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Abstract

The oligopeptide-binding protein OppA provides a useful model system for studying the physical chemistry underlying
noncovalent interactions since it binds a variety of readily synthesized ligands. We have studied the binding of eight
closely related tripeptides of the type Lysine-X-Lysine, where X is an abnormal amino acid, by isothermal titration
calorimetry(ITC) and X-ray crystallography. The tripeptides fall into three series of ligands, which have been designed

to examine the effects of small changes to the central side chain. Three ligands have a primary amine as the second side
chain, two have a straight alkane chain, and three have ring systems. The results have revealed a definite preference for
the binding of hydrophobic residues over the positively charged side chains, the latter binding only weakly due to
unfavorable enthalpic effects. Within the series of positively charged groups, a point of lowest affinity has been
identified and this is proposed to arise from unfavorable electrostatic interactions in the pocket, including the disruption
of a key salt bridge. Marked entropy-enthalpy compensation is found across the series, and some of the difficulties in
designing tightly binding ligands have been highlighted.

Keywords: calorimetry; crystallography; drug design; ligand binding; peptides

Noncovalent interactions between proteins and ligands are of funthe initial receptor for peptide transport across the cell membrane
damental importance throughout biology, yet our present underin Gram-negative bacteri@uyer et al., 1986; Tame et al., 1994,
standing of the underlying physical chemistry remains largely1995. These studies have revealed that OppA completely engulfs
qualitative. There is considerable interest in molecular recognitiorits ligands, removing them entirely from bulk solvéfig. 1). The
in biological systems, and the subject has been extensively reripeptide backbone makegasheet-like hydrogen bonding inter-
viewed(Janin, 1995; Babine & Bender, 199A better insight into  actions with the protein, while the peptide side chains are accom-
the factors that dictate the strength of binding would have wide-modated in large hydrated cavities. Recently, the binding of OppA
spread implications, most notably in the field of rational drugto various tripeptides of sequence Lys-X-Lys, where X is a natu-
design. Computer modeling approaches to drug lead identificatiomally occurring amino acid, has been studied by isothermal titration
and optimization would be greatly improved by accurate ab initiocalorimetry(ITC) and crystallographyTame et al., 1996; J.R.H.
prediction of ligand binding affinity. Although there has been Tame et al., pers. comimThese natural Lys-X-Lys peptides bind
progress in this fieldAjay & Murcko, 1995; Bohm & Klebe, with affinities in the range 6 to 0.0&M, and the differences in
1996; Bohm, 1998 in the majority of cases existing functions for affinity can be quantified using calorimetry. Together with the
the prediction of binding constants are still of limited use in screendarge number of potential ligandsvhich are synthetically acces-
ing potential druggVerlinde & Hol, 1994. sible), crystallography and calorimetry make the protein a useful
The oligopeptide binding protein OppA provides a convenientsystem with which to study molecular recognition. Attempts have
system with which to study structure-energy relationships. Thisbeen made to rationalize the thermodynamics of binding with the
periplasmic binding protein has been found to bind a wide range ointeractions between OppA and natural peptides observed in the
peptides between two and five amino acids in length and serves asystal structurgJ.R.H. Tame et al., pers. commThis analysis
was complicated by the different conformational preferences and

Reprint requests to: Jeremy R.H. Tame, Structural Biology Laboratory,hydratlon of the free peptides. By using a series of related peptides

Department of Chemistry, University of York, Heslington, York YO10  that differ only slightly, it should prove easier to correlate changes
5DD, United Kingdom; e-mail: tame@yorvic.york.ac.uk. in the thermodynamics of binding to the structure of the complex.
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Fig. 1. Cartoon representation of Lys-Orn-Lys bound to OppAstrands are shown in blue an¢helices in red. The ligand is shown
in space filling representation in yellow.

In this paper, we report the results of experiments using peptidedynamics parameters for the interaction of OppA with three natural
containing an abnormalresidue, allowing subtle changes to be KXK peptides of relevance to this studgamely KKK, KAK, and
explored in a more systematic way than is possible when restrictedFK) are also given in Table @J.R.H. Tame et al., pers. comm.
to the natural amino acid set. Three series of closely related peptidé3rystal structures for all abnormal ligands complexed to OppA
were studied by crystallography and isothermal titration calorim-were refined to 2.0 A resolution or better. Data collection and
etry (ITC). The first series consisted of Lys-Orn-Ly4ys-Dab-  crystallographic refinement statistics are summarized in Tables 2
Lys, Lys-Dap-Lys, and the natural peptide Lys-Lys-L¢yBame  and 3.
et al.,, 1996, and aimed to study the effect of positive charge
position within the central pocket. The second series studied con-
sisted of Lys-Nle-Lys, Lys-Nva-Lys, and the natural ligand Lys- Structural overview

Ala-Lys (Tame et al., 1996 This set examines the effect of length The structures of the eight OppA-KXK complexes have essentially
of hydrophobic chain upon binding. The binding of simple ring jgentical G atom positions with a maximum root-mean-square

systems was examined using the ligands Lys-Chx-Lys, Lys-Hphyeyiation (RMSD) of 0.3 A from each other. In addition, the
Lys, and Lys-Nap-Lys. conformations of the protein side chains are identical within ex-
perimental error, except for the protein side chains that form the
Results pocket for the amino acid X. Figure 3 shows an overlay of the
structures of the peptide ligand and OppA residues lining this
The interaction of OppA with the eight peptides was measuredocket. There is little or no movement of the pocket residues with
using ITC and the thermodynamic parameters obtained are showthe exception of Glu32. This residue normally adopts one of two
in Table 1. A typical ITC trace, showing raw and integrated data,conformations depending upon the ligand bound. It was found to
is shown in Figure 2. The results are the mean value averaged ovee shifted from both of these positions to accommodate the ring
three runs for each peptide, weighted on the value. Errors  bearing side chains, particularly Hph. In all structures the peptide
shown are standard deviations from this mean value. The thermdsackbone of the ligand was found in an identical extended con-
formation. In common with earlier OppA-peptide complexes, the
IThe term “abnormal peptide” is used to indicate a peptide containing aLysl.peptlde. side chaln 1S alyvays well deflngd in the electr_on
genetically uncoded amino acid. density and is present in a single conformation. The Lys3 side
2The three letter codes used in this paper, along with their trivial andchain was usually disordered, however, the exception being Lys-
systematic names, are shown below. Structures are shown in Table 1. Orn_Lys_ The sing|e conformation of Ly33 in this structure appears

Orn  Ornithine(2,5-diaminopentanoic adid to be due to specific electrostatic and hydrogen bonding inter-
Dab  Diaminobutyric acid2,4-diaminobutanoic acjd actions with an acetate ion trapped adjacent to the third pocket.
Dap  Diaminopropionic acid2,3-diaminopropanoic acjd This acetate ion is seen only in OppA-KXK structures in which X
Nle Norleucine(2-aminohexanoic acjd is positivelv charaed

Nva Norvaline(2-aminopentanoic acjd P y . ged. . . . . . .

Chx Cyclohexylalaning2-amino-3-cyclohexylpropanoic agid The central side chain of each tripeptide ligand is well defined

Hph Homophenylalaniné2-amino-4-phenylbutanoic adid in the 2/, — F, electron density maps. The maps indicate a single
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Table 1. Thermodynamic data for the binding of tripeptides to OppA

T.G. Davies et al.

AH AS AG° Kqg
Structuré Code (kJ mol™®) (I molrt K1 (kJ mol ) (uM)
Nap +20.8+ 0.5 +198+ 1 —-38.2+ 0.2 0.20+ 0.02
/\O Chx +20.4+ 0.7 +190+ 8 —-35.4+ 0.3 0.62+ 0.06
/\/© Hph +7.20£ 0.1 +159+ 6 —-40.3+ 1.0 0.093+ 0.027
/\© Phe +22.0+ 1.6 +212+ 5 —415 0.053+ 0.010
/ Ala +11.9+ 2.0 +173+ 2 —-39.6 0.11+ 0.07
/\/ Nva +7.93+ 1.9 +176+ 8 —-44.7+ 0.7 0.015+ 0.005
VA VN Nle +19.6+ 2.8 +220+ 8 —-46.1+1.2 0.0095+ 0.0055
NN Lys +39.4+ 0.9 +237+ 3 -31.6 2.9+ 0.6
/\/\NH; Orn +69.4+ 5.7 +320+ 18 —-259+ 0.4 29+ 4
/\/NH; Dab +44.4+ 2.0 +253+ 8 —-31.1+0.4 3.44+ 0.53
/\NH3 Dap +44.7+ 3.3 +265+ 11 —-34.3+0.1 0.97+ 0.025
aStructure of the X side chain. The leftmost atom shownds C
Table 2. Data collection statistics for OppA-tripeptide structures
X Orn Dab Dap Nva Nle Chx Hph Nap
Space group R2,2, P2,2:2, P22,2, P22,2, P22,2 P22,2, P22,2, P22,2,
Cell parameters
a 109.66 109.84 109.45 109.68 104.01 109.67 109.72 109.96
b 76.12 75.89 75.79 75.77 74.08 75.57 75.95 75.46
c 70.24 70.483 70.19 70.25 69.61 70.19 70.42 70.58
Resolution limits(A) 20-1.9 20-1.9 20-1.9 15-1.8 20-2.0 20-2.0 20-1.8 15-1.9
Total no. reflections 220,927 221,800 180,498 290,033 164,050 231,066 238,371 212,059
Unique no. reflections 46,360 47,784 45,583 49,701 36,776 38,674 54,469 47,086
Average multiplicity 4.8 4.6 4.0 5.8 4.5 6.0 4.4 4.5
Completenes$%)
Overall 98.5 99.8 96.4 89.7 99.3 98.3 98.7 98.9
Outer shell 90.4 99.2 89.0 50.6 98.2 91.3 95.4 98.7
Rmerge' (%)
Overall 8.7 11.0 10.2 7.4 8.6 135 7.7 9.3
Outer shell 14.4 31.0 22.5 18.1 39.0 32.0 12.6 18.5
Meanl|/o(1)
Overall 6.0 5.3 5.1 3.0 6.8 3.7 7.0 5.8
Outer shell 4.4 2.4 2.8 2.2 1.9 2.0 54 3.8

*Rmerge= 2|1i — Inl/= 1, wherel; is an observedikl intensity andl, is the average of the observed equivalents.
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Fig. 2. Typical ITC trace for the interaction between OppA and a Lys-X-

Lys tripeptide.A: Titration data obtained from 18 to 14L injections of
Lys-Nap-Lys(0.6 mM) into OppA(0.05 mM). B: Integrated heatéblack
squares and the heat expected from the fitted modelack line. c =
Kp[OppA] is approximately 200.
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always seen at full occupancy and a region of the pocket where the
water tends to be disordered. Figure 4A—C shows a comparison of
the structures for each of the three series of bound ligands and the
central binding pocket, including crystallographically observed wa-
ters. Figure 5A—H shows the electron density and important elec-
trostatic, van der Waals and hydrogen bonding interactions are
indicated. Figure 6A—C shows equivalent views of the ligand bind-
ing pocket for the previously obtained natural peptides K&OB

code ljet, KKK (PDB code 2ol (Tame et al., 1996 and KFK
(S.H. Sleigh et al., pers. commincluded for comparison with the
structures reported here.

Positively charged side chains

The series X= Lys, Orn, Dab, or Dap allows the effect of placing

a positive charge in different regions of the pocket to be examined.
From ITC data collected for natural peptides it was seen that OppA
binds ligands with positively charged side chains at position 2
rather weakly(S.H. Sleigh et al., pers. comm.This has also
proved to be the case here and may be explained on the basis of
amount and type of peptide surface area buried on binding. De-
solvation is favorable for hydrophobic groups, but extremely un-
favorable for charged groupEisenberg & McLachlan, 1986
Affinity measurements show a general tightening of binding as the
charge is moved closer to the peptide backbone of the ligand, with
the exception of KOrnK(Table 2. KKK binds with an affinity
(Kg) of 2.9 uM, but on replacing the central side chain with Orn,
just one carbon shorter, this increases tou28. The calorimetry
data show that this drop in affinity is due to a highly unfavorable
enthalpy change for this ligarld H = 69 kJ mol%). In the crystal
structure it can be seen that the positively chargednino group

is sandwiched between charged gro(psy. 5A). It is 3.9 A from
Arg404 and 4.2 A from His405, which will be electrostatically
unfavorable, but it is also 3.1-3.5 A from Glu32Dand G2. The
interaction with Glu32 superficially appears favorable; however,
Glu32 is also involved in a salt bridging interaction with His405.

conformation for each group except Dab, whose terminal nitrogent can be seen from the structure of unliganded OppA that Glu32
atom appears to adopt two positions. The complexes contain difand His405 only come together to form this interaction in the
ferent numbers of water molecules buried close to the ligand, andlosed form of OppA, and it is hypothesized that this interaction
their definition in the electron density varies from complex to stabilizes the closed forifTame et al., 1995 Positive charges on

complex. There are certain conserved water sites where water the ligand may compete with His405 for the negative charge on

Table 3. Refinement statistics for OppA-tripeptide complexes

X Orn Dab Dap Nva Nle Chx Hph Nap
Rcrystb (%) 18.4 19.2 19.7 18.2 20.6 19.4 19.1 185
FreeRgys: (%) 21.8 23.4 22.9 21.7 26.0 23.9 22.3 22.4
RMS bond(A) 0.01 0.012 0.011 0.01 0.016 0.012 0.009 0.011
RMS angle(A) 0.029 0.029 0.028 0.026 0.037 0.031 0.025 0.028
RMS planesA) 0.028 0.032 0.03 0.031 0.041 0.034 0.027 0.030
AverageB-factors(A?)
Protein main chain 27 18 29 27 37 35 24 26
Protein side chain 29 20 31 29 39 37 27 28
Ligand main chain 21 11 23 20 28 30 18 29
Ligand side chain 25 14 28 22 32 32 21 22
Solvent 35 25 36 38 40 39 29 33

PReryst = Sl |Fol — [Fel|/|Fol Where|Fo| and|F| are the magnitude of the observed and calculated structure factors, respectively,
for eachhkl.
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His 405
Arg 404

3 3@7 X

Tyr 274

Fig. 3. Stereo pair overlay of the eight non-natural tripeptides studied, with surrounding central pocket residues. Waters are omitted
for clarity. The key refers to the structures as follows: KNappKKChxK-B, KHphK-C, KNvaK-D, KNleK-E, KOrnK-F, KDabK-G,
KDapK-H.

Glu32, so that the contact between ornithine and Glu32 is unfavorincrease in water disorder probably arises from the increased dis-
able. Evenifthe interaction between the ornithine and Glu32 is electance between the terminal charged group on the side chain and
trostatically favorable, any contribution it makes to ligand binding these water molecules, leading to a loss of specific hydrogen bond-
will be outweighed by the close approach of the ligand amine groupng. KDapK binds slightly more tightly than KDabKKy =

and Arg404 and His405. Where possible, OppA uses water mol0.97 M), although the enthalpy change for these two ligands is,
ecules in the pocket to shield the protein from unfavorable chargewithin error, identical. This suggests that the less favorable en-
charge interactions, but the ornithine side chain is too close tdhalpy due to poorer hydrogen bonding is offset by the increased
residues 404 and 405 to permit a water molecule between themdistance between the ligand amine group and the charged residues

Shortening the central side chain by another carbon atom tin the pocket, bringing the net value 8AHpap,pap ClOSE t0 Zero.
form KDabK theKg is restored to roughly that for KKK3.6 uM). The rise in entropfAASpapspap = +12 J molt K~1) may also
In the crystal structure it can be seen that the terméqaimino  be due in part to the fewer degrees of freedom in the central side
group of this ligand is in fact discretely disordered in two confor- chain of the KDapK ligand. On binding, there will one fewer
mations(Fig. 5B). One conformation, modeled with an occupancy rotatable bonds to freeze for Dap compared to Dab. The entropic
of 0.4, is directed toward Glu32 and is 3.1 A frome® Both penalty resulting from the freezing of rotors has been estimated
Glu32 oxygens, however, are already fully satisfied in terms offrom model compounds to be between 16—-20 JThé#l ~* (Page
their hydrogen bonding potential by waters and other residues& Jencks, 197}
therefore this will probably not be a strong interaction, hence the The ligand hydrophobicity also needs to be considered for this
lower occupancy. In this position, the amino group is over 4 Aseries. As the central side chain grows longer and the charge moves
away from Arg404 and so the electrostatic interaction will be lessfurther down the pocket, the hydrophobicity will also increase due
than for KOrnK. In the other conformation, the charge points to-to the presence of additional methylene groups. Desolvation of
ward Arg404 and is 3.7 A away from the guanidinium group andthese CH groups on ligand binding will give rise to an additional
is over 4 A from Glu32. So it seems that for KDabK the positive entropic advantage. This increase in hydrophobicity may also ex-
charge never interacts strongly with both Arg404 and Glu32 at theplain the extent of disorder seen in the solvent buried in the pocket.
same time, hence the much more favorable enthalpy compared @isordered water is entropically favored over tightly bound and
KOrK (AAHom-pan = —25 kJ mol?). There is a large drop in  well-ordered water, but enthalpically disfavored due to its weak-
entropy going from KOrnK to KDabK(AASom spap = —67 ened hydrogen bonding. Among the series of ligands studied, how-
Jmol !t K1) possibly due to ordering of water in the pocket. The ever, there is no apparent correlation between entropy of binding
KDabK complex is striking in that the electron density shows and ligand hydrophobicity, showing that batfiH andAS are the
exceptionally well-ordered water molecules compared to the othenet value of many interactions and not dominated by the ligand
non-natural complexes. The avera@dactor for pocket water in  desolvation.
this complex is 17 A, compared to over 20 Afor most other
complexes.

In the complex KDapK, the smallest ligand of this series, the
central side chain is in one conformatigRig. 5C). There is a In contrast to the series of positively charged ligands discussed
chain of six disordered waters at the bottom of the pocket, similaabove, the two ligands examined here contain a straight hydro-
to that seen in the KAK structu@ame et al., 1996 This notable  carbon side chain at the two position and form a series with the

Aliphatic side chains
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Fig. 4. Stereo pair overlays of the eight complexes, grouped into the three gerissitively charged serieB: Hydrophobic series.
C: Ring series. The structures are colored as in Figure 2.
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Fig. 5. (Figure continues on next page.
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natural peptide KAK. KNvaK and KNleK both bind with affinities ene group(which is mostly entropichas been estimated to be
of about 15 nM, but very different enthalpy changes. KnvaK binds~8 kJ moi~* (Page, 1976 Why is there an unfavorable effect on
tightly due to a small, relatively favorable enthalggH = the enthalpy?AAHnvasne = +11.7 kJ mott). The answer may
7.9 kJ mol1), whereas KNIeK binds with a relatively large en- concern the environment of Arg404 and Glu32. Nva packs against
tropy changgAS = 220 Jmol*K 1), It can be seen from Fig- the apolar methylene groups of Glu32, but the longer Nle comes close
ures 5D and 5E that both complexes contain the same number o6 the carbonyl group, and Arg404. Therefore, the binding of KNleK
conserved water molecules and approximately equivalent amountsill introduce apolar surface into a strongly charged region of the
of disordered water. However, on going from KNvaK to KNleK, pocket. These two ligands demonstrate the difficulties in trying to
there will be a greater amount of water displaced due to the desokstimate binding affinity from enthalpic considerations alone.
vation of the additional methylene group, and this could contributeThroughout the whole series of peptide binding experiments car-
to the measured entropy increédeé Syya_ne = +44 Jmol 1 K1), ried out on OppA, there is in fact no correlation between affinity
The free energy change associated with the desolvation of a methydndAH or AS

His 405

Arg 404

Glu 32

His 405
® Arg 404

Glu 32 ]

Fig. 5. 2F, — F; electron densitycontoured at &) for the various ligands(A) KOrnK, (B) KDabK, (C) KDapK, (D) KNIeK,
(E) KNvaK, (F) KHphK, (G) KChxK, (H) KNapK. Dotted lines denote interactions mentioned in the text. Distances are given in A.
Fully occupied waters are colored black, partially occupied waters are colored Bigyre continues on next page.



1440 T.G. Davies et al.

His 405

Glu 32

His 405

Glu 32

His 405

Glu 32

Fig. 5. Continued.
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His 405
® Arg 404
s e
®
®
Glu 32 &
®
&
Ala2
His 405
®
®
® Arg 404

Glu 32

Fig. 6. Interaction diagrams for the natural ligands mentioned in the text.
(A) KLysK, (B) KAlaK, (C) KPheK. Dotted lines denote interactions
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Ring systems

Three of the ligands examined contain ring systems. In KHphK
the benzene ring has been moved one carbon atom further along
the pocket compared to the natural ligand KFK. This changes the
thermodynamics of binding markedly, both the enthalpy and en-
tropy changes being much smallen\ Hppe ,pipn = —14.8 kJ mol %,
AASphe,mph = —53 J mol 't K1), leading to a binding affinity,
which is approximately the same as for KFK. The crystal structure
shows that a ring stacking interaction seen in the KFK structure
between the edge of the aromatic ring and the plane of Trp416
(S.H. Sleigh et al., pers. comjis absent in this structure. Instead,
the ring spans the pocket, packing tightly between Glu32 and
Arg404. In fact, the edge of the ring is only just o\& A away

from the Glu32 carboxyl oxygeng=ig. 5F). This type of inter-
action between negative charges and the edge of aromatic rings has
been noted in other systerBurley & Petsko, 1988; Dougherty,
1996. Comparing KHphK with KNIeK and KOrnK, the benzene
ring is found at the same position as the amine group and the
methyl group of ornithine and norleucine, respectively. The ring
can also be considered to have both hydrophobic and slightly polar
character. It therefore seems to bind favorably due to its hydro-
phobicity as in KNleK, but the presence of the ring does not
disrupt the salt linking residues lining the pockets. It is more polar
than Nle due to its delocalizeg-system, but unlike Orn it is not
charged and so will not actually weaken the salt links. Despite the
small enthalpy of binding, the free energy change is approximately
the same as seen for KFK due to a drop in entropy. The favorable
interactions seen in the complex are therefore apparently opposed
by the tightness of the packing between the ring and the pocket,
which is entropically unfavorable.

The ligand KChxK was chosen to study the effects of increased
hydrophobicity and motional freedom compared to KFK. Cyclo-
hexane is more apolar than benzene, and therefore from a hydro-
phobic perspective KChxK would be expected to bind more tightly
than KFK. In fact, KChxK binds more weakly due to the less
favorable entropy chand@ASone ,chx = —22 J mol t K1), This
is partially due to restriction of ring flip on binding. The crystal
structure of the complex shows that the ring is constrained in a
single conformation in the binding site with the ring equatorial to
the side-chain 8 atom(Fig. 5G). If the axial and equatorial con-
formers of the Chx group are equally populated in the free ligand,
then restricting the ring to one or other conformation will incur an
entropy penalty b6 J mol~* K . The low affinity of this ligand
may also be partly due to its loose packing in the pocket. The
cyclohexane ring makes only one close contact to pocket residues
whereas in other ring containing complexes several are found. The
poor packing is not reflected in the entropy of binding however.

KNapK was the largest ligand studied. The crystal structure is
striking in the lack of water contained within the central pocket,
only four solvent molecules being present, compared to between
six and nine for most other OppA-peptide complexes. The ligand
bound with only a modest binding affinityKq = 0.20 uM),
weaker than that found with other hydrophobic groups studied.
The entropy of binding is reduced going from KFK to KNapK
(AASphesnap= —14 I molt K1) despite the fact that the napthyl
ring displaces two more water molecules from the pocket than Phe
(Fig. 5H) and also presents a greater surface area to be desolvated
upon binding. Presumably this favorable entropy is offset by en-

mentioned in the text. Distances are given in A. Fully occupied waters ardropic costs of restricting residual pocket motion through the bind-

colored black.

ing of such a bulky ligand. The napthyl ring packs tightly against
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Tyr274 (Ce2...OHdistance 3.0 Aand a highly conserved water The disruption of the His405—Glu32 salt bridge by extreme pH
molecule hydrogen bonded to Arg404 is displaced. These appafacid or alkaling would probably greatly weaken ligand binding,
ently unfavorable interactions are not reflected in the enthalpy obut such conditions would also weaken the protein fold generally.
binding, however, which is very close to that of KFK. The analysis of our results is complicated by the effects of

The ring containing peptides highlight the difficulties in corre- enthalpy-entropy compensatiéBilli et al., 1994; Dunitz, 1996
lating structure and affinity. Even where minor changes are mad@ ligand that packs tightly into its binding site and forms a number
to the ligand, the enthalpy and entropy of binding change rapidlyof favorable interactions will bind with a favorable enthalpy at the
and unpredictably. For example, comparing the structures of thexpense of pocket and ligand motion. This effect is clearly seen in
Lys-Chx-Lys and Lys-Nle-Lys complexes, it can be seen that theseveral ligands here. In Lys-Hph-Lys, the ring fits tightly between
Nle chain “mimics” one side of the cyclohexane ring. The two two pocket residues. The relatively favorable value of enthalpy is
ligands bind with identical enthalpy, but Lys-Chx-Lys binds much not reflected in the binding affinity, however, as the improvement
more weakly due to a smaller entropy change. This drop of entropyn AH is only achieved by a compensating cost in €S term.
going from Nle to Chx possibly results from the inclusion of an The prediction of binding affinity is therefore greatly complicated
additional bound water in the Lys-Chx-Lys complex, but entropy-by the sheer number of enthalpic and entropic effects that contrib-
enthalpy compensation makes it difficult to correlate either withute to the observed, macroscopic free energy of binding. Quanti-
structural details of the protein-ligand complex. fying all of these effects is by no means easy, even in a system
where the changes being made are relatively sligbbinyi, 1998.
Entropy-enthalpy compensation makes it far easier to rationalize
and predict the relative binding affinities than the enthalpy and
The studies of binding of non-natural peptides to OppA describedntropy changes, which often vary in a rapid and unpredictable
here demonstrate the problem in trying to predict binding affinitiesmanner. Additional energetic effects will also arise from any dif-
and design ligands based on structural considerations. In each caserences in ligand conformations when free in solution. Clearly
only small changes in the ligand are being made, yet even on mtramolecular interactions in the free peptide could influence the
qualitative level it remains difficult to explain the thermodynamic binding affinity very strongly. We are currently examining the
differences observed. Similar conclusions were drawn by Webepreferred conformational states of the ligand using NMR through
et al. (1995 in their study of closely related thrombin inhibitors. a comparative study of J-coupling, chemical shifts, and nuclear
Our results clearly indicate that there is a link between the bindingOverhauser effects.
and the energetics of ligand desolvation—side-chain groups with Previous attempts to correlate binding affinity of the OppA sys-
positive charges contribute much less to binding than those that atem with computed values derived through empirical mettisdsh
purely hydrophobic. However, the relative ranking of affinities as LUDI (Bohm, 1994) have failed to reproduce the observed
within each series remains difficult to explain, let alone predict,ranking in affinity (T.G. Davies, Smith, & R.E. Hubbard, unpubl.
indicating that a number of factors influence the obserggdin obs), probably due in part to the unusually promiscuous binding
many ways the Lys-Orn-Lys complex remains the most perplexingsite present in OppA. Water molecules clearly play a large role in
The positively charged amine of Orn-2 comes close to Glu32 anddapting the binding pocket to different ligands, but are often
hydrogen bonds to it, yet this ligand binds significantly more weaklyignored in molecular modeling. We now plan to apply the methods
than other complexes where this interaction does not occur. Clearlpf Free Energy Perturbation TheofFEP to this system(Koll-
to engineer favorable charge—charge and hydrogen bonding inteman, 1993. In many ways, the series of ligands studied here are
actions between protein and ligand is more complicated than simideal candidates for investigation with this method. On a more
ply bringing suitable groups close together. The contribution ofempirical level, we also plan to develop a scoring function based
charge—charge interactions to binding is debatable, with widelyon the structural and thermodynamic data for the OppA system.
varying estimates of the free energy changes invol\léonig & Hopefully, such an approach will give a better understanding of the
Nicholls, 1995; Nakamura, 1996 individual contributions made to ligand binding by different types

The side-chain pockets in OppA are highly unusual in that theyof interaction.
are not tailored to a particular ligand but will accept an enormous
dlvers[ty of chemical groups. Different ligand side chalns often Materials and methods
result in large changes in the observed thermodynamics, however,
and modeling and understanding the important factors are compli: L .

. . o Crystallization and data collection

cated. It is interesting to note that extremes of thermodynamics
(such as the very weak binding of Lys-Orn-lyae not observed Unliganded OppA was purified as described previouSiame
to the same extent within the natural Lys-X-Lys set. The OppAet al., 1995. The protein was concentrated to 25 mg niland
binding pockets have obviously evolved to bind natural peptidesnixed with a fivefold molar excess of peptide. The complexes
(and therefore a set pattern of chemical functionahtjth fairly were crystallized by the hanging drop method from around 7%
similar affinity, and on challenging them with abnormal amino poly(ethylene glycol 4000, 1 mM uranyl acetate, and 50 mM
acids there may be striking energetic consequences. sodium acetate at pH 5Fame et al., 19965 All of the crystals

It should be noted that the crystallization of OppA required a pHgrew in space group R2;2;, apart from OppALys-Nle-Lys),
of 5.5, yet the thermodynamic data were collected at pH 7.0. Thevhich grew in space group P22. Both crystal forms contain one
interactions found in the crystal structures are unlikely to changegppA molecule in the asymmetric unit. X-ray diffraction data were
with pH, although their energy may well vary slightly. The only collected from single crystals at 120 K using either an R-Axis Il
group near the pocket having & pbetween 5.5 and 7.0 is His405. Rigaku detector or MAR image plate. Data reduction and scaling
However, this residue is involved in a salt bridging interaction thatwere carried out using DENZ@Otwinowski, 1990 and CCP4
will raise its pK,, so it is likely to remain charged at neutral pH. (1994 software.

Discussion
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Refinement of the complexes greater. The concentration of OppA was adjusted to givalues
(c = Kp[OppAl, whereKj, is the equilibrium binding constanof

Al O.f the crystals W'th the exception of Opp(ﬂLys Nle-Lys) between 10 and 500. Very high values ®{>1,000 lead to a
are isomorphous with those of other OppA-peptide complexes : . .

. . : step-shaped isotherm and limit the accuracy of the figgdalue.
previously solved in the same space group. The previously re:

fined high resolution OppA-KMK complexS.H. Sleigh et al., Both Lys-Hph-Lys and Lys-Nva-Lys bind tightly with a small en-

pers. comn). was used as a starting model for refinement, andthalpy change. While using less concentrated OppA would lower

; ) ) thec value, it would also result in very small heat changes. Hence,
the same reflections were omitted from refinement to allow a,

free R-factor to be calculated. The ligand was truncated to m_f_or_ Lys th_Lys and Lys N\_/a_ Lys, the errors on th_e binding af
. . finity are quite large. Data fitting was carried out with the manu-
glycine and all of the solvent removed prior to the start of ) . . S -
) . . facturer’s software. This procedure yields the equilibrium binding
refinement. Although structures of OppA-peptide complexes in o
space group R2,2 (“U-form” (Tame et al., 1994 have been constant, the enthalpy change, and the stoichiometry of the reac-
P group Fy N tion. The peptide concentration was adjusted to give a fitted stoi-

solved previously, th(_e ce_II dimensions for the Op(is-Nle- chiometry of binding of 1:1 since the protein has a single peptide
Lys) complex were quite different to other U-form crysté2s-3 A binding site

difference along two cell axgsAttempts to refine this complex
using other U-form structures as models failed, and it was con-
cluded that this was another crystal form. The structure for this
complex was solved by molecular replacement using AM@@P4, ~ Acknowledgments

19_94; Navaza, 1994The U-form OppA-trilysine struct_urePro- The authors would like to thank the BBSRC for financial supggrant
tein Data Bank(PDB) code lola was used as a starting model. number: 96A1/B/02616. JRHT is a Royal Society University Research
The ligand was again truncated to triglycine and all solvent re-Fellow.

moved. The structure was placed in a P1 unit cell of dimensions

a=b=c=75A a=8=y=90 and a cross-rotation function

calculated using reflections in the resolution range 20—4 A. TheReferences

best solution from the translation function had a correlation coef-

. 0 g 0 ; - Ajay, Murcko MA. 1995. Computational methods to predict binding free energy
ficient of 73% and arR-factor of 32%. Relative to the U-form, the in ligand-receptor complexes.Med Chem 3819534967,

OppAmolecules have simply undergone a translation parallel to th@apine RE, Bender SJ. 1997. Molecular recognition of protein-ligand com-
b-axis and a rotation of5°. plexes: Applications to drug desig@hem Rev 97359-1472.

Refinement for all structures was carried out using REFMACBohm HJ. 1994. The development of a simple empirical scoring function to
Murshud t al.. 1997 Wat | | dded usina th estimate the binding constant for a protein-ligand complex of known three-
(Murshudov et al., 97 Water molecules were added using the dimensional structurel Computer-Aided Mol Des:843-256.

X-solvate routine in QUANTA(Oldfield, 1996. Manual changes  Bohm HJ. 1998. Prediction of binding constants of protein ligands: A fast
were made using X-FITOIldfield, 1996. The ligand side chains methods for the prioritization of hits obtained from de novo design or 3D

e _ ; database search progranrdsComputer-Aided Mol Des 1209-323.
were built into theF, — F. omit map contoured at@when the Bohm HJ, Klebe G. 1996. What can we learn from molecular recognition in

density became clear, usually after a few cycles of refinement. The " protein-ligand complexes for the design of new drugsgew Chem Int Ed
electron density around the uranyl ions was always noisy due to Engl 352588-2614. . o A
anisotropic thermal motion of the heavy atoms. Waters were noBurley SK, Petsko GA. 1988. Weakly polar interactions in proteAu Protein

o . L Chem 39125-189.
placed withh 5 A of these sites for the majority of structures. CCP4 (Collaborative Computer Project Numbej. 4994. Acta Crystallogr

Refinement for all of the structures was generally straightforward ps0:760-763.
with minimal movement of protein residues between complexesPougherty DA. 1996. Cation-pi interaction in chemistry and biology. A new

i ; ; ; view of benzene, Phe, Tyr, and Trcience 271:63-168.
although there were significant differences in water structure in thG‘Dunitz JD. 1995. Win some, lose some: Enthalpy-entropy compensation in weak

central pocket. Some care was needed in modeling this water due jytermolecular interactionschem Biol 2709—712.
to disorder and partial occupancy. Eisenberg D, McLachlan AD. 1986. Solvation energy in protein folding and
The coordinates for all of the structures reported have been binding. Nature 319199-203.

. . . . . Gilli P, Ferretti V, Gilli G, Borea PA. 1994. Enthalpy-entropy compensation in
deposited in the Brookhaven PDB with the following accession drug receptor bindingd Phys Chem 98515-1518.

codes: KNapK(1b0h, KHphK (1b1h, KOrmK (1b2h, KChxK Guyer CA, Morgan DS, Staros JV. 1986. Binding specificity of the periplasmic
(1b3h, KDabK (1b4h, KDapK (1b5h, KNvaK (1b6h, KNleK oligopeptide-binding protein fronEscherichia coli J Bacteriol 168775—

(1b7h. e . B :
Honig B, Nicholls A. 1995. Classical electrostatics in biology and chemistry.

Science 268144-1149.
Janin J. 1995. Elusive affinitie®roteins Struct Funct Genet Z0-39.
Isothermal titration calorimetry Kollman P. 1993. Free energy calculations: Applications to chemical and bio-
chemical phenomen&hem Rev 92395-2417.
Experiments were carried out using an OMEGA titration micro- Kubinyi H. 1998. Structure-based design of enzyme inhibitors and receptor

: ; ligands.Curr Opin Drug Discov Develop:4-15.
calorimeter(MicroCal Inc., Northampton, Massachusgt®ppA Murshudov GN, Vagin AA, Dodson EJ. 1997. Refinement of macromolecular

(1-4 mg/mL? in 50 mM SOdime phosphate buffer pH 7.0 was  strycture by the maximum likelihood methoticta Crystallogr D53240—
degassed prior to each experiment. OppA concentration was mea- 255.
sured by ultraviolet spectrometry using an extinction coefficient ofNakamura H. 1996. Roles of electrostatic interactions in prot€rizev Biophys

- . 29:1-90.
_ 1
€280 = 1.87 cnf mg ~. The sample was stirred at a speed of Navaza J. 1994. Amore—An automated package for molecular replacement.

400 rpm throughout to ensure thorough mixing and even heat Acta Crystallogr A556157-163.

distribution. Typically a run consisted of 18 injections of ,‘],,ﬁ Oldfield TJ. 1996. Macromolecular refinement. IRroceedings of the CCP4

into the sample cell, with a 240 s interval between injections. All __Study weekendVarrington, UK: SRS Daresbury Laboratory. pp 67-71.
. . . Otwinowski Z. 1990.DENZO data processing packagBlew Haven: Yale

experiments were carried out at Z5 OppA concentrations of University.

~0.05 mM were used with a peptide concentration about 10-foldPage M, Jencks WP. 1971. Entropic contributions to rate accelerations in en-



1444 T.G. Davies et al.

zymic and intramolecular reactions and the chelate effercic Natl Acad Tame JRH, Sleigh SH, Wilkinson AJ, Ladbury JE. 1996. The role of water in

Sci 681678-1683. sequence-independent ligand binding by an oligopeptide transporter protein.
Page ML. 1976. Binding energy and enzymic catalyBiechem Biophys Res Nature Struct Biol 3398-1001.
Commun 72456—-461. Verlinde CLMJ, Hol WGJ. 1994. Structure-based drug design—Process, results

Tame JRH, Dodson EJ, Murshudov G, Higgins CF, Wilkinson AJ. 1995. The  and challengesStructure 2577-587.
crystal structures of the oligopeptide-binding protein OppA complexed with Weber PC, Lee SL, Lewandowski FA, Schadt MC, Chang CH, Kettner CA.
tripeptide and tetrapeptide ligand3tructure 31395-1406. 1995. Kinetic and crystallographic studies of thrombin and(B¢Phe-Pro-
Tame JRH, Murshudov GN, Dodson EJ, Neil TK, Dodson GG, Higgins CF, boroArg-OH and its lysine, amidine, homolysine and ornithine analogues.
Wilkinson AJ. 1994. The structural basis of sequence-independent peptide Biochemistry 383750-3757.
binding by OppA proteinScience 264578-1581.



