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ABSTRACT. Cytochrome P450cam catalyzes theX®hydroxylation of camphor. Camphor analogues
were designed to fill an empty region of the substrate binding pocket with the expectation that they would
bind more tightly than camphor itself due to increased van der Waals interactions with the protein and the
displacement of any solvent occupying this site. A series of compowmsborneol methyl ether,
endoborneol propyl etheendeborneol allyl ether anéndeborneol dimethyl allyl ether) were synthesized

with substituents at the camphor carbonyl oxygen. The spin conversion and thermodynamic properties
of this series of compounds were measured for wild type and Y96F mutant cytochrome P450cam and
were interpreted in the context of molecular dynamics simulations of the camphor analogues in the P450
binding site and in solution. Compounds with a 3-carbon chain substituent were predicted to match the
size of the unoccupied region most optimally and thus bind best. Consistent with this prediction, the
borneol allyl ether binds to cytochrome P450cam with highest affinity wikh = 0.6 == 0.1 4M (compared

to aKqg = 1.7+ 0.2uM for camphor under the same experimental conditions). Binding of the camphor
analogues to the Y96F mutant is much enhanced over the binding of camphor, indicating that hydrogen
bonding plays a less important role in binding of these analogues. Binding enthalpies calculated from
the simulations, taking all solvent contributions into account, agree very well with experimental binding
enthalpies. Binding affinity is not however correlated with the calculated binding enthalpy because the
binding of the substrate analogues is characterized by enthalgyopy compensation. The new
compounds are useful probes for further studies of the mechanism of cytochrome P450cam due to their
high binding affinities and high spin properties.

In the past few years, the ability to design ligands to bind a cavity created by a Trp> Gly mutation in cytochrome
strongly and very specifically to a target protein, as either peroxidase (Fitzgeralet al., 1994). The effect of adding a
substrates or inhibitors, has improved considerably due to hydrocarbon amino acid side chain of increasing length to a
the availability of an increasing number of three-dimensional peptide ligand to occupy a pocket on the surface of a set of
;tructures of proteins ar)d their complexes with ligands, the ggrine proteases was analyzed by Bigtral. (1993).
improvement of computing resources, and the developmentyjeasurements of association constants indicate that the
of new structure based modeling techniques (Appetl, optimum side chain length for binding is different for the

iggé Iéurlnz, 1923;92@23 itMulrclicsgllerQg_; SEoicha:[ita:., different proteases and that binding free energy differences
' olman, , oreat al,  risabarret al, are dependent on whether the protein is distorted by the
1994; De Voss & Ortiz de Montellano, 1995). The aim of licand. Our focus here is on the effect of adding a
this work is to examine the value of designing ligand gand. . - 9
hydrocarbon chain of chosen length and rigidity on the

modifications to fill empty space in ligand binding sites in "/~ | L . ;
proteins for obtaining improved binding affinity. binding characteristics of a small nonpeptidic predominantly

Evidence from protein stability studies shows that the Nonpolar ligand.
introduction of cavities into proteins by mutating hydropho-  Polar ligands generally bind either on protein surfaces or
bic residues to ones with smaller side chains is destabilizing at sites that are directly solvent-accessible, e.g., sialic acid
hand, it is sometimes possible for a cavity introduced by a e raminidase (Vargheset al, 1992; Burmeisteret al.
single point mutation to be filled by a small compound that 19g2) " and peptides to the MHC pr’otein (Frememtal.,

binds specifically and stabilizes the protein. For example, - ;
a benzene molecule binds in the hole created by a+teu 1992). .On the othgr hand,.predommantly nonpqlar ligands
often bind in buried cavities, e.g., the antiviral WIN

Ala mutation in T4 lysozyme and stabilizes the enzyme o
(Erikssonet al., 1992b), and substituted imidazoles bind in _compounds to rhinovirus (Badget al, 1988), and pamphor
in cytochrome P450cam (Poulesal., 1987). In this paper,

we describe a study of the binding of nonpolar compounds
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Programme (BIO2-CT94-2060). using cytochrome P450cam as a well-characterized test
;ﬁ\‘llé%p;anu'\r"]i(t’éeg%ar Biology Laboratory. system. Specifically, substrate analogues were designed on
I University of Oxford. the basis of the structure of the proteisubstrate binary
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the natural substrate, camphor, by filling space in the binding diffraction (Savage, 1993) if they are spatially ordered and
site. Cytochrome P450cam is well suited for molecular by nuclear magnetic resonance if they have long residence
design studies because the structures of the substrate-fremes (Ottinget al., 1991). They have been observed in both
and camphor-bound protein are almost identical and the polar and nonpolar protein cavities (Ermdtal,, 1995) and
active site is not directly accessible to the solvent; these binding sites. For example, upon binding of biotin and
properties facilitate the identification of solvent involved in  HABA to streptavidin, all five water molecules are observed
binding. However, it is clearly not straightforward to design to be displaced from the active site (Wele¢ral,, 1992). In
compounds to bind better than camphor to P450cam; e.g.,the complex of endothiapepsin and a peptidic inhibitor (Sali
De Voss and Ortiz de Montellano (1995) only identified et al., 1989), 23 ordered water molecules are displaced upon
compounds that bind with lower affinity using the DOCK binding and 7 ordered water molecules remain in the active
program. site. Such water molecules often mediate hydrogen bonds
In this paper, we consider the binding of the new camphor between the protein and the ligand, e.g., in the complexes
analogues with specific regard to the roles of shape comple-of sugar binding proteins with sugars (Quiocho, 1991) and
mentarity, hydrogen bonds, entropy, and solvent. in the complex of 6-deoxyerythronolide B with cytochrome
Shape ComplementarityOne of the tenets of the suc- P450eryF (Cupp-Vickery & Poulos, 1995). Water molecules
cessful design of potent inhibitors and the improvement of can also be displaced by the introduction of a hydroxyl
the binding properties of naturally observed ligands is the moiety; e.g., the mutation of Ala> Ser in a neutral protease
concept of shape complementarity between the ligand andexcluded an ordered water molecule from the protein interior
the protein binding site (Kuntzt al., 1982; Cherfils & Janin, (Vriend et al., 1991) and increased the protein stability. In
1993). Maximizing shape complementarity implies optimiz- this study, we discuss the hydration of the space filled by
ing van der Waals interactions between the protein and thethe camphor analogues and the merits of displacing solvent
ligand, displacing solvent from the interface, and minimizing from it.
the volume of any interfacial cavities. It is the guiding Cytochrome P450camThe family of cytochrome P450
principle for the design of the camphor analogues studied heme proteins catalyzes many different reactions on pre-
in this paper. dominantly hydrophobic substrates. Members of the family
Hydrogen Bonds. Protein-ligand hydrogen bonds are are ubiquitous in biological systems where they play
important for binding specificity. One strategy for designing important roles in the synthesis of steroids and fatty acids,
protein—ligand interactions is to satisfy all the hydrogen and in the metabolism of xenobiotics (Guengerich, 1991).
bonding capacity at the proteitigand interface. However, = Cytochrome P450cam from the bacteriuPdseudomonas
a ligand that makes a hydrogen bond with a protein group putida has been studied in great detail by a variety of
will not always bind better to the protein than a ligand that methods, including crystallography (Poulos & Raag, 1992),
cannot because of differences in the desolvation energies ofspectroscopy (Schulz al., 1994), site-directed mutagenesis
the ligands (Ferstet al, 1985). Here, the design of camphor (Sligaret al, 1991), application of osmotic and hydrostatic
analogues to improve shape complementarity requires alter-pressure (Di Primet al.,, 1995), photoacoustic calorimetry
ation, with respect to camphor, of the strength of the (Di Primo et al,, 1993), and computer modeling (Baldwin
compound’s hydrogen bond to the protein. et al., 1991) and simulation (see Harris and Loew (1995),
Enthalpy-Entropy CompensationThe phenomenon of  Joneset al. (1995), and Loidaet al. (1995) and references
enthalpy-entropy compensation is a characteristic feature therein), and serves as a model system for the understanding
of hydrophobic interactions in aqueous solution and has long of other P450s. It catalyzes the regiospecific hydroxylation
been observed in a variety of biological processes, such asof its natural substrate, camphor, t@%e-hydroxycamphor.
protein folding and the binding of nonpolar ligands to  There is a considerable amount of experimental data
proteins (Lumry & Rajender, 1970). The solvation of characterizing the binding of ligands to P450cam and the
nonpolar molecules (hydrophobic hydration) has been found changes in hydration of the active site on binding. In the
to involve a slightly negative enthalpy change and a crystal structure of the ligand-free form of P450cam (Poulos
significant decrease in entropy (Tanford, 1973). “Hydro- et al, 1986), six water molecules were assigned inside the
phobic interaction” refers to the solvent-induced forces that active site. One of them is the sixth (distal) ligand of the
drive nonpolar solutes together when in an aqueous environ-iron, and the five others form a cluster connected by
ment (Kauzmann, 1959). Such association is entropically hydrogen bonds. The heme Fe spin state is low spin (Tsai
favorable due to the overall reduction in solvent-exposed et al., 1970). In the crystal structures of P450cam with the
nonpolar surface. This solvent entropy-based interpretationhigh affinity substrates camphor and adamantanone, the
is, e.g., supported by computer simulations examining the bound ligands form a strong hydrogen bond with Tyr96 and
temperature dependence of the aggregation of ethane imo water molecules are observed in the active site. The iron
agueous solution (Mancera & Buckingham, 1995). The spin state in the presence of these ligands is high spin (94%
underlying fundamentals of the hydrophobic effect and high spin with camphor (Sligar, 1976)). In the crystal
therefore the principles governing the interaction of proteins structures of complexes with compounds that bind with less
and hydrophobic ligands are, however, still controversial; affinity, either because they are considerably smaller than
see, e.g., Chan and Dill (1994) or Jackson and Sternbergcamphor, e.g., norcamphor, or because they lack the ability
(1994). to form a hydrogen bond to Tyr96, e.g., camphane, a water
Aqueous Seknt. Empty ligand binding sites are usually molecule occupies the position of the sixth ligand to Fe (Raag
filled by solvent molecules which are either fully or partly & Poulos, 1991) and the Fe spin has intermediate values
released upon binding of the ligand, with a concomitant (Fisher & Sligar, 1985; Atkins & Sligar, 1988). In the
favorable gain in translational entropy. Such water molecules camphor complex of the Y96F mutant, the Fe spin state has
can be located by X-ray (Saenger, 1987) and neutron an intermediate value of 59% (Atkins and Sligar, 1988). The
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iron spin state has been interpreted as an indicator of the A <
water accessibility of the iron and the degree of solvation of
the active site (Fishest al., 1985). Thus, the reduced spin

in the YO96F mutant has been explained by enhanced mobility
of camphor in the active site of Y96F, allowing water
molecules to access the heme center (Di Pratnal., 1990).

In addition to the crystallographically observed water
molecules, other less ordered solvent molecules may remain
in the active site when the ligands bind, but so far it has not
been possible to study the number and location of such water
molecules nor their thermodynamic contribution to ligand
binding.

The binding of camphor to P450cam is characterized by
enthalpy-entropy compensation with a favorable entropy
change (Griffin & Peterson, 1972). Because the thermody-
namic parameters for camphor binding at 294 K are in the
same range as those for the transfer of hydrocarbons from
water to nonpolar solvent, it was suggested that the driving
force for substrate binding is the favorable entropy of
desolvation on transfer of the hydrophobic substrate from
an aqueous environment to a hydrophobic region of the
protein (Griffin & Peterson, 1972). Crystallographic evi-
dence (Poulost al, 1986) points to another source of

favorable binding entropy, namely, the release of the solvent
molecules from the active site upon ligand binding. @

7
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water probes in the active site of P450cam with the protein by

were calculated using the GRID program (Goodford, 1985;

Boobbyeret al,, 1989; Wadet al, 1993; Wade & Goodford,

1993). The energetically favorable region for a methyl probe

in the active site of the structure of the P450eazamphor

complex (camphor was removed from the active site) is Y Thx101

volume accessible to the methyl probe, and only the camphor (@/

volume of the active site of P450cam with camphor removed /’

Design of Space-Filling Camphor Analoguds.an earlier
study (Wade, 1990), the interaction energies of methyl and

shown in Figure 1A. The camphor body is enclosed by the

carbonyl oxygen sticks out from this volume. The total

was calculated with the GRASP program (Nicholls & Honig,

1991) as 0.300 nfn The volume inside camphor’s molecular

surface is 0.141 nfn Therefore, camphor only fills ca. 47%

of the active site volume. The methyl probe energy contours

show a hydrophobic region next to residues Phe87 and

Phel93 that is connected to the camphor volume and is

unoccupied by camphor. Wade (1990) suggested that thisFicure 1: Crystal structure of the complex of cytochrome P450cam

region could be filled by camphor analogues with a With camphor: (A) Energy contour at9.3 kJ mot* for a methyl

hydrophobic moiety added at the camphor carbony! position ]Lorobe calculated with the GRID program with camphor removed

- rom the structure. “Site D” is explicitly labeled. (B) A camphor

that could make favorable van der Waals contacts with the anai0gue with an allyl ether moiety modeled to fill the space near

surrounding residues. The modeled structure of a camphorsite D. The dashed line indicates the hydrogen bond with Tyr96.

analogue with a 3-carbon moietgr{deborneolO-allyl ether)

is shown in Figure 1B. contribute, along with Tyr96, to stabilizing the binding of
For the camphor-bound form of P450cam, two energy camphor in the active site in the correct orientation for the

minima below—24 kJ mot! were located with the GRID  regiospecific reaction. On the other hand, we have recently

program for a water molecule inside the active site. One of calculated the hydration free energy of this region by 'MD

them, which was labeled “site D", is in the region that could simulation (Helms & Wade, 1995) and found it to be

be filled by camphor analogues such as that shown in Figureunfavorable by+15.8 & 5.0 kJ mot?, although transient

1B. Although it is located in a hydrophobic region of the occupation is possible and was also observed in an MD

active site, the site is within hydrogen bonding distance of

the camphor_ oxygen. Thus, itis not a favor_able site for a 1 Abbreviations: MD, molecular dynamics; LJ, Lennard Jones; NVT,

water probe in the absence of camphor, but in the presencenve, NPT, indicate which properties are kept constant during an MD

of camphor, a water molecule in this position could donate simulation: particle numbeX, volumeV, temperaturel, or pressure

; P; RMS, root mean square; SASA, solvent-accessible surface area;
a hydrogen bond of optimal geometry to the camphor CAM, camphor; CENendeborneol methyl ether; CERndoeborneol

oxygen. Thus, the. h)_/d"Ogen bonding capacity of camphor propyi ether; CAL,endeboreol allyl ether; Y96F, mutant of cyto-
would be fully satisfied, and the water molecule would chrome P450cam in which Tyr96 is replaced by Phe.
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simulation of the complex of P450cam with norcamphor  R:
(Harris & Loew, 1995). Occupation of this region by a
ligand would result in any water in this region of the active
site, whether ordered or disordered, being pushed into the

B
bulk solvent with an accompanying favorable entropy PN
change. c cH3
Outline of Paper. In this work, four novel camphor A S

analogues were synthesized, in which the camphor carbonyl p cHz  CH3
group was replaced by an ether oxygen linked to a o CH
hydrocarbon tail of varying length. Binding to P450cam was ™
characterized by experimental and theoretical techniques, andkicure 2: Sketches of (A) camphor (CAM), (B) endo-borneol
in the Results section, these are presented separately. In th®-methyl ether (CEN), (Cendoeborneol O-propyl ether (CEP),
Discussion section, we combine information from both and (D)endeborneolO-allyl ether (CAL).

sources, pointing out where the observations agree, and. . -
where there are inconsistencies. In particular, we find that final samples. Control experiments for camphor binding

binding energies calculated from the MD simulations of the showed that the addition of small amounts of ethanol had

rotein-ligand interactions, proteirwater interactions, and measurable effect on its dissociation constant,
p gan . P . ; . Optical titrations were recorded on a Uvikon spectropho-
ligand-water interactions agree well with experimental bind- : :
. i X . tometer and performed in 100 mM Tris-HCI at pH 7 and
ing enthalpies, suggesting that the models provide a repre-

. : . S 293 K with 2-5 uM cytochrome P450cam. Differential
sentative picture of the mode of ligand binding and that the
compounds bind as anticipated in the design., mode at two wavelengths (417 and 392 nm) was used to

calculate the overall dissociation constagy) (for each ligand
MATERIALS AND METHODS by Eadie-Hofstee plots. Thermal regulation of the spec-
trophotometer was provided by a commercial thermostated
Compound Synthesis(1S)-enda(—)-Borneol O-methyl circulating bath (Huber HS 40) and allowed the determination
ether was prepared as described by Meerwein and Gerardf reaction enthalpies over the temperature range of-277
(1923). The boiling points, refractive indices, and NMR 298 K, according to the van't Hoff law.

spectra matched the published values. Thallyl and 3,3- The high spin content at ligand saturation and 293 K was
dimethyl-O-allyl ethers of ()-borneol were prepared by determined by Christiane Jung's method (Jehgl, 1991).
reacting the potassium salt of-J-borneol, in dimethyl The spin equilibrium constanKyn = [P450-high spin]/

ethylene glycol, with allyl bromide and dimethyl allyl [P450-low spin]) and the P456 P420 transition, at saturated
bromide, respectively. The compounds were purified by ligand concentration, were followed as a function of pressure
flash chromatography (dichloromethane). Sende(—)- at 277 K on a Cary 219 spectrophotometer interfaced with
Borneol O-allyl ether: bp 106-110 °C/15 mmHg, nyP a high-pressure bomb. The optical pressure system has been
1.4695; NMR (Perkin Elmer RB24, in deuteriochloroform) described previously (Hui Bon Haet al., 1982). The buffer

5.8, m, 1H; 5.35, m, 1H; 5.15, 5.0, broad doublet, 1H; 3.95, used in pressure experiments was 100 mM Tris-HCI, pH
d, 2H; 3.65, 3.5, broad doublet, 1H; 2:25.0, m, 1H; 1.75,  7/240 mM KCI. The spin reaction volume chan§¥spin =

s, 3H; 1.65, s, 3H; 0.9, s, 6H; 0.85, s, 3H.S%nde(—)- Vus — Vis and the inactivation reaction volume chané
BorneolO-(3,3-dimethylallyl)ether:n,® 1.4748; NMR, 5.3, = Vpazo — VpasoWere deduced from the relations

t, 1H; 3.9, d, 2H; 3.65, 3.5, broad doublet, 1H; 2250,

m, 7H; 1.75, s, 3H; 1.65, s, 3H; 0.9, s, 6H; 0.85, s, 3KH){1 AVgpin= —RT (6 In Ky {OP);

(—)-BorneolO-propyl ether was prepared by hydrogenation

of the O-allyl compound using 10% palladium charcoal in and

ethanol and was purified by flash chromatography (dichlo- _

romethane); bp 110115°C /15 mmHg,nx® 1.4568; NMR, AV, = —RT(0 In K,/6P);
3.6, 3.5, broad doublet, 1H; 3.35, t, 2H; 2:35.1, m, 12H; vel

0.9, s, 6H; 0.85, s, 3H. Elemental analyses (C, H) for the respectively.

latter three compounds were within 0.5% of the theoretical _ _ _ 4
values. K = (a, —a)l(a, — &)

The chemical structures of camphor and the three ”0V9|whereap, a, anda, are the absorbances at 404 nm determined
camphor analogues studied in detail, methyl borneol etheri, the transition region, in the fully inactivated state, and in
(CEN), propyl borneol ether (CEP), and allyl borneol ether the native state, respectively.

(CAL), are shown in Figure 2. Molecular Dynamics Simulations. (1) Parametrization.

Experimental Characterization.Cytochrome P450cam  We used the standard GROMOS force field (van Gunsteren
wild type and Y96F were generated and purified as previ- & Berendsen, 1987) within the ARGOS program (Straatsma
ously described (Gunsalus & Wagner, 1978; Atkins & Sligar, & McCammon, 1990). United atoms were used for all
1988). Samples of purified protein were stored at 193 K aliphatic carbons, and only polar hydrogens were modeled
with camphor and contained no measurable P420. Substrateexplicitly. Water molecules were represented by the SPC/E
free protein was obtained by passage of the sample throughmodel (Berendsest al., 1987). Additional parameters for
a Sephadex G-25 column previously equilibrated at 277 K the heme and the camphor analogues are listed in Table 1
with the same buffer used for experiments. and are equivalent to those in our previous work (Helms &

The camphor analogues were diluted in an ethanglter Wade, 1995). For the camphor analogues, missing bonded
mixture with less than 3% concentration of ethanol in the parameters were modeled by analogy to the GROMOS and
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Table 1: Force Field Parameters Used in MD Simulations of modeled according to the MNDO/ESP results, approximately

Complexes of Cytochrome P450cam with Camphor Analogues scaled by 0.6, in order to mimic the typical magnitude of
(a) Parameters for the Heme with a Cysteine Ligand charges in the GROMOS force f'eldj .
bond parameters (2) Setup of Simulationsi-or dynamic atoms, a twin-range
re (nm) k (kJ nrT2 mol-Y) spherical nonbc_Jnded cutoff_of 0.8 and 1.0 nm was applied.
FoN 0.209 2187 10 For the atoms in the restrained shell, a_O._8 nm cutoff was
Fe-Sy 0.220 418+ 10° used. The solventsolvent nonbonded pair list was updated
every 10 steps, the solvensolute list every 15 steps, and
angle parameters the solute-solute list every 20 steps. Short-range nonbonded
deg k (kJ rad2 mol-1) forces were calculated every step, whereas the long-range
Sy—Fe-N 102 418 ones were only updated every fifth step. All bond lengths
CB—Sy—Fe 109.5 251 were constrained with the SHAKE algorithm (Ryckaett
al., 1977) with a relative tolerance of 19 and a time step
LJ parameters of 2 fs was used. During NVT simulations, the solute and
A (kJ nnT*2 mol™) B (kJ nnT® mol™?) solvent parts of the system were separately coupled to a
Fe 4.30155x 10°° 8.86909x 1072 Berendsen thermostat (Berendstml., 1984) at 300 K with
K® 1.06892x 10°° 8.89580x 10°° coupling times of 0.1 and 0.4 ps, respectively.
partial atomic charges (e) (3) Simulations of the ProteinLigand Systems.The
Fe 1.0 crystallographic coordinates of cytochrome P450cam, com-
N -0.4 plexed with camphor at 0.163 nm resolution (Powosl.,
CH 0.1 1987), were taken from the 2cpp file of the Brookhaven
cM 0.2 Protein Data Bank (Bernsteiet al, 1977). The structure
CG 0.27 ; : . .
01, 02 —0.635 consists of residues 14 and does not contain coordinates
for the first 9 amino acids. An N-terminal blocking group
(b) Parameters for Camphor and Camphor Analogues was added to residue 10, and the first 9 residues were omitted
proper dihedral force constafts . . . ..
(kJ rad2 mol?) for the simulations. The coor_dlnates of the missing atoms
CEN CEP CAL of Lys216 were modeled with the QUANTA software
package (QUANTA, 1992). Crystallographic water 515 was
RSP srvo 3 301 replaced by a potassium ion because it is octahedrally
0O—C11-C12-C13 5.86 5:02& = 180°)' coordinated by four protein backbone oxygens and two water
molecules and specific binding oftko P450cam has been
partial atomic chargeg (e) demonstrated experimentally (Di Prined al., 1990). The
CAM CEN CEP CAL environment of all Asp, Glu, Arg, Lys, and His residues was
c2 0.38 03 03 0.25 analyzed graphically to determine their protonation states.
o) —-0.38 -0.3 —-0.45 -0.4 Three histidines were assigned as doubly protonated: His62,
gzt%érs 0 % %15 %-15 His270, and His355. The side chain of Asp297 lies 0.27

nm from one of the heme propionate group oxygens (Poulos
d'ha |(fjnplf0per dihe_drali on pyrrole rfings as ftort h_iStig]ineé;%p'\rﬂoggé 7et al, 1987). To carry out the simulations, either the
Inedrals on propionate groups as for as i i i
force field.bTFa)lkepn from gLoevf/) (Collinset ;)Ifrlaggll?.ctaien from propionate group Or. the aspartate Slde chain must be
Aqvist (1990).¢ Taken from the aspartate residue of the GROMOS87 protonated, although in reality bpth functional groups _COUId
force field. ¢ All dihedrals have multiplicityn = 3. ' Indicates that the ~ Share a common proton. We tried both possibilities in test
positions of the minima are shifted by 180 simulations and found that protonation of Asp297 led to
geometries closer to the crystal structure. Hydrogen atoms
CHARMM force fields. The barriers for rotation around the were added to the polar protein atoms and the 203 crystal-
side chain torsional angles were determined with MNDO lographic waters using the ARGOS program (Straatsma &
(Dewar & Thiel, 1977), except for the barrier for rotation McCammon, 1990). The positions of Tyr, Thr, Ser, and
around the allyl side chain where MNDO gives a rotational water hydrogens were adjusted by graphical inspection to
profile for the O—CH,—CH=CH, dihedral with 2 instead  optimize hydrogen bond formation.
of 3 minima and the barrier height of ca. 3 kJ/mol is too A 3.7 nm sphere of solvent was superimposed on the
low. This barrier was calculated with MM3 (Allinget al., protein system, the sphere being centered approximately on
1989), and the results were verified by optimizations of the the geometric center of the active site. All added water
isolated side chain at 3(ntervals with the Gaussian 92 molecules closer than 0.26 nm to any non-hydrogen atom
program (1992) at the HF/6-31G* level. The positions of of the protein were removed. Four water molecules were
the energy minima for the propyl and allyl side chains are put into the active site by the superimposition algorithm. To
shifted from each other by 80 Calculations of atomic point  test whether water molecules should be added in the active
charges were performed with the MNDO/ESP method site for the simulations, four water molecules were positioned
(Besleret al, 1990) for the optimized compounds. The at energetically favorable positions in the active site accord-
calculated partial atomic charges for the united carbon atomsing to analysis with the GRID program, and a 100 ps
on the “camphor body” were close to 0 (except for the buried simulation was run. In this simulation, there were significant
C7 atom) and were therefore set to 0. A second set of deviations from the crystal structure of the camphor
MNDO/ESP charge calculations was then performed on the P450cam complex (the hydrogen bond between camphor and
isolated side chains with two attached methyl groups in place Tyr96 was broken), indicating that the addition of four water
of C1 and C3. The charges on the side chain atoms weremolecules was unrealistic. A second test simulation of 200
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ps duration was run with one water molecule present at the protein was run for 100 ps with eight waters in the active
Fe sixth ligand position (where a water molecule is observed site as a test of sensitivity to the extent of hydration of the
in the crystal structure of the substrate-free enzyme). Theactive site. The eight water molecules stayed in the active
average structure calculated from the simulation was similar site during the simulation.
to that observed experimentally for the camphBA50cam (5) Simulations of the Compounds in Aqueous Solution.
complex. However, a water molecule is not observed in this Structures of the compounds that had been optimined
position in the crystal structure of camphor complex, and yacuo (see above) were solvated in cubic boxes of SPC/E
spectroscopic measurements of high-spin content indicate thafvater with 2.4 nm long edges. The aqueous system with
it is present very rarely. Therefore, further simulations of camphor contained 448 water molecules. A total of 200 ps
the camphor and camphor analogue complexes were donef MD equilibration was performed under NPT conditions
without adding water molecules in the active site. at 300 K, followed by another 200 ps of analysis in which
The equilibration of the added solvent shell around the the nonbonded energies between the compound and the
fixed protein was done for the complex of P450cam with solvent, and the intraligand side chain energies, were
camphor. Keeping the water molecules in the outer shell calculated (coordinate sets were stored every 0.1 ps). The
restrained to their positions with a force constant of 2000 kJ splvent distribution around the compounds was analyzed, and
nm~2 mol™, the added water molecules within 2.7 nm of the number of solvent molecules within the first hydration
the center of the sphere were subjected to 100 steps ofshell layer was calculated.

steepest descent energy minimization and then equilibrated () Calculation of Errors in Energies from Simulations.
during 3 successive MD simulations under NVT conditions grrors are given as/n’2, whereo is the standard deviation

at 100 K (5 ps), 200 K (5 ps), and 300 K (20 ps). and n is the number of data points. The data points can be
The heating of the protein was then performed for all considered as uncorrelated because they are separated by at
camphor analogues separately. Aftepacuooptimization least 50 MD steps. By analyzing the data in four separate

of the compound geometries with MNDO, they were ime intervals, we ensured that there is no drift in the mean
superimposed onto the position of camphor in the crystal jnteraction energy. The standard error of the protéigand
structure, using the ahphanp carbon atoms of the “camphor jnteraction energy is typically 0.4 k/mol for the 200 ps of
body” for the structural fit. For CAL and CEP, the qata acquisition for wild-type simulations and 0.7 kd/mol for
compound was turned slightly after superposition to avoid the 50 ps of data acquisition in the Y96F simulations. The
close contacts with the side chains of Phe87 (0.26 nm standard error for the simulation of the six water molecules
carbon-carbon distance) and Phe98 (0.30 nm), and then thej, the p450cam active site is 0.5 kd/mol. The standard error
compound was subjected to 100 steps steepest descent energy; six water molecules in bulk solvent is very small (0.05
minimization with all surrounding atoms fixed. Modeling  3/mol), because all 460 solvent molecules were used for
of the Y96F mutant protein was done by removing the e calculation of the interaction enthalpy. For the cycle (3
hydroxyl group of Tyr96'. All atoms within 1.5 nm of the 4) — (1 + 2) (see Results section), the errors in all legs
system center were a53|gned_ to be free, _and atoms betw_eeaf the cycle are simply summed. The summed errors are
L.5 and 1.7 nm were restrained to their crystallographic penyeen 1.2 and 1.8 ki/mol. Further, we calculated the
positions by a weak restraining force of 250 kJimol™*. standard errors of the intraligand side-chain contributions in
The rest of the system was held fixed, and water moleculesihe same way. The summed contributions from the simula-
beyond 2.8 nm from the center were removed from the {ions in protein and in aqueous solution are between 0.3 and

system. The system with camphor consisted of 927 dynamicq 7 k3/mol. The simulation errors are therefore between 1.6
atoms (including 38 water molecules) and 368 atoms in the 3nd 2.5 kJ/mol.

restrained region. After 100 steps of SD energy minimiza-
tion, the system was heated with 5 ps of MD at 100, 200,
and 300 K under NVE conditions. New atomic velocities
were assigned every 0.2 ps according to a Maxwell
Boltzmann distribution. A total of 300 ps of MD simulation

(7) General Properties of the Camphor Analogu&alvent-
accessible surface areas were calculated with the GRASP
program (Nicholls & Honig, 1991) by rolling a 0.14 nm
radius probe over the molecular surface. The dipole mo-

i ments and the aqueous solvation free energies were calcu-
was then performed at 300 K under NVT conditions for the lated by the semiempirical AM1-SM2 method (Cramer &

wild-type systems and .10(.) PS O.f MD for the Y9.6F mutant Truhlar, 1992) with the AMSOLS5.0 program (Crarredral.,
systems. Data analysis, including the calculation of non- 1995)

bonded proteirrligand interaction energies and intraligand
side chain energies, was performed on the last 200 ps of thereg LTS
wild type simulations and the last 50 ps of the mutant
simulations. Experimental ResultsFigure 3 displays the high spin
(4) Simulations of the Substrate-Free Proteiflhe content of the Fe atom in the P450catiyand complexes
simulations of the substrate-free state were started from thein the presence and absence of 200 mM KCI. The values
crystal structure (PDB entry 1phc (Pouletsal, 1986)). The for CAM (98% high spin for wild type and 54% high spin
setup, the definition of the dynamic region, and equilibration for Y96F, in the presence of ¥ are in accordance with
were analogous to the compound simulations. Nonbondedprevious work (Atkins & Sligar, 1988; Di Primet al, 1990).
interaction energies between the six water molecules in theFor wild-type P450cam, CAL has a similar high spin content
active site and the rest of the system were calculated duringto CAM and the values for CEN and CEP are slightly lower
a 200 ps NVT simulation that followed 100 ps of equilibra- than for CAM. For Y96F, the high spin content is almost
tion. For the simulation of the substrate-free Y96F mutant, the same as for wild type for CEN and is higher than for
six water molecules were assigned in the active site as forwild type for CEP and CAL. This is in clear contrast to
wild type. An additional test simulation of the wild-type CAM, which shows a large spin decrease for Y96F compared
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FIGURE 4: Experimental binding enthalpies (dashed lines) and €nthalpies become more unfavorable and the binding entro-

binding free energies (solid lines) with error bars for the binding pies become more favorable for both wild type and Y96F.
of camphor (CAM) and its analogues CEN, CEP, and CAL to wild- The binding enthalpies and entropies of all compounds are
type and Y96F cytochrome P450cam. The dotted line marks the |ogg positive for YO6F than for wild type.

binding free energy of camphor to wild-type P450cam. . . . .
The changes in spin reaction volum&Ysp,, following

to wild type. Compared to the data in the presence of K the spin conversion from high spin to low spin under the
the high spin content is lower in the absence offir all application of high pressure and the changes in inactivation
compounds. For wild type, the decrease is moderate for reaction volumeAVinacivaion following the interconversion
CAM, CEP, and CAL (ca. 30%) and more pronounced for Of P450cam to the inactive form P420 have been measured
CEN (47%). For Y96F, the high spin content decrease is for CAM, CEN, CAL, and CEP. Figure 5A shows the spin
similar for all compounds (ca. 2680%) but results in CAM  reaction volume changes plotted agaif\€pin, and Figure
having a high spin content of only 25%. 5B shows the inactivation reaction volumes. Both types of
Figure 4 shows ligand binding enthalpies and binding free Volume change are linearly related AdSg,in, and the same
energies for wild type and Y96F. For wild type, the binding trends are observed for the series of compounds.
free energy for CEN is identical to that for CAM, and the Simulation ResultsThe protein dynamics are very similar
binding free energies for CEP and CAL are more favorable for all of the compounds with respect to the RMS deviation
than for CAM by 0.4 and 2.5 kJ mol. For Y96F, the from the crystal structure, RMS atomic fluctuations, hydro-
binding free energy of CAM is less favorable than for wild gen bond patterns, and the RMS fluctuation of the torsional
type by 0.8 kJ mol!, whereas the binding free energies for angles. For wild type, the RMS deviation of the average
CEN, CEP, and CAL are more favorable than for wild type simulation structure from the initial camphor crystal structure
by 3.3, 1.3, and 2.5 kJ mol. As noted before for camphor is 0.051 nm for CAM and CAL, 0.055 nm for CEN, and
and other compounds (Fisher & Sligar, 1985, 19&g)and 0.056 nm for CEP (non-hydrogen atoms of protein and
Kspin (Spin equilibrium constant) are independent quantities ligand). The RMS deviations between the average simulation
and do not show identical trends. As the size of the structures with different ligands are between 0.014 nm
compound increases (CAMCEN—CAL—CEP), the binding  (CAL—CEP) and 0.018 nm (CAECAM). The results for
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Y96F (from shorter simulations) are in the same ranges. The Non-bonded interaction energies were calculated between
RMS atomic fluctuations of the active site residues are in each ligand and the rest of the system, including protein and
the range between 0.035 and 0.050 nm and do not showsolvent molecules. The LJ energies (Figure 7A) for the
significant differences between MD simulations of the simulations in aqueous solution are much more favorable
various compounds and between simulations of the wild type than for the protein simulations due to better packing of the
and Y96F protein. The RMS fluctuations of the backbone water molecules around the solute molecules. The bigger
dihedrals in the dynamic region have a range of +1.4.6° the compounds are, the more favorable are the LJ energies,
for @ and 16.6-16.9 for W in the simulations for wild type.  in both the protein simulations and those in aqueous solution.
The values for Y96F are higher (22.4or ® and 19.7 With the exception of camphor, the interaction energy with
20.7 for W), but they agree well with values calculated from the Y96F mutant is less favorable than for wild type.

the corresponding part of the wild-type trajectory. The side  The electrostatic energies (Figure 7B) are more favorable
chains of the novel camphor analogues were initially modeled in aqueous solution than in the protein as well. This is so
into the hydrophobic cavity close to site D. These modeled even though the dielectric constant of water is much higher
starting configurations were stable during the MD simula- than that of protein. It results from the presence of a large
tions, and the side chains made favorable van der Waalshumber of polar groups in the bulk phase (surrounding water
interactions with the surrounding hydrophobic protein resi- molecules) in close vicinity to the compounds, whereas most
dues. The ligand conformations sampled in the MD simula- Protein side chains in the protein active site are hydrophobic
tions for the Y96F protein mutant were very close to those and have zero or low atomic charges assigned. Therefore,
in the simulations for wild-type protein, except for camphor the electrostatic contribution is mostly due to close water
which turned around in the active site and formed a weak Molecules. The difference in the water and protein dielectric
hydrogen bond with Thr101 which lost its native hydrogen constants is more important for long-range electrostatic
bond with Tyr96. Panels A, B, C, and D of Figure 6 show e€ffects. In the case of the camphor ligands, long-range
average structures of CAM, CEN, CEP, and CAL and the e_Iectrostatlc ef_fects are expected to be small because these
active site residues during the MD simulations of wild type. ligands are quite nonpolar. _ _
Figure 6E shows the unusual average conformation of The left side of Figure 8 displays how th_e difference in
camphor during the simulation of Y96F. Table 2 lists €nthalpy for unbound and bound protein is measured by
average distances between the ligands’ side chain oXygm.fe_xperlment. In order to calculate enthal_p|es by MD simula-
and the Tyr96 hydroxyl oxygen. For camphor, the distance tion that are comparable to the experimental result_s, the
corresponds to the length of an optimal hydrogen bond with difference (3+ 4) — (1 + 2) needs to be calculated (right

low length fluctuation. The distance for CEN is slightly Side of Figure 8). If only (4— 1) is calculated, i.e., the
longer but shows low fluctuations as well. For CEP and difference between the nonbonded energies of the ligand in

CAL, the distance is 0.31 nm with a larger fluctuation of the Protein (4) and in aqueous solution (1), the wild-type

0.04 nm. The distances to Phe96 are longer by 0.24 nm Onenergies are more favorable than the Y96F energies, which

average, but 0.06 nm of this difference is due to the fact is not in agreement with experiment. To account for parts

that the distances are calculated to the CZ of Phe96 insteao(z) a.”d (.3)' S|mulqt|on§ were perfo'rmed of the unbound
of the OH of Tyr96. CEP lies closest to Phe96, whereas protein with the active site filled by six water molecules as
the distance of CEN to Phe96 fluctuates the most. It is " the crystal stru_ctur_e_and of the six water molec_ules_m
unclear from MD simulations of this length whether the bulk water. For S|mpI|C|ty, we assumgd that the aciive site
ligand side chains are conformationally more restricted in o;‘ rT%'; PﬁSOC‘?‘T] IS alstc)) f|ILed by six Vﬁater molebqulc(je_s,
the protein than in solution because the number of dihedralattr?Lfg. this mg; gokg eTtlfe iﬂse'. T ? Watelr '? Ing
transitions is quite small (the most floppy dihedrat; O11— gntha p'ﬁ; \{vere " ) " mo dngB i Sklj( Waﬁ:‘m%%%l::es
C12—-C13, only makes 11 transitions during the simulation N the wiid-ype active site an : mat= for :

of CAL in aqueous solution, and 8 in the case of CEP). For The average enthalpy of six SPC/E waters in bulk SPC/E

CAL, the number of dihedral transitions is similar in protein water was calculated as274.6 kJ mot® from a 300 ps
’ . o . P . simulation of 460 SPC/E water molecules. The release of
and solution, whereas for CEP it is smaller in the protein

simulation. The number of sampled dihedral minima is the the six active site water molecules to the solvent (2) is
same for CAL, but it is smaller for CEP in the protein. We therefore enthalpically favorable for both wild type and

find a slightly higher flgxibility _for the CAL side chain, \_(iin rﬂgt?}:]éﬁt.)u?nlttr;rr;g:ﬁ ;i\aorsg?e;()srowgﬂtt)é%ify
compared to the CEP side chain. getic contributions to the binding of different ligands and
In order to compare a property derived from the simula- the intraligand energetic contributions of the camphor
tions with the experimental Fe high spin content, we body were neglected. However, the intramolecular energy
calculated the distances between all ligand atoms and thecontributions of the ligands’ side chains were calculated. The
Fe atom. A crowding of close ligand atoms around the Fe difference between the side-chain intramolecular energy in
atom could indicate better shielding of the Fe atom from the simulations in protein and in aqueous solution is generally
solvent. Ligand atoms at distances less than 0.5 nm areless than 2 kJ/mol, except when CAL and CEP are compared
considered as “close” atoms because at such a distance & wild-type protein and in aqueous solution when the
water molecule cannot fit directly between the ligand atom difference is 5.2 and 6.2 kJ/mol, respectively. This results
and the Fe atom. Table 3 lists the names of all close atomsfrom slightly strained side-chain conformations of CAL and
for wild type and Y96F. Three carbon atoms of CAM are CEP with higher angle and dihedral energies in order to
close atoms for wild type, but only two for YO6F. CEN, maximize the strength of the hydrogen bond to Tyr96 in the
CEP, and CAL have one close atom for wild type and two native protein. Binding to the native protein by CAL and
close atoms for Y96F. CEP is therefore slightly unfavored with respect to the
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FIGURE 6: Average structures of the ligand and the surrounding active site residues from MD simulations of wild-type cytochrome P450cam
with (A) camphor, (B) CEN, (C) CEP, and (D) CAL. (E) shows the average structure of camphor when simulated in the P450cam mutant
Y96F. The dashed lines indicate hydrogen bonds with Tyr96 or Thr101 (E).
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Table 2: Average Distances (nm) from Y96:0 and F96:CZ to the
Ligand Side-Chain Oxygen during the MD Simulations

CAM CEN CEP CAL

wild type 0.28+0.02 0.30+0.02 0.31+0.04 0.31+0.04
Y96F 0.55+0.07 0.574+0.06 0.49+0.04 0.55+0.04

a Standard deviation.

Table 3: Ligand Atoms within 0.5 nm of the Fe Atom during MD
Simulations of Cytochrome P450cam with Camphor and the
Camphor Analogues

CAM CEN CEP CAL

C4,C5,C9 G5 C5 C5
C5,C6 C5,C9 C5,C9 C5,C9

“close atoms” wild type
“close atoms” Y96F

A

[kJd/mol]

CAM CEN CEP CAL

[kd/mol]

A
o

CAM CEN CEP CAL

FIGURE 7: Calculated nonbonded Lennard-Jones energies (A) and

nonbonded electrostatic energies (B) from the MD simulations of
the four different ligands. For each ligand, three values are given
which represent the average value during the simulations with wild-
type P450cam—), with YO6F P450cam (- - -), and in aqueous
solution (--).

ligands’ internal energy compared to binding to YO96F. The

Helms et al.
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Ficure 8: Schematic representation of the binding of a ligand to
cytochrome P450cam in an experiment (left side) and a simulation
(right side). The symbols used are explained in the key. Ligand
binding is modeled as inducing the release of six water molecules
from the active site. The simulation part shows four systems (see
text) that all need to be simulated in order to yield results
comparable to experimental values.
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Ficure 9: Comparison of the calculated binding enthalpies from
MD simulations (black boxes) and the experimental binding
enthalpies (empty boxes) for the binding of camphor (CAM) and
the camphor analogues CEN, CEP, and CAL to wild-type and Y96F
mutant P450cams.

calculated energies reproduce the experimental trends (seydration waters compared to camphor, the dipole moments,

Figure 9), and the largest deviation is 9 kJ mdbr CEP in
Y96F.

Table 4 contains physicochemical properties of the

and the calculated hydration free energies of the compounds.
The size of the compounds increases in the series €EAM
CEN—CAL—-CEP. The number of close water molecules

ligands: the solvent-accessible surface area (SASA), thein the first hydration shell is, to within a good approximation,

relative difference in SASA compared to camphor, the
number of solvent molecules in the first hydration shell in

proportional to the solvent-accessible surface area of the
compounds. An average solvent-accessible surface area per

the simulations of the compounds in aqueous solution, the water molecule of ca. 0.105 rfrwas calculated. The average

average SASA of the solute per solvent molecule in the first
hydration shell, the relative difference in the number of

SASA of the solute per solvent molecule in the first hydration
shell is a little higher for camphor than for the other
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Table 4: Physicochemical Properties of Camphor and the Camphor CONtacts to neighboring residues. This indicates that, in order

Analogues to allow binding of the dimethylallyl compound, the protein
CAM CEN CEP CAL structure has to open up somewhat. Thus, as predicted from

the modeling, a 3-carbon chain substituent is the optimum

i@i@f\”(mb 322 gff égg g’?g length for optimum bindin.g 'affi.nity. .
#wat: number of solvent 284 332 394 392 The gain in binding affinity is, however, modest. It is
molecules in hydration shell consistent with that found for the binding of ligands with

SASA per solvent moleculein  0.113  0.103 0104  0.101  hydrocarbon chains of differing length to carbonic anhydrase
hydration shell (nr?) (Gaoet al, 1995). The change in binding free energy for

A#wak 48 11.0 108 ) ; :
dipole moment (D) 4.0 1.4 13 14 different series of compounds correlated reasonably well with
AGhygr (kJ mol2)f —-13.8 71 113 9.4 the change in molecular surface area WRB/AA = —2.9

@ Calculated with the GRASP program (Nicholls & Honig, 1991) {0 —11.3 kJ nm? mol™. In our case, the difference in
for a 0.14 nm radius prob& ASASA(compound}= SASA(compound) molecular surface area (not solvent accessible surface area)
— SASA(camphor)¢ From MD simulation of the compounds in  between camphor and the best binding compound CAL is
aqueous solutiorf SASA per solvent molecule in hydration shell ca. 0.45 nA One would therefore expect an improvement
SASA/#wat.® A#wat(compound)= #wat(compound)— #wat(cam- _ -
phor).! Calculated with the AM1-SM2 Hamiltonian in the AMsoL 0¥ €&.—1.3 kd/mol to=5.1 kd/mol. The measured value of
5.0 program (Crameet al, 1995). —2.5 kd/mol fits into tr_n_s range well. Other studies show,
however, that the addition of a methyl group can result in
ds. The diool ts of th h binding affinity changes outside this range. An example
comlpoun S I N tlﬁo ethm:)n;en S ?] N gi\]’v pamfp f[)r where it is enhanced is given by Verlindeal. (1994), who
analogues are lower than that of camphor, and this IS a factory 5 oyipe 5 methyl substitution that improves the binding of

contributing to the less favorable solvation free energies for ;
. : adenosine to GAPDH-812.5-fold. Vermersclet al. (1991)
CEN, CEP, and CAL in aqueous solution than for CAM. studied complexes of arabinose-binding protein with arabi-

Table 5 lists the experimental binding entropies and the \,se (Ara) and fucose (Fuc) where the equatorial H of Ara
relative differences in binding entropy of the camphor in the C5-position is substituted for GH For wild type,
analogues compared to camphor. The ratios of the relativethe affinity is higher for Ara than for Fud< = 0.14M vs

entropy difference to the relative difference in SASA and to 3.84M), whereas for a M108L mutant, the trend is inversed
the relative difference in the number of hydration waters are (kd _ 0,.44;4M for Ara vs 0.354M for Iéuc). In these two

listed. The ratios for CEP and CAL are very similar, and g, pieq, the change in binding affinity depends on whether
the ratios for CEN are a bit higher. The ratios for all e gteric fit between ligand and protein is improved or
compounds are similar for wild type and Y96F. worsened. However, in the first case, it is apparent that the
DISCUSSION large incregse in binding is also dependent on other factors,
e.g., the displacement of an ordered water molecule or a
The natural substrate of cytochrome P450cam, camphor,significant difference in binding mode. In general, the
is oriented in the active site of P450cam by one specific addition of a hydrocarbon moiety to a ligand should enhance
hydrogen bond with Tyr96 and by complementary hydro- binding unless it results in steric conflict. However, big
phobic contacts. But enough space is left free in the active improvements in binding may only result from the optimiza-
site to accommodate a number of water molecules, in tion of other factors alongside steric complementarity.
particular in a hydrophobic part of the active site close to  In contrast to camphor, the novel camphor analogues bind
Tyr96, Phe87, and Phe193. Wade (1990) expected improvedmore strongly to Y96F than to wild typé<¢ = 0.2 4 0.02
binding for a camphor analogue with a hydrophobic moiety M for CAL), and this may at first seem surprising in view
that could point into this region, making better van der Waals of the loss of the hydrogen bond to Tyr96. However,
contacts with the surrounding residues and excluding solventmutation of a residue that can make a hydrogen bond to a
from this region. In this work, four novel camphor analogues ligand into a residue that cannot does not usually alter the
have been synthesized and their binding to P450cam has beenet hydrogen bond balance on ligand binding because a water
characterized by experimental and simulation techniques. Themolecule can often make a hydrogen bond to the unliganded
following discussion first addresses the binding affinity of wild type residue (Fersht al, 1985). On the other hand,
the compounds, and an explanation of the experimentalthe displacement of the water molecule by the ligand on
observations is provided. Then, we consider the binding binding the wild-type protein will make a favorable binding
enthalpy, the binding entropy, and the Fe high spin content entropy contribution (Fershet al, 1985). An illustrative
of the compounds individually. Finally, we draw conclu- example of the effect of mutating Tyr into Phe on ligand
sions. binding is a study of the binding of FK506 to FKBP-12
Binding Free Energy.The novel camphor analogues bind protein by microcalorimetry and crystallography (Connelly
equally well (CEN) or better (CEP, CAL) to wild type than et al, 1994). The mutation abolishes a proteligand
camphor. Further extension of the hydrocarbon chain washydrogen bond and leads to a reduced binding affinity
tested by the synthesis of a dimethylaligtborneol ether although binding to the mutant is accompanied by a more
compound, but the experimental binding free energy was lessfavorable enthalpy change. In unliganded wild-type FKBP-
favorable K4 = 8.4 uM) than for CAM, CEN, CEP, and 12, two water molecules form hydrogen bonds with the
CAL. Modeling of the dimethylallyl compound into the tyrosine, and they are displaced upon formation of the
region near site D in the crystal structure by an analogous protein—ligand complex. No water molecules are found
procedure to that for the other fragments showed that theclose to Phe in the mutant. Therefore, the overall entropic
dimethylallyl side chain cannot be modeled pointing in the advantage of displacing two water molecules upon binding
direction of site D without making sterically conflicting leads to a slightly more favorable binding free energy for
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Table 5: Interpretation oAS;y, as Desolvation Entropies

binding to wild type binding to Y96F
CAM CEN CEP CAL CAM CEN CEP CAL
ASyp (I KT mol ™) 182.7+12.3 231.2+ 14.4 305.14+16.5 290.9+17.9 172.6+10.8 218.2+11.3 296.8+ 15.1 276.74 12.2
AAS(J Kt mol2)2 48.5+ 26.7 122.4+28.8 108.2+ 30.2 45.6+22.1 124.2+ 259 104.14+23.0
AASA#wat (J K1 mol~-%)P 10.1 111 10.0 9.5 11.3 9.6
AAFASASA (J K1nm2 231.0 142.3 150.3 217.1 144.4 144.6

mol1)°

a2 AAS(compound)= ASx(compound)— ASi(camphor).” A#wat is the difference of the number of solvent molecules in the hydration shell
of the compound compared to camphor; compare TabfASASA is the difference in solvent-accessible surface area compared to camphor;
compare Table 4.

wild type. A recent MD simulation for this system repro- Thermodynamic analysis shows that the binding of the
duced the experimental free energy and confirmed that thesmall ligands CAM, CEN, CEP, and CAL to P450cam is
release of the two water molecules favors binding to the wild- characterized by enthalpyentropy compensation. With
type protein (Pearlman & Connelly, 1995). A similar increasing compound size, both enthalpy and entropy become
argument could apply to cytochrome P450cam. Although more positive, so that overall the binding free energy is only
none of the water molecules in the substrate-free crystalslightly more favorable. These two contributions are ana-
structure are within hydrogen bonding distance of Tyr96, lyzed separately in the following two sections.

we always observed one water molecule making a hydrogen Binding Enthalpies.The experimentally observed binding
bond to Tyr96 in the MD simulation of the substrate-free enthalpies of all four compounds in both wild type and Y96F
wild-type protein. This would indicate an entropically are very well reproduced by the calculated enthalpies. The
slightly more favorable binding to wild type. On the other simulation results also agree with experiment in predicting
hand, compounds which do not form a hydrogen bond with less positive binding enthalpies for Y96F than for wild-type
Tyr96 at all, or only make a weak hydrogen bond, are protein. In our computation of enthalpies from the simula-
expected to bind better to Y96F than to wild type for tions, we only include nonbonded interaction energies
enthalpic reasons. The experimental data suggest that thidetween the protein and the ligand, and intraligand side-
is the case for CEN, CEP, and CAL. The same conclusion chain energies, since it is known that the total system
can be drawn from the MD simulations, where the hydrogen enthalpy including intraprotein interactions is subject to large
bond lengths for CEP and CAL are equal to or greater than fluctuations over long time scales (Kollman, 1993). In the
0.30 nm and show large fluctuations, whereas the camphorcase of P450cam, the neglect of the intraprotein interactions
hydrogen bond has an optimal length of 0.28 nm. For CEN, is supported by the similarity of (a) the crystal structures of
the effect is not so pronounced. These observations onP450cam with a number of ligands and the ligand-free
hydrogen bond formation agree with statistical analysis of structure (Poulost al,, 1986, 1987; Poulos & Howard, 1987;
small molecule crystallographic data (Murray-Rust & Glusk- Raag & Poulos, 1989, 1991) and (b) the protein structure in

er, 1984) that indicates that ether oxygens with tegorid- the average MD coordinates of complexes with different
ization form weaker hydrogen bonds than carbonyl oxygens ligands. The close agreement of calculated and experimental
with sp? hybridization. enthalpies and the correct reproduction of various trends for

We did not attempt to calculate relative binding free different ligands show the method to be a useful tool for the
energies for the camphor analogues because only a fewanalysis of MD simulations of proteirligand complexes.
conformational transitions were observed during the MD Nevertheless, the method is only suitable for systems where
simulations of the camphor analogues. The standard mo-the protein conformational changes are minimal when a
lecular dynamics method may not be adequate for studyingligand is bound. Further, it is essential to include all
the accessible conformational space in the P450cam activenecessary solvent contributions (see Figure 8). We are not
site of the relatively large compounds studied here (in aware of previous simulations, in which solvent contributions
comparison to camphor), and more sophisticated ways ofhave been included in this way. The release of the active
sampling the conformational space may need to be employedsite water molecules is enthalpically favorable, and only the

However, an important contribution to the improved inclusion of this solvent contribution can reproduce the
binding of the novel camphor analogues comes from their experimental observation that the enthalpies for Y96F are
increased hydrophobic character compared to camphor, andnore favorable than for wild type. Unrealistic treatment of
we have therefore calculated solvation free energies with thesolvent such as in the test simulation for the camphor
AM1-SM2 method. Although the AM1-SM2 method was P450cam complex when four water molecules were placed
parametrized to reproduce experimental data for smallerin the active site can lead to binding enthalpies inconsistent
organic molecules, the calculated value for camphor13.8 with experiment (ca.15 kJ/mol too large for camphor binding
kJ mol is very close to the experimental value 6f.4.8 to wild-type P450cam). However, binding enthalpies cal-
kJ mol™* (derived from the vapor pressure (Datin, 1916) and culated for camphor binding to wild-type P450cam are
the solubility in water (Ishizaka, 1914)). No experimental insensitive to whether a water molecule is included at the
data are available for the other compounds. The AM1-SM2 sixth ligand position in the complex or not, and whether the
hydration free energies for the novel analogues are unfavor-substrate-free enzyme active site contains six or eight water
able relative to camphor by 20.9 kJ mb(CEN), 24.9 kJ molecules.
mol~t (CEP), and 23.2 kJ mot (CAL). This trend is to be Binding Entropies. The experimental binding entropies
expected due to the lower dipole moment of the camphor are all positive and increase with increasing compound size.
analogues. The ratios of binding entropies to solvent-accessible surfaces
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are between 56.7 J mélK~1 nm~2 for camphor and 74.8 J
mol~t K1 nm~2 for CEP. For comparison, the correspond-
ing number for the transfer of hexane from water to its own
liquid is 38.4 J mot! K™* nm 2 (calculated from the
experimental transfer entropy of 109.1 J md{~* (Baldwin,
1986) and the SASA of hexane of 2.84 HmThis indicates

The structural effect of potassium binding could not be
addressed in the MD simulations because the potassium
binding site was close to the fixed atom region in our system
setup. Table 3 lists the ligand atoms that are closer than
0.5 nm to Fe and therefore shield the Fe atom from any
solvent. CAM has 3 close atoms for wild type, but the close
that the binding entropy can be partly, but not fully, atom C9 is lost for Y96F. This could reflect the sharp
accounted for by desolvation of the ligands. Binding decrease in high spin content for Y96F. CEN, CEP, and
entropies may be considered to be due to distinct contribu- CAL have only one close atom for wild type, but two close
tions (see, e.g., Murphyet al, 1995). We calculated atoms for Y96F. This parallels the similar (CEN) or higher
differences in the binding entropies of the compounds relative spin content for the mutant (CEP and CAL). This interpreta-
to camphor and compared them to relative differences in tion should, however, be considered preliminary since it is
surface area and the number of water molecules in theunclear whether sufficient ligand conformations are sampled
hydration shell (see Table 5). Assuming similar binding in the simulations, and simulations for all compounds with
modes for the ligands, the relative entropid\@ can be solvent molecules included in the active site might give
expected to be independent of the entropic contributions duedifferent results. In particular, experimental evidence sug-
to the loss of configurational entropy of the protein side gests that camphor is more mobile in the active site of YO6F
chains, the loss of entropy of the ligand due to the decreasethan in wild type and the unanticipated conformations
in its translational and rotational degrees of freedom, and observed in the MD simulations might only be a minor subset
the gain in entropy due to the release of solvent from the of those populated. We note that this analysis does not
active site. Any contribution due to the relative side chain explain why CAL and CEP have such high spin content for
torsional entropy of CAL and CEP can be expected to be wild type compared to CAM.

small because their side chains show similar mobility in
simulations in the protein and in solution. In support of this
idea, the ratios of the relative binding entropies of the

We now discuss the relation between the Fe high spin
content data and the formation of a hydrogen bond with
Tyr96. For wild type P450, camphor forms a strong

analoguesAAS) to the relative number of hydration water
molecules A#wat) are very similar for all compounds and
suggest an entropic desolvation contribution of ca. 10 3ol be explained by the higher mobility of camphor in the active
K1 per water molecule. But, although the number of water site because it is not stabilized by the Tyr96 hydrogen bond.
molecules in the first hydration shell correlates well with CEN has a lower high spin content than the other compounds
the solvent-accessible surface area, the analogous values fan wild-type P450 and seems only to form a weak hydrogen
the ratio of the relative binding entropy to the difference in bond to Tyr96. Surprising are the greater high spin contents
SASA are more spread because ratios of small differencesfor CAL and CEP in Y96F than wild type, which indicates
are compared. The approximate average value of this ratiothat formation of the Tyr96 hydrogen bond is not important
of 200 J moft! K™ nm? is much greater than the for the stabilization of these ligands in the active site.
experimental value for the transfer of nonpolar solutes from  Application of hydrostatic pressure shows that the wild-
aqueous to hydrophobic solvent as given above. One reasorype protein active site is least likely to be hydrated when
is that camphor is more polar than the camphor analoguesCAM and CAL are bound, whereas CEN and CEP may allow
as indicated by its larger dipole moment, and therefore, the for some active site solvation. This interpretation is also in
calculation of properties relative to camphor will not give agreement with the lower high spin content of CEN and CEP
comparable results to those from a series of hydrocarbons.for wild type than camphor. The linear relationship for
But the deviation also indicates that the analysis above is AViyacivaionWas previously found for a series of commercially
oversimplified and other contributions to the binding entropy available ligands (Di Primeet al., 1992), but the linear
should not be neglected, e.g., the decrease in torsionalrelationship forAVsuin has not been reported so far. We will

hydrogen bond that restricts its motion. The sharp decrease
in high spin content for the camphe¥96F complex can

flexibility of the ligands upon binding.
High Spin Content.Our interpretation of the experimental
high spin results will follow that of previous work: The

percentage of high spin reflects the solvent accessibility of

the Fe atom (Fisher & Sligar, 1985), which itself is related
to the mobility of the ligand in the active site. tkinds in

address the use of hydrostatic pressure for studying the
solvation of the active site in more detail in a subsequent
paper.

Conclusions. The camphor analogues with a 3-carbon
substituent have very high Fe spin ratios &dvalues for
binding that are consistent with our prediction. The im-

an octahedral coordination provided by the carbonyl back- proved binding compared to camphor results primarily from
bones of Tyr96, Gly93, Glu94, Glu84, and waters 517 and the greater hydrophobicity of the compounds and the
584 (Poulost al,, 1987) and therefore has a local rigidifying consequently less favorable free energy of solvation. How-
structural effect by stabilizing the Tyr96 backbone (Di Primo ever, their complementarity to the shape of the protein
etal, 1990). For wild-type cytochrome P450cam, the heme binding site is important, and compounds with a 3-carbon
region is more accessible to solvent for CEN and CEP than substituent bind better than those with smaller or larger
for CAM and CAL. For Y96F, CEP and CAL exclude substituents. The camphor analogues bind better to the Y96F
almost all solvent from the heme region, indicating low mutant protein because they do not form strong hydrogen
mobility and good fit of the ligands. CAM on the other hand bonds with Tyr96 in wild-type P450cam. The MD simula-

is much more mobile for Y96F. In the absence of, khe tions show that the modeled compound orientations are at
results are similar for all compounds: Fe is more accessiblestable local energy minima although other binding modes
to solvent, which can be explained by a looser active site that were not sampled during the simulations may be
framework and higher mobility of the compounds. possible. As compound size increases, binding enthalpy and
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entropy increase with almost perfect compensation. The Connelly, P. R., Aldape, R. A., Bruzzese, F. J., Chambers, S. P,

simulations can reproduce the experimental binding enthal-

pies well and provide a reasonable interpretation of the
experimental Fe high spin content and the experimental
binding entropies. In conclusion, binding affinity can be

improved by adding a nonpolar moiety to the ligand of

appropriate size to fill extra space in the binding pocket that
is not occupied by ordered water but enthalgntropy

Fitzgibbon, M. J., Fleming, M. A., Itoh, S., Livingston, D. J.,
Navia, M. A., Thomson, J. A., & Wilson, K. P. (1998roc.
Natl. Acad. Sci. U.S.A. 91,964-1968.

Cramer, C. J., & Truhlar, D. G. (199Fcience 256213—217.
Cramer, C. J., Hawkins, G. D., Lynch, G. C., Giesen, D. J., Rossi,
l., Storer, J. W., Truhlar, D. G., & Liotard, D. A. (1995) AMSOL

version 5.0, QCPE Program 606.
Cupp-Vickery, J. R., & Poulos, T. L. (199%ature, Struct. Biol.
2,144-152.

compensation means that changes in the free energy ofpaiin, M. P. (1916)Ann. Phys. 5218-240.

binding are likely to be small.
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