; Springer, J. P.; Randall, W. C.; Baldwin, J. J.;
(54) Watson, K. A.; Mitchel, E. P.; Johnson, L. N.; Son, J. C.; Bichard, Habecker, C. NProtein Sci.1994 3, 118-125.

C. J. F.,; Orchard, M. G.; Fleet, G. W. J.; Oikonomakos, N. G.; Leonidas, (65) Rich, D. H.J. Med. Chem1985 28, 263-273.

D. D.; Kontou, M.; Papageorgioui, Biochemistryl994 33, 5745-5758. (66) Bringer, A. T.Nature1992 355 472—-474.




