
3196 J. Am. Chem. Soc. 1991, 113, 3196-3198 

phor analogues such as norcamphor, 5,5-difluorocamphor, peri-
cyclocamphanone, adamantanone, adamantane, and 5,6-
dehydrocamphor.6,7 Force field and heat of formation calculations 
have predicted oxidation results for some of these analogues in 
good agreement with the experimental data.8 We report here 
that cytochrome P450c<im oxidizes a simple olefin unrelated to 
camphor with high stereoselectivity and independently predict the 
stereoselectivity of the reaction by energy minimization and 
molecular dynamics (MD) calculations. The remarkable 
agreement found between the experimental and calculated en
antiomeric ratios demonstrates the potential utility of computa
tional methods in characterizing and predicting the binding of 
lipophilic substrates to cytochrome P450 enzymes. 

Incubation of cell-free cytochrome P450Mm with cis-0-
methylstyrene followed by gas-liquid chromatography (GLC) of 
the products' shows that the epoxide is formed, without loss of 
the cis olefin stereochemistry, at the rate of 1.3 nmol/nmol of P450 
per min.10,12 Stereochemical analysis of the epoxide metabolites 
was accomplished by using a chiral capillary GLC column.13 The 
epoxide metabolite gives two GLC peaks which coelute with the 
peaks of the epoxide obtained by reaction of m-jS-methylstyrene 
and w-chloroperbenzoic acid. Assignment of chirality to the 
components of the individual peaks is based on literature data14 

and on chiral GLC correlation with a known, unequal mixture 
of the epoxide enantiomers provided by Dr. Thomas Kodadek.15 

Analysis of the epoxide of c/'j-jS-methylstyrene produced by cy
tochrome P450<.am shows that it consists of an 89:11 (±2) mixture 
of the 15,2/? and \R,2S enantiomers, respectively. Cytochrome 
P450Mm thus not only oxidizes ci.s-|8-methylstyrene but does so 
with remarkable stereoselectivity. 

1R.2S 1S.2R 

Theoretical studies using AMBER16 to minimize enzyme-
substrate orientations and molecular dynamics simulations were 
carried out in parallel with experimentation. The initial con
formation of cw-/3-methylstyrene, a structure with the methyl 
group out of the plane of the aromatic ring by about 40°, was 
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optimized by using AMI.17 Two separate MD simulations of 125 
ps each were run for four different minimized orientations of the 
cis-0-methylstyrene docked into an extended binding site of cy
tochrome P450cam.18 Coordinates were saved every 0.2 ps, and 
the relative orientation of the olefin IT system to the ferryl oxygen 
was monitored to determine the preferred face for each of these 
5000 MD snapshots. Snapshots with the methyl-substituted C0 
atom of the substrate farther than 4 A from the ferryl oxygen 
were not counted since these distances were considered to be 
unreactive toward oxygen addition. The results of these simu
lations yield a product ratio (\S,2R/IR,2S) of 84/16, based upon 
the orientations of the olefin ir system with respect to the putative 
heme-bound ferryl oxygen atom. These results lead to the pre
diction that the \S,2R enantiomer should be formed in approx
imately 70% enantiomeric excess, a value very close to that found 
experimentally. 

The present results indicate that cytochrome P450Mm, despite 
its evolutionary specificity for camphor, readily oxidizes unrelated 
substrates. The only real limitation on whether a compound is 
a substrate for cytochrome P450„m appears to be its size (un
published work). The high stereospecificity of the oxidation of 
ci'j-/3-methylstyrene, a compound with no hydrogen bonding or 
polar functions, must be determined primarily by contact or 
dispersion forces. As shown here, successful theoretical analysis 
of the binding of this olefin to the active site of the enzyme requires 
molecular dynamics simulations. The agreement between the 
resulting stereochemical prediction and the experimental result 
provides both strong support for the validity of the model and the 
methods used and insight into the origin of the stereoselective 
control of product formation. 

Acknowledgment. This work was supported by National In
stitutes of Health Grants GM 25515 (P.O.M.) and GM 29743 
(G.H.L.). Calculations were carried out at the Pittsburgh Su
percomputer Center sponsored by the National Science Foun
dation. 

(17) Dewar, M. S. J.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. J. 
Am. Chem. Soc. 1985, 107, 3902. 

(18) The binding site consisted of 87 amino acids within ~12 AoftheFe 
of the heme unit. The backbone atoms were constrained by a harmonic 
potential of 100 kcal/A2. 

Structures of Proteins in Solution Derived from 
Homonuclear Three-Dimensional NOE-NOE Nuclear 
Magnetic Resonance Spectroscopy. High-Resolution 
Structure of Squash Trypsin Inhibitor 

T. A. Holak,* J. Habazett l , H. Oschkinat, and J. Otlewski 

Max-Planck-lnstitut fur Biochemie 
D-8033 Martinsried bei Munchen, Germany 

Received December 14, 1990 

The nuclear Overhauser effect (NOE) is the main source of 
distance constraints used in the calculation of biomacromolecular 
structures from N M R data.1"3 To date, distance constraints have 
been derived primarily from two-dimensional N O E measurements. 
Recently the potential of homonuclear three-dimensional N O E -
N O E experiment for obtaining new types of protein connectivities 
has been demonstrated.4 ,5 The homonuclear 3D N O E spectra 
should contain more information relating to distance criteria than 
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Figure 1. Cross section for F3 at the position of the Gly29 amide proton 
taken from a 3D NOE-NOE spectrum of CMTI-I. NOEs at the F1 and 
F2 frequencies are labeled; the F3 is always 29N. The homonuclear 3D 
NOE-NOE spectrum was acquired at 25 0 C from a 9 mM sample of 
CMTI-I (pH 4.3 in 2 mM sodium acetate, 90% H2O/10% D2O) on a 
Bruker AMX-600 spectrometer. The experiment, carried out with use 
of a pulse sequence described in ref 4 had two identical mixing times of 
140 ms each. Each FID consisted of 8 scans resulting in a total mea
surement time of 6 days. The data set consisted of I1 X C2 X r3 = 256 
X 256 X 512 points over a spectral width of 7400 Hz in all three di
mensions. A subvolume containing the NH protons in F3 only was 
utilized. Two regions from this subvolume were processed separately. 
The first subvolume comprising the region F1 = F2 = 6.0-0.0 ppm, F3 

= 10.0-6.4 ppm was processed with the resulting spectral data matrix 
of 512 X 512 X 1024 points obtained after zero-filling in F1, F2, and F3. 
Appropriate Lorentz-to-Gaussian transformations were applied together 
with baseline correction by a third-order polynomial fit in all 3 dimen
sions independently. The second region, processed similarly, comprised 
the portion of the spectrum F1 = 10.0-0.0 ppm, F2 = 10.0-0.0 ppm, and 
F3 = 10.0-6.4 ppm. 

the 2D data, which is critical for an accurate structure deter
mination.1"5 

This paper describes the first N M R structure determination 
of a small protein with use of distance constraints derived solely 
from homonuclear 3D NOE-NOE spectroscopy. The 3D data 
set allowed much better definition of the structures than was 
previously possible in the 2D spectra. The solution structure of 
squash trypsin inhibitor (CMTI-I) was recently determined from 
NMR data based on various two-dimensional spectra.6 These 
structures were based already on a very large number of distance 
constraints (324 interproton distance constraints for 29 residues). 
A single homonuclear 3D NOE-NOE experiment in water pro
vided every NOE previously observed in two 2D NOESY spectra 
measured in H2O and D2O. In addition 217 nontrivial distance 
constraints were determined from the 3D NOE-NOE spectrum 
which could not be obtained from these two 2D NOESY spectra. 
The current structures are thus based on 541 distance constraints 
(19 distance constraints per residue). 

The intensity of the 3D NOE-NOE cross-peak, aijk, is pro
portional to the product of the individual NOE transfer efficiencies 
of each mixing time.4,7'8 In a second-order approximation for 
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rm and with both mixing times equal, the intensity of the 3D 
NOE-NOE cross-peak is proportional to 

aijk « Otfijk = oijojkTm
2 = Kr^r^ 

where ay is the cross-relaxation rate between spins;' and j , rm is 
the mixing time, K is the proportionality constant, and rtj is the 
interproton distance constraint. The back-transfer peak B, a{ji? 
is then proportional to the square of the cross-relaxation rate <ry. 
It can be shown that in contrast to 2D NOESY there is no con
tribution to aijk and aij{ from spin diffusion terms of second order 
for spins other than i,j, and k; however, indirect transfers of third 
and higher order in rm are still present in these peaks (since the 
3D peak itself is second order in rm the relative contributions of 
spin diffusion are similar in 2D and 3D cross-peaks). For the N1 

and N2 peaks,5 a^ and aUJ, respectively, the intensity atjj or anj 

is directly proportional to r,-/"6, a^ <* a,jrm, assuming that only 
the first-order term is retained in the linear approximation for 
Tm. The N1 and N2 cross-peaks are due to the direct NOEs during 
the first and second mixing times, respectively.5 

The 3D cross-peak intensities were semiquantified by measuring 
the intensity of the highest point in a volume around the 3D 
cross-peak. This intensity is directly proportional to the volume 
of the 3D cross-peak provided that the line width of every peak 
in all 3 dimensions is similar and larger than multiplicities of the 
signals. This is the case in the 3D NOE-NOE spectrum. The 
distance constraints involved in the 3D NOE-NOE cross-peaks 
were extracted in the following manner. Three separate calibration 
constants (JCs) were determined by using the connectivities which 
involved known interproton distances: two constants for the cross 
peaks with two of the three frequencies equal (the N1, N2, and 
B cross-peaks), and the other for "real" 3D NOE-NOE cross-peaks 
with three different frequencies. The calibration constants for 
the N1 and N2 (and also B) peaks can be used directly to estimate 
distance constraints from the experimental intensities on these 
lines. For example, the N2 connectivity 28a-28a-29N in Figure 
1 gives the distance constraint between Cys28CaH and GIy29-HN 
(the notation 28a-28a-29N corresponds to the cross-peak [F, = 
Cys28C°H] - [F2 = Cys28CaH] - [F3 = Gly29HN] on the N2 

line at the NH amide plane of residue Gly29). For the 3D 
cross-peaks with three different frequencies, the distance constraint 
corresponding to one of the two NOE transfers has to be known 
in order to calculate the distance constraint involved in the other 
transfer. These reference distance constraints were acquired from 
the distance constraints obtained from the N1 and N2 cross-peaks. 
The interproton distances derived from known amino acid geom
etries were also used.''9^" 

Once an initial set of distance constraints was established, they 
were used to calculate other interproton distance constraints in
volved in the 3D NOE-NOE transfers. In many cases one distance 
constraint could be calculated from several different 3D cross-
peaks; for example, the connectivity 22CaH-28CH (Figure 1) 
was found in the four NH planes 22a-28a-29N, 22a-28a-21N, 
22a-28a-28N, and 22a-28a-23N. In cases such as the connec
tivity 22a-28a, only one distance constraint was entered into the 
input table, usually the one involved in the strongest cross-peak. 
There was usually little deviation among the distance constraints 
derived from different cross-peaks. The distance constraints were 
entered as equilibrium values obtained from the calibrations with 
bounds ±0.5 A for distance constraints of 2.3-3.5 A and ±0.8 
A for distances between 3.6 and 4.3 A, respectively. 

Thirty structures were calculated with use of the basic protocol 
presented previously.6 The structures, shown in Figure 2, exhibit 
very small deviations from idealized covalent geometry and en
ergies which are similar to those published previously. All 
structures satisfy the experimental constraints. There are no 
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Figure 2. Best superposition of the backbone (N, C", C, O; residues 2-29) of the 12 structures. All heavy atoms are shown. The average of the 
root-mean-square differences among the 3D NOE-NOE structures is 0.51 ± 0.11 A for the backbone atoms and 1.18 ± 0.13 A for all heavy atoms. 

distance constraint violations greater than 0.5 A. The root-
mean-square difference from the experimental constraints, which 
are calculated with respect to the upper and lower limits of the 
distance constraints,6 is 0.060 ± 0.008 A for all 541 distance 
constraints. When the new structures are checked for distance 
constraint violations against the 324 2D NOESY distance con
straints (with the upper and lower bounds to distance constraints 
used in the present study), the root-mean-square difference is 0.081 
± 0.010 A. The root-mean-square difference is lower than that 
for the 2D NOESY distance constraints while the number of 
NOEs is 65% greater for the new structures. 

In one set of 12 structures, the disulfide bridges were defined 
neither as bonds nor as distance constraints. These structures were 
almost identical with those calculated with the disulfide bonds 
specified. The S-S pairing could be determined unambiguously 
from the NMR structures. Also, in contrast to the previous 
structures, the present structures exhibit unique conformations 
for all the disulfide bridges. The ability to obtain structures with 
the uniquely determined conformations of the disulfide bridges 
could be traced to the presence of new NOEs in the 3D spectrum 
involving cysteines. 

In conclusion, we have shown that a single 3D NOE-NOE 
experiment of a protein in water can provide sufficient input data 
to calculate structures that could be deemed to correspond to 
high-resolution structures as defined in X-ray crystallography. 
A large number of NOEs can be extracted from the homonuclear 
3D spectrum, together with NOEs not observed in 2D NOESY 
spectra. This is especially true for connectivities between the 
side-chain protons of different residues. Around 200 such long-
range NOEs could be obtained from the 3D NOE-NOE spectrum. 
For the 2D spectrum, the aliphatic region of the NOESY spectrum 
is used to extract such connectivities; due to experimental limi
tations,1 this requires a spectrum of protein dissolved in D2O. In 
the 3D NOE-NOE spectrum in H2O, the NOEs between the 
aliphatic protons can be observed at unique amide proton fre
quencies. It is also easier to assign such connectivities in the 3D 
than the 2D spectrum because of the possibility of multiple 
checking of the assignments due to the redundancy and mutual 
consistency of the 3D cross-peaks. Since 3D NOE-NOE spec
troscopy does not rely on coherent transfers due to the scalar 
coupling, its sensitivity is not restricted by small J coupling or 
large line widths. The 3D NOE-NOE spectroscopy should 
therefore be useful in the structure determination of large biom-
olecules. Of course, the method is not limited to biomolecules; 
it should be useful for any organic compounds that give rise to 
the NOE effect. We expect that the homonuclear 3D NOE-NOE 
spectroscopy will replace or supplement the 2D NOESY for 
structure determination. 
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PABA (p-aminobenzoic acid), an important precursor in the 
bacterial biosynthetic pathway for folate coenzymes, is formed 
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