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Abstract

Heavily halogenated hydrocarbons are one of the most prevalent classes of man-made
recalcitrant environmental contaminants and often make their way into subsurface
environments. Biodegradation of heavily chlorinated compounds in the deep subsurface often
occurs at extremely slow rates because native enzymes of indigenous microbes are unable to
efficiently metabolize such synthetic substances. Cost-effective engineering solutions do not
exist for dealing with disperse and recalcitrant pollutants in the deep subsurface (i.e., ground
water, soils, and sediments). Timely biodegradation of heavily chlorinated compounds in the
deep subsurface may be best accomplished by rational redesign of appropriate enzymes that
enhance the ability of indigenous microbes to metabolize these substances. The isozyme family
cytochromes P450 are catalytically very robust and are found in all aerobic life forms and may
be active in may anaerobes as well. We are attempting to demonstrate proof-of-principle
rational enzyme redesign of cytochromes P450 to enhance biodehalogenation.

Background

The Problem and Overview

During the last half century, organic chemists have synthesized many new halogenated organic
compounds with the highly "desirable" property of extra stability; thu,s environmental
recalcitrance was engineered into these synthetic compounds. These substances are frequently
used as solvents, degreasing agents, intermediates of synthesis, and a variety of speciality
purposes. Halogenated compounds derived from industrial wastes, agricultural practices, waste
products of energy production, and national defense activities have entered the environment
through routine disposal practices and accidents. An EPA listing of 129 Priority Pollutants
contained 62 halogenated organic compounds, while 27 out of 65 compound classes on a tist of
toxic pollutants were halogenated hydrocarbons (1). The extent of chemical contamination on
U.S. Department of Energy (DOE) lands was recently summarized" heavily halogenated
hydrocarbons also constitute one of the largest classes of contaminants on DOE lands _'2}. OnJy
more recently have the toxicological and carcinogenic properties of halogenated organ_::sbecome
significantly understood (3,4). Thus, contamination of water and soil/sediments b';' heaviiv
chlorinated and synthetic hydrocarbons is a serious environmental problem.

Underground aquifers are a major source of fresh water in many countries L,nd sLpolv '9C I_,
95% of the drinking water of rural populations in the United States (5). Sucr, aqu;fers a -
becoming contaminated with the toxic by-products of human activities (6). It!3st _.C_uifs
harbor significant numbers of microorganisms, and these populations often n_,_,.;the &_iJi,y to
degrade otherwise harmful organics (reviewed in 7). The problems asso._i;.[,,_ w:,th
environmental restoration on contaminated DOE lands (reviewed in 8) ha.; s Ja-P.d _n ir,'._res!
in the microbiology of the deep terrestial subsurface. Subsurface sediments ha,,£ '_,er'_,.:_ilected
from deep boreholes on DOE lands in South Carolina (7,9) and Washington '_iG.l"/ , _te._
these samples contain diverse populations at virtually all levels examineu down to ,,_c'q
meters. Organisms collected from these environments may prove useful for em. { :'._on.

A recent survey of lakes in Sweden and soil samples from different parts of the wortd concludes



that halocarbons are more widespread in nature than can be explained by human activities

(12). This finding is consistent with the fact that over 700 halometabolites have been
identified as natural products of terrestial bacteria, tungi, and plants, as well as ol marine algae
and animals (13). Several reviews on microbial biodegradation of halocarbons have recently

appeared (14-17). That microorganisms can rather readily degrade marly man-made
halogenated compounds with few halogens is therefore not so surprising. However, the more
heavily chlorinated compounds generally appear to be man-made in origin and extremely
resistant to biodegradation.

The nature of deep contamination, often highly disperse and inaccessible, substantially limits or
precludes the successful application of many strategies currently being applied to remediate
surface and near-surface contamination. Remediation of subsurface contamination has proven

to be problematic. "Given the magnitude of subsurface contamination problems and the rather
poor success rate for current remediation technologies, it is obvious that an improved
understanding of the processes governing subsurface transpor_ and fate of contaminants and
limiting ground water and soil remediation is needed" (18). Moreover, "the case for
biodegradation of recalcitrant, synthetic and sometimes toxic components associated with
hazardous wastes and environmental contamination problems is not transferable immediately

from our knowledge of conventional waste treatment process engineering" (19). Cost-effective
remediation of heavily halogenated synthetic substances in deep subsurface environments may
require novel bioremediation alternatives (20,21). This report describes the basis and
progress of a new approach, "rational enzyme redesign," which has considerable promise as a
cost-effective and timely process for solving_ many environmental problems associated with

heavily halogenated hydrocarbons in the deep subsurface.

The first step of the rational enzyme redesigln process is to engineer into an appropriate

enzyme(s) improved catalytic ability for degrading one or more heavily halogenated target
compounds. This involves a coupled experiment-theory research effort that fully exploits
biotechnology and computed-based molecular simulations. The second step wilt employ
indigenous microflora from a variety of niches from the subsurface. Appropriate organisms
could be cultured in large numbers (on the surface); the gene for a redesigned enzymets)
inserted into a plasmid or the genomic DNA; and the engineered cells then aelivered back to the
subsurface. Presumably, such cells returning to a familar niche will have _ reasonable chance
of survival and increasing biodegradation of the targeted compound(s).

Biochemistry of Microbial Dehalogenation

Four mechanisms of biodehalogenation of chlorinated organic compounds nave Dee_ i3entffied:
substitutive, oxidative, reductive, and eliminative (22). Some aerobic microorganisms can

dehalogenate a limited number of chlorinated organics, but often cannot me:_ao',;,ze tne most
heavily chlorinated substances. For instance, bacteria capable ol aerobical;,, a.qc
cometabolically dehalogenating trichloroethylene, dichloroethyienes, vinv', oh.arise, and
monochlorinated benzenes are usually unable to dehalogenate the most hea_41_ cn,an,_ated
aliphatic or aromatic analogues (23-27).

Reductive dehalogenation is the only known biodegradative mechanism tc.r :e':n:_'qr, a;eg
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compounds (with all hydrogens bonded to a carbon replaced by a halogen) such as • ,R,

hexachlorobenzene, tetrachloroethylene, pentachlorophenol, and carbon tetrachloride (22).
Different methanogenic bacteria have been shown to slowly reductively (anaerobically)
dechlorinate tetrachloroethylene; oxidative dehalogenation of trichloroethylene can be -100 to
15,000 times faster (see Table 2 of reference 22).

The environmental and public health significance of microbial-catalyzed reductive
dehalogenation reactions has generated much interest to understand the molecular basis of these
transformations. Reductive dehalogenation of carbon tetrachloride was round to occur in an E.
coil (28), Pseudomonas (29), and other bacteria (30). Although there is evidence that
transition-metal coenzymes, without enzymes, can reductively dechlorinate various heavily
chlorinated compounds (30-33), there is also clear evidence that enzymes may be involved
(30; and references therein). Microorganisms native to the DOE's Hanford Site in Washington
State have been shown to degrade carbon tetrachloride when supplied with an electron donor
such as acetate (34); although, the active biochemical group (i.e., coenzymes and/or enzymes)
has not been studied. Pseudomonas pufida G786 and purified cytochrome P450cam have been
demonstrated to catalyze anaerobic reductive dehalogenation of perchlorinated hydrocarbons
such as carbon tetrachloride (35) and hexachloroethane (36). It should be appreciated that
P450s contain an essential transition-metal coenzyme, heme. For each chlorine atom that is
replaced by a hydrogen atom, there is a requirement for a two-electron reduction step (36).
The reduction step is an energy-consuming step and usually is not accompanied by energy gain
as a result of breaking the carbon-halogen bond. An ideal substrate enzyme pair can approach
100% coupling of electron transfer ancl product formation; pairs without lock-and-key
regiospecificity often have very low cot, piing and, thus, are energetically very inefficient.

Bioremediation of heavily chlorinated organics by microorganisms currently relies heavily on
cometabolic degradation; that is, fortuitous degradation of the target contaminant by organisms
that are utilizing another compound as a growth substrate (37; and references therein). Under
nutrient-limiting conditions, as is generally the case in the deep subsurface, the simultaneous
availability of primary metabolite(s) and heavily chlorinated compounds will generally be
rare. Thus, in order to have significant rates of biodehalogenation of heavily chlorinated
compounds under nutrient-limiting conditions, it is beneficial to have highly coupled electron
transfer and product formation. Since transition-metal coenzymes have a solvent accessible
reactive center, it is expected that coupling of electron transfer and dehalogenation cannot attain
values possible by an equivalent enzyme-coenzyme complex containing a buried active site with
"lock-and-key" specificity for a particular heavily chlorinated compound(s).

!

Enzyme Evolution and Timely Biodegradation

It is generally assumed that the genetic traits necessary for biodegradation of synthetic
compounds can be selected for, in relatively short time intervals, unaer laboratory or field
conditions. But since enzyme "lock-and-key" or "induced-fit" mechanisms have generally
evolved to be very specific for their particular substrate(s) and product(s), microbial
degradation of mankind's synthetic substances will probably only occasionally occur at
significant levels due to (coincidental) cometabolism, gene recruitment, or timely (fortuitous)
selection/evolution. While it is less than straightforward to obtain a quantitative time



estimate, genealogical analysis of different evolutionarily related proteins suggests that
enzymes evolve at more or less characteristic rates. The unit evolutionary period (UEP) is the
time in millions of years needed to establish a 1°o difference between the amino acid sequence
between divergent lines; the UEP range for several enzymes is 2 to 20 (38). Thus, the
evolution of an enzyme with enhanced specificity and efficiency for a non-natwe substrate may
proceed very slowly if multiple and specific genetic changes are simultaneously required for
adaptation (20,39). On the one hand, microorganisms with rapid generation t_mes, in the
presence of appropriate selection pressure, could perhaps evolve new enzyme tunctions in a
much shorter period than suggested above. On the other hand, microorganisms existing under
nutrient-limited conditions may require extra long periods to evolve. Therefore, "designing"
multiple changes into an enzyme may be the only systematic and timely alternative to waiting
for essentially geological timescales for such rare changes to occur in vivo under environmental
conditions, or under selection conditions in the laboratory or field which may also require a
very long period of time based on statistical probabilities.

Protein Engineering, Dynamics and Rational Redesign

The term protein engineering means changing a protein to make it serve a different purpose. In
principle, one may change the functional characteristics of an enzyme by altering its substrate
specificity, catalytic action, pH, or temperature optima (40-45). Redesigning enzyme
catalytic specificities and physical features is a relatively new enterprise with far reaching
consequences; some very significant results have already been obtained (41.46-49). It is
especially noteworthy that rational site-directed mutagenesis has been used to alter the
functional class of an enzyme from a cytochrome to a demethylase (45).

The field of protein engineering developed in the 1980s as advances in recombinant DNA
techniques made it possible to specifically modify the coding sequence of a cloned gene.

Obviously one cannot make all possible combinations of amino acid changes for even the smallest
enzyme, so the essential question is which changes to make. To have a reasonable chance to
successfully carry out rational redesign, to alter an enzyme's specificity,, and or enhance its
efficiency, it is necessary to have adequate structural data about the native enzyme and native
enzyme-substrate interactions, an understanding of the underlying catal_qic mechanism(s), a
cloned gene for site-directed mutagenesis experiments, and robust simulation methods for
studying protein dynamic fluctuations. Starting with a three-dirnensional x-ray c_,stal and/or
NMR structure as input, computer modeling and simulations can play' a valuable if not essential
and unique role in this process (20).

I

"Any attempt to understand the function of proteins requires an investigation of the avnamics of
the structural fluctuations and their relation to activity and conformat_onal c,',ange" (50).

"Many protein 'engineers' fail to appreciate the subtle ways that protein dvnami_,s are altered
by mutagenesis and the effects of these alterations on the thermocJynami_ a.q_ kinetics of
chemical steps" (51). Although experimentally determined enzyme'pro;elr, s:ructures are
invaluable in understanding structure-function relations, they generaliy s_, = from the
following limitations that can be significantly resolved from a self-cons_ste,qt, coupted
experiment-theory analysis:
1.) The structural image obtained is an average in time and space and. tr',ere;c-e, some atomic



positions may be due to mathematical averaging. . .
2.) Conformational details are usually nonresolvable for structures less than 5 to 10 percent in
population. Understanding these lower populated conformations may be important since the
bioactive conformer(s) may be a less populated or transient conformation.
3.) Molecular surface properties can be significantly deformed due to crystal packing in the
solid state, or due to different solution conditions from those of in vivo. How surface distortions
impact more interior residues is also not currently well understood.
4.) Proton locations are generally not experimentally determined. Two such related problems
may seriously impact the quality of a simulation. Inappropriate choices of local pKa effects on
potentially ionizable groups and/or the conformation of protons on side chain hydroxyl groups
of buried residues (52) can lead to very serious consequences in simulations that do not first
correct for these situations.

A self-consistent, coupled experiment-theory analysis, starting from a high-resolution I
experimental structure, can potentially help resolve the above limitation. This analysis will
lead to a better understanding of the dynamic mobilities and fluctuations inherent in enzyme
structure and function. Moreover, these experimentally unexpected, but testable, hypotheses
will often be crucial to understanding the mechanisms essential for enzyme function alteration.
It should be stressed that current redesign objectives are to increase regiospecificity and
efficiency for an enzyme with experimentally demonstrated inherent chemical capacity for
carbon-halogen bond cleavage. At the present time, we are not attempting to alter the inherent
bond making-breaking mechanism of an enzyme, only the physico-chemical components of
catalysis.

Cytochrome P450: An Ideal Enzyme for Rational Redesign To Improve
Environmental Biodegradation

Background

What is now known to be the cytochrome P450 gene superfamily consists of numerous enzymes
that are remarkable in the variety of chemical reactions catalyzed and in the number of
substrates attacked (53,54; and references therein). Animals, plants, and microorganisms all
contain cytochromes P450; in mammals, isozymes of P450 have been found in all tissues
examined, and individual cells may produce dozens of different types of P450 (53). There are
two major functions of P450 enzymes: (1) some isozymes have critical and specific roles in
metabolism of endogeneous substances (i.e., conversion of cholesterol to corticoid and sex
hormones) and (2) other isozymes process the burden of natural (and man-made) "foreign"
chemicals in a relatively nonselective manner (54; and references therein). Metabolism of
xenobiotics often leads to the formation of more polar compounds that are more readily
excreted; this is usually a detoxication process, but sometimes foreign compounds are converted
to products with much greater cytotoxicity, mutagenicity, or carcinogenicity. There is broad
interest in the P450s because of the significance of these enzymes in a wide variety of
disciplines ranging from the environmental sciences, agriculture, inorganic chemistry, and
medical genetics.

The known substrates of P450s range in size from ethylene to that of cyclosporin A (molecul2r



weight of 1201) (54). Most of the substrates are lipophilic. "The number of man-made
'environmental chemicals' has been estimated as greater than 200,000, most of which are
thought to be potential substrates for P450" (53).

Sequence data from several dozen P450 sequences indicate that the P450 gene superfamily
diverged more than 2 billion years ago from a single ancestral gene. The emergence of many
new genes during the last 800 million years most likely reflects "animal-plant warfare" (55).
As animals began to ingest plants, plants developed new noxious metabolites; animals responded
by developing novel enzymes to degrade the new plant metabolites. Can mankind's synthetic
compounds induce a similar process? Can rational enzyme redesign be used to significantly
reduce the time required for adaptation?

P450 Biochemistry and Structure

Cyochrome P450cam

P450 is a generic term applied to a group of hemoproteins defined by unique spectral
properties (near-UV)'.max at 450 nm for the Fell-CO complex) imparted by the presence oi an

axial cysteinyl thiolate ligand to the heme iron (56). Most of the reactions begin with the
transfer of electrons from NAD(P)H to either NADPH-cytochrome P450 reductase in
microsoma! systems or a ferredoxin reductase and a nonheme iron protein in the mitochondrial
and bacterial systems, and then to cytochrome P450. Many P450 reactions proceed with the
stoichiometry characteristic of monooxygenases (57):

2NAD(P)H + 02 + RH --> 2NAD(P). + H2O . ROH

In a reaction of this type, hydroxylation usually occurs at a carbon atom. but is also seen at
heteroatoms such as N, S, and I; dealkylation of amines and ethers, and epoxidation as well as
reduction reactions are also catalyzed by P450s (reviewed in 57; 58).

Most P450 reactions are relatively slow and rates of -1 nmol of product formed'nmol of
P450/min are common for many substrates. The catalytically fastest P450 enzymes are those
in bacteria, such as P450cam (see next section), which form products at rates greater than
103/min. The native P450cam reaction cycle is believed to be rate limited by electron-
transfer, and the chemical intermediates have been well characterized to the point where the
input of the second reducing equivalent initiates dioxygen bond scission (reviewed in 59/. In
the faster bacterial P450 systems, the enzyme is very selective with respect to substrate
stereochemistry. In other P450 systems that are typically slower, however, the rate-limiting
step varies. For instance, studies have indicated that hydrogen atom abstrastion car', be rate-
limiting, as can product release, and oxygen availability (reviewed in 54). Tnis suggests that
the P450cam system is ideal for learning the principles by which nature has aes"_,..qe.,'_a
selective and efficient P450 enzyme.

In general, P450 systems are bound to an intracellular membrane and ttlus are refractory to
extensive solubilization; whereas, P450cam is soluble and easily purified. Amon_ tne various
P450s that have been isolated, P450cam, a cytosolic enzyme expressed bv tne soi: _acterium
Pseudomonas putida that catalyzes the first step in the degradation of cam;uhor _'""o,.. reviewed in

61), is the first P450 for which crystallographic structures have been sowed. Tr,ese
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structures include substrate-free P450cam refined at 2.20 A (62), camphor-bound P450cam
refined to 1.63 ,_ (63), and the ferrous carbon-monoxide- and camphor-bound ternary
P450cam complex refined to 1.9 A (64). In addition, crystal structures have been determined
for P450cam complexed with different inhibitors and alternative substrates (65-68) as well
as an active site mutant (69). The three-dimensional x-ray structure of P450cam in both
substrate-bound and free forms has served as an excellent road map for structure-function
investigations of the active site. The position of the camphor molecule and its interactions with
the protein heine group in the P450cam complex are understood in atomic detail as depicted in
Table 3 and Figure 4 of the 1.63 A resolution structure report (63). The heme provides the
largest contact surface for interactions with the substrate. The remainder of the camphor atoms
are in contact with a limited number of protein active site amino acid side chains: Phe-87,
Tyr-96, Thr-185, Leu-244, Val-247, Thr-252, and Val-295. The side chain hydroxyl group
of Tyr-96 forms a hydrogen bond with the keto group of the camphor molecule, but because this
interaction is on the opposing face of camphor to that which is catalytically attacked, it is
apparent that this hydrogen bond is mainly just for steering purposes (63). P450cam is
unlike many other enzymes in that its active site does not contain acidic or basic amino acids
sidechains involved in binding the substrate. P450cam has been cloned and expressed in
Escherichia coil (70,71)o This has made possible a number of site-directed mutagenesis
studies of P450cam (72-74; reviewed in 59).

The mechanistic pathways and intermediates for P450cam catalysis are reasonably well
understood. When camphor binds inside the active site pocket, the active site waters (62) are
displaced resulting in a pentacoordinate high-spin heme iron atom. Water access (75) to the
heme iron has been shown to regulate both the spin state equilibrium (76) and the redox
potential (77) of P450cam. The substrate-free enzyme possesses a low-spin (S=1/2),
hexacoordinated, aquo-liganded ferric heme, and a network of hydrogen-bonded solvent
molecules occupies the buried substrate binding pocket (62). The major structural alteration
associated with substrate binding results from the camphor-induced expulsion of six water
molecules from the active site, yielding a high-spin (S=5/2) pentacoordinated heme (62,63).
The change from low-spin to high-spin heine is accompanied by a change in reduction potential
from -300 to -170 mV, resulting in a favorable driving force for electron transfer from the
physiological redox partner putidaredoxin (78).

Aerobically, the one-electron reduction of P450cam is followed by binding of dioxygen,
resulting in dioxyferrous P450cam; the subsequent second electron-transfer step initiates O-O
bond scission, with formation of water and a high-valent, iron-oxo intermediate suggested to be
the active hydroxylating agent (79; reviewed in 59). Substrate hydroxylation follows, most
likely by a radical mechanism; under tightly coupled reaction conditions, 100 percent of the
NADH-reducing equivalents are used for product formation (reviewed in 59). If substrate
hydroxylation and electron flux are decoupled, nonproductive shunting may occur through
either autoxidation pathways and hydrogen peroxide formation or an oxidase pathway yielding
excess water (reviewed in 59).

New P450 Structures

The only bacterial P450 that is known to utilize a FAD- and FMN-containing ftavoprotein

8



reductase is P450BM.3. The active monomer has a molecular weight of 120 kD and is a soluble ° ,b

monooxygenase from Bacillus megaterium that catalyzes the hydroxylation and epoxidation of
several fatty acid substances (80). The crystallization and preliminary x-ray diffraction
analysis of the heme containing domain of P450BM.3 (55 kD) was reported in 1992 (81) and

the structure has been solved to 2.0 ,_ resolution (82). The crystal structure of P450BM. 3 iS

very interesting in that the unit cell contains two forms of the enzyme: one with the active site
relatively closed and the other with the active site relatively open. The access channel in the
open form is relatively large, but this is not surprising since many of the fatty acid substrates
of P450BMo3have molecule weights about twice that of camphor. Fatty acid monooxygenases

have also been reported to be present in plants, yeast, bacteria, and mammals (reviewed in
83). P450 monooxygenases are believed to play an important role in mqmmalian hydroxylation
of endogenous fatty acids, prostaglandins, and leuotrienes. The gene encoding this catalytically
self-sufficient polypeptide was engineered into two separate functional domains: the NH2-

terminal domain (55 kD) that contains the heme and functions as the monooxygenase and the
COOH-terminal domain (66 kD) that contains both FAD and FMN and functions as a
NADPH:cytochrome reductase (84).

Peterson, Deisenhofer and coworkers have also solved the x-ray diffraction structure of
another cytochrome P450 from soil Pseudomonad which can grow on o_-terpineol as its sole
source of carbon and energy (81).

We believe that these new P450 structures present excellent opportunities for rational
redesign to efficiently dehalogenate substances with sizes and shapes more analogous to the
natural substrate of the individual P450. For instance, P450BM.3 is expected to be more

suitable for redesigning its specificity to dehalogenate hydrocarbons that are twice the size of
camphor than would be redesigning P450cam.

P450s and Dehalogenation

It is well known that polyhalogenated hydrocarbons undergo one- and two-electron reductions
mediated by cytochromes P450 (reviewed in 3). A purified reconstituted P450 system has
been shown to reductively convert carbon tetrachloride to chloroform (85). It has been shown
that cytochrome P450cam is capable of dehalogenating some hydrocarbons oxidativety and
reductively under the same conditions, although the rate of conversion is relatively slow (86);
the latter study indicates that some halogenated hydrocarbons permeate bacterial cells more
rapidly than they can be metabolized, and the resulting buildup leads to toxicity. Recently, a
series of halogenated methane and ethane substrates were studied, and many of them were found
to be significantly dehalogenated by a reconstituted D450cam system (36.87). Others have also
explored the dehalogenation potential of P450s (35,88-93). The potential of bacterial P450s
for bioremediation has been realized (94). Interest in recruiting P450 into bioremediation
processes has heightened since the discovery of a P450 that catalyzes the initial dehalogenation
of pentachlorophenol in Rhodococcus rhodochrous (95); this class of P450 has been recently
purified and characterized (96).

Agents that selectively inhibit P450 are known to hinder reduction of halogenated hydrocarbons



(reviewed in 97). Reductive dehalogenat_on under anaerobic conditions by P450 is bel:eved to , a,

proceed by radical formation (98) and then a carbamon (99,100). The first step in the
reaction is the enzyme-catalyzed transfer of a single electron to the antibond_ng or d-orbital of
the carbon-halo£,en bond to yield a radical anion as a transient intermediate. Oxygen b_ndmg Jr1
the substrate bL,",ding site prevents substrate access to the second electron; hence, little carbon
tetrachloride r_duction is seen in the presence of dioxygen (3). Cytochromes P450 have
enormous cataly'lic versatility but active site regioselectivity (complementarity between the
enzyme's a,:tive site and the substrate) and dynamics are critical to the observed efficiency of
dehalogenation (Paulsen and Ornstein, unpublished data).

Structure.Function-Dynamic Relationships

An important general finding from a variety of data is the crucial importance of substrate
mobility at the active site; this mobility is linked both to the regiospecificity and the efficiency
of the reaction (reviewed in 59). Recent molecular dynamics simulations focused on obtaining a
fundamental molecular understanding of the complementarity and dynamic motions involved in
P450cam interactions with its native substrate camphor (101-103) and the substrate

analogues norcamphor (103-105) and thiocamphor (103,106). These simulations considered
all published coordinates of P450cam including 405 amino acids (with all hydrogens), the
heme, substrate and waters of crystallization. On the one hand, these reduced solvent model

simulations are much less computationally intensive than heavily solvated simulations, but
nevertheless require about 0.8 CPU hours of a CRAY XMP for each psec using highly vectorized
code (Discover from Biosym Technology, Inc.). On the other hand, because we were primarily
interested in addressing questions about the deeply buried active site, a reduced solvent model
simulation seemed adequate, as was demonstrated in simulations with a large solvent shell

(Paulsen and Ornstein, unpublished data). While cytochrome P450cam catalyzes the
hydroxylation of camphor to 5-exo-hydroxycamphor with 100% stereospecif_city and 100%
efficiency, norcamphor is hydroxylated Dy this enzyme yielding 45% 5-exo-. 47% 6-exo-.
and 8% 3-exo-hydroxynorcamphor with only 12% overall efficiency (73). Simulations with
camphor-bound or norcamphor-bound P450cam were performed and compared in order to
better understand the underlying factors controlling P450cam regiospecificity and catalytic
efficiency (103-105). These data suggest that the lack of product specificity is due. at least
partially, to the mobility of the substrate within the active site. Therefore, it is not necessary
for substrate to enter this deeply buried active site prealigned for catalytic activity. Second,
the high mobility of norcamphor in the active site leads to an average increase in separation
between the heme iron and the substrate of about 1.0 ,_; this increase in separation may be the
cause of the uncoupling of electron transfer from product formation (reducec efficiency) when
norcamphor is the substrate (! ). Not surprisingly, camphor has a signifi_.antlv reUuced
level of rotational mobility in the active site compared to norcamphor (102-104i. On the
basis of the x-ray crystal structure (63) and several 150 to 200 psec molecu;ar ovnamics
simulations (101,103), camphor-bound P450cam appears very stable.

"One puzzling question regarding substrate binding is how the camphor mole_.u,e gains access to
the active site. Unlike many enzymes, the active site of P450cam does not aefi.qe an open cleft at
the molecular surface but is well sequestered with no obvious route to the Do:_,,et' r63). Tnus,
significant dynamic fluctuations of the enzyme may be required for camphor, o, ot,'q,er
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substrates, to bind and for product to exit. We have anal_zed the detailed dynamic motion of • ,b

each amino acid residue that lines the buried active site in substrate-bound P450cam. Most of
the backbone and sidechain dihedral angles associated with the active site residues have low
fluctuations, as is the case for the chi-2 dihedral angle of Tyr-96, but chi-2 of Phe-87 (in
van der Waals contact with Tyr-96) exhibits very significant flexibility whether the bound
substrate is camphor (102), norcamphor (104), or thiocamphor (103).

The x-ray crystal structure of thiocamphor-bound P450cam (68)gave the most unexpected
orientation in the active site of any substrate analogue considered to date. Unlike camphor,
carbons 5 and 6 of thiocamphor are positioned away trom the heme iron, while carbon 3 is
positioned close to the heme iron. While camphor is hydroxylated with 100% regiospecificity
at carbon 5 and 100% efficiency with respect to NADH consumption, thiocamphor is
hydroxylated at carbons 5 (64%), 6 (34%) and 3 (2%) with 98% efficiency (72).
Therefore, the crystallographically observed thiocamphor-bound P450cam structure is not
consistent with the catalytic observation, i

In an attempt to better understand this puzzling situation, we performed molecular dynamics
simulations on thiocamphor-bound P450cam starting with the x-ray structure, with and
without the presumptive heme iron-oxo reactive intermediate (103,106). The variation over
the simulation for the distance between the heme iron and the 3- and 5-position carbons of
thiocamphor for the case without an oxygen ligated to the heme iron is similar to that in the x-
ray crystal structure. In 100% of the computed structures, carbon 3 is closer to the heme
iron. In the thiocamphor simulation with the presumptive heme iron-oxo intermediate
present, the distance betweer" the oxygen (of the iron-oxo intermediate) and the 3- and 5-
position carbons switches. During tl-,e warmup, the two carbons "switch" such that now the 3-
position carbon face is away from the berne, while the 5-position carbon face is close to the
heme. Not only do these simulations offer a consistent explanation for the structural and
catalytic experiments, but they suggest a unique role for the simulations since the iron-oxo
intermediate has to date proved too unstable to be observed for P450cam. Such simulation data
are expected to be invaluable in predicting the regiospecificity and efficiency of P450cam
mutants for alternative substrates. From these results involving thiocamphor as substrate, it
appears that a simulation without the iron-oxo oxygen is predictive of the x-ray binary
structure, while a simulation with an iron-oxo intermediate is predictive of the experimental
catalytic product regiospecificity. (interestingly, simulations with and without the oxygen on
tr_e heme iron yield similar results when the substrate is camphor or norcamphor (103; and
references therein).

Simulations with norcamphor-bound P-450cam and thiocamphor-bound P450cam indicate that
statistical sampling, starting geometry, and random velocity seed significantly influence
computed regiospecificity and efficiency predictions. This is not surprising because these non-
native complexes are inherently less complementary so that initial positions are not
necessarily the best or only stable enzyme-substrate geometry. On the one hand, we are
currently studying such effects to access ways to minimize the error in non-native complex
simulations of limited duratior_ [i.e., the effect of different starting geometries, the effect of
different random velocities, and the effect of simulation duration (105; Paulsen and Ornstein,
unpublished data)]. On the other hand, this problem can potentially be minimized by
appropriately packing the active site for a non-native substrate. In particular, to minimize
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this error, the density of the active site (substrate and protein) should approach that of the ..,m,

native complex. We are developing methods to choose mutants with ideal complementarity and
density prior to starting the molecular dynamics simulations.

P450 Rational Redesign

Proof-of-Principle Redesign of P450cam

Before attempting to redesign the activity of P450cam for a heavily halogenated substrate, we
have chosen to first modify the regiospecificity and/or efficiency of P450cam for camphor
analogues. We are currently atternpting to design mutants of P450cam that will (1) have
increased efficiency for hydroxylating norcamphor, and (2) alter the regiospecificity of
norcamphor hydroxylation. Achieving these intermediate redesign goals will give us
considerable confidence and guidance toward the goal of modifying the specificity of P450cam to
initiate the degradation of tarqeted pollutants. We now describe our first prediction involving
the former goal.

We noticed in our simulations on camphor-bound (102), norcamphor-bound (104), and
thiocamphor-bound (103) P450cam that the sidechain of Phe-87 exhibited unexpectedly large
conformational mobility for a deeply buried and bulky active site residue. On the basis of these
results and preliminary modeling and simulations, we proposed replacing Phe-87 by the
bulkier aromatic residue Trp to increase the coupling when norcamphor is the substrate. The
simulation of this mutant showed reduced mobility of norcamphor in the active site as compared
to the wild type simulation. The prediction (in advance of experimental evidence) suggested that
norcamphor would be more tightly coupled to electron transfer as is indicated by the shorter
separation between the substrate center-of-mass and the heme iron for the mutant (107).
This shortening in the substrate heme separation is a direct result of the tighter packing of
residue 87 in the mutant. When the theoretical prediction was tested, the m¢_tantwas found to
have twice the coupling exhibited by the wild enzyme when the substrate was norcamphor
(Bass, Filipovic, Sligar and Ornstein unpublished data).

It has been predicted from simulations that Thr-185 when mutated to a Phe would result in a
large increase in coupling and reduction in 3-hydroxy product when the substrate is
norcamphor; both results have been experimentally confirmed (108). These results suggest
that our presently employed computational methods are useful for characterizing and predicting
substrate-P450cam interactions and dynamics in the binding pocket.

Redesign of P450cam for Dehalogenation of Heavily Chlorinated Compounds

Although cytochromes P450 have enormous catalytic versatility, the lack of adequate substrate
steric complementarity for the active site, not inherent chemical reactivity, may often greatly
limit the efficiency of the enzyme. Thus, we are pursuing the redesign of P450cam to improve
complementarity for heavily chlorinated target compounds in order to enhance dehalogenation
efficiency. The five basic design steps are outlined below:
1. Graphically position a target halocarbon inside the active site in a mechanistically ideal
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orientation for reductive (or oxidative) dehalogenation. Maintaining a hydrophobic active site, . ..
graphically make appropriate substitutions of amino acids that sterically 'lock' in the target
substrate. The principle we plan to follow is to use hydrophobic amino acid side chains to build
a tight-fitting ("repacked") active site that reduces dynamic motions and has a density similar
to that observed in the wild type active site. If possible, amino acid residues with a weak
hydrogen bond donor will be aligned for possible H-bonding to one or more chlorine atoms
(weak acceptor) of the target substrate. Visually repacked active sites will be energy
minimized. Only those repacked structures maintaining the essence of the original structure
upon minimization will be considered further.
2. A series of short molecular dynamics trajectories will be run (from 5 to 20 psec) to see if
the energy-minimized geometry is maintained. Only those repacked structures with suitable
geometry and dynamic properties will be considered further. Longer molecular dynamics
simulations (50 to 200 psec) to further test for steric stability in mechanistically relevant
configuration(s) will then be run.
3. Propose additional amino acid replacements (repeat steps 1 and 2) or propose mutants for
site-directed construction.

4. Experimentally construct mutant(s) and test for binding and catalytic activity under
aerobic, limited-aerobic (less than or equal to 5% 02) and/or anaerobic environments. If

significant binding and/or activity is observed, attempt to crystallize and determine the binary
x-ray crystal structure of halocarbon-bound P-450cam mutant(s).
5. If in vitro activity is adequate, then begin in vivo and environmentally relevent
experiments.

Detoxification and mineralization (to inorganic salts, carbon dioxide, and water) and not just
disappearance of the parent halogenated compound must be considered since the breakdown
intermediates may be of equal or greater concern (109). For example the degradation pathway
of a single compound such as perchloroethylene can lead to the production of several chlorinated
hydrocarbons (110). In principle, a series of enzymes can be designed with different
specificities and then inserted into one or more microbes in order to effectively dehalogenate the
parent and the intermediate dehalogenation products. Once the first redesigned P450cam mutant
enzyme that can efficiently dehalogenate a target substance has been accomplished further
redesign for other halogenated hydrocarbons should proceed more readily.

For reasons noted above, rational enzyme redesign may be the only practical scientific-
technology for remediation of deep and disperse subsurface halogenated hydrocarbons. In
comparsion to more conventional engineering remediation solutions, the application of
"designer" microbes is relatively cost effective. Moreover, this technology may result in a
permanent solution rather then transfering the substance from one location to another, as often
occurs with conventional "cleanup" methods. For instance, soil venting often just transfers the
contaminants to the air. An interesting spin off of this technology is that the biotransformation
of halogenated hydrocarbons using redesigned enzymes and/or microbes may offer new routes
for the synthesis of useful intermediates and novel products.

Perspective and Summary

The ability of microorganisms to adequately degrade the growing a_ray of synthetic compounds
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generated by the activities of mankind is uncertain. Although microorganisms have tremendous b.a,

capacity to evolve to meet new selection pressures, the time scale required to do so, depending
on the complexity of the required underlying metabolic modifications, may be unacceptably long
as measured by human time scales when hazardous substances are involved. The unique
advantage of rational design is its ability to foster discovery of new enzymatic forms that would
otherwise have an extremely low probability of evolving biologically under either
laboratory-controlled or natural conditions.

Cytochromes P450 are an ideal enzyme for rational redesign studies because of the robust
catalytic properties of this family, the availability of structural and mechanistic data, as well
as the availability of clones. We have described our progress in studying fundamental
structure-function-dynamic relationhips to design cytochrome P450cam mutants that are
stereochemically and dynamically engineered to efficiently bind and degrade halocarbons.
Improving (by design) the catalytic (bond-making and bond-breaking) mechanism of the
enzyme may soon also be possible. Our expectation for redesign at this time, however, is only at
the level of optimization of the substrate geometry and dynamics in the binding pocket (i.e.,
stereochemical complementarity). Mutants that look promising after theoretical analysis will
then be constructed, expressed, and tested for in vitro activity. Mutants that exhibit adequate in
vitro activities can then be tested under laboratory-simulated environmental conditions.

Moreover, not only is there broad interest in the cytochrome P450 superfamily of enzymes
because of their significance in a wide variety of disciplines ranging from the environment,
inorganic chemistry, and medical genetics, but the principles learned will lead future studies
with other key enzymes. With the growing number of 3-dimensional structures of enzymes
determined by x-ray crystallography and the prospects of high-field NMR enzyme structure
determination, rational design can be expected to play an increasing role in enzyme engineering
for enhanced remediation, biotechnology, and industrial uses.

Numerous concerns have been raised over the ecological impact of the release of genetically
engineered microorganisms into the environment (111-113). In view of the natural diversity
of cytochromes P450, it seems that the intentional redesign of additional cytochromes P450 for
incorporation into microorganisms for environmental bioremediation purposes could be a
potentially acceptable risk, especially in cases where no other acceptable means exist for
degrading known hazardous contaminants. The use of engineered microorganisms to assist in
the removal of anthropogenic environmental contaminants is becoming a viable alternative for
economic, regulatory, and social reasons. The burgeoning costs of remediation technologies and
site monitoring and the increasingly stringent regulatory requirements on contaminant
concentrations for site closure demand relatively rapid remediation technologies that effectively

I

remove trace levels of contaminants. With time, in the face of increasing concern over the
effects and fate of environmental contaminants, both society as a whole and the Environmental
Protection Agency appear to be displaying a more lenient attitude toward the selected release of
microorganisms engineered to degrade contaminants. Redesigned biodegradative enzymes could
also be used as part of an extracellular enzyme treatment strategy. In addition to engineered
enzymes potentially having desirable catalytic properties, a single enzyme could theoretically
be made more resistant to harsh environments where microorganisms may be unable to grow at
adequate levels. Since viable organisms are not needed, the use of extracellular enzymes could
not possibly result in significant negative ecological impact.
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Chakrabarty (114) has discussed the biological imperative associated with genetic selection
experiments (i.e., a microorganism grown in a chemostat with only one source of carbon and
energy, the recalcitrant substance). The urgency of any type of effective metabolic advantage,
whether by gene recruitment or evolution of new biodegradative genes, is likely to be more
severe than in nature where alternative solutions to growth are often possible because of the
availability of a mixture of carbon and energy sources. Therefore, the nature of the
environment plays a large role in dictating the mode and speed with which evolution of new
degradative genes may arise in microorganisms (114). On the other hand, it is also recognized
that the number of genetic mutations possible for any enzyme is too immense to be optimized by
nature; nature can never globally optimize a protein with more than about 30 residues (115).
The best approach to evolve new enzyme function is by an iterative combination of knowledge-
based design and directed evolution. If current and future environmental remediation
problems, as well as many of industrial and health related goals, are to be effectively resolved,
the science and art of rational enzyme redesign will play an increasing role.

Acknowledgments

Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle
Memorial Institute under Contract DE-AC06-76RLO 1830. This work is supported by the
Laboratory Directed Research and Development Program of Pacific Northwest Laboratory and by
a grant from the Office of Health and Environmental Research of the U. S. Department of Energy
(RLO).

References

1. Keith, L.H. and Telliard, W.A., Environ. Sci. & Technol. 13, 416-423 (1979).
2. Riley, R.G., Zachara, J.M. and Wobber, F.J., "Chemical Contaminants on DOE Lands and

Selection of Contaminant Mixtures for Subsurface Science Research," U.S. Department
of Energy Report DQE/ER-0547T, available from the National Technical Information
Service, U.S. Deartment of Commerce, Springfield, VA (1992).

3. Anders, M.W., Pohl, L.R., in 3ioactivation of Foreign Compounds, (Anders, M.W., ed.),
pp283-315, Academic Press, NY, (1985).

4. Henschler, D., in Bioactivation of Foreign Compounds, (Anders, M.W., ed.), pp317-
347, Academic Press, NY, (1985).

5. Freeze, R.A. and Cherry, J.A., in Groundwater, Prentice-Hall, Englewood Cliffs, NJ,
(1979).

6. Craun, G.F., in Groundwater Pollution Microbiology, (Bitton, G. and Gerba, C.P., eds),
p135-195, John Wiley & Sons, NY, (1984).

7. Hicks, R.J. and Fredrickson, J.K., Geomicrobiology 7, 67-77 (1989).
8. IIIman, D.L., Chem. Eng. News 71, 9-21 (1993).
9. Balkwill, D.L., Fredrickson, J.K. and Thomas, J.l_i., Appl. Environ. Microbiol. 55,

1058-1065 (1989).
10. Brockman, F.J. Kieft, T.L., Fredrickson, J.K., Bjornstad, B.N., Li, S.M.W., Spangerburg,

W. and Long, P.E., Microb. Ecol. 23, 279-301 (1992).

15



in m

1 1. Stevens, T.O., McKinley, J.P. and Fredrickson, J.K., Micro. Ecol. 25, 35-50 (1993).
12. Asplund, G. and Grimvall, A., Environ. Sci. Technol. 25, 1346-1350 (1991).
1 3. Neidleman, S.L. and Geigert, J., in Biodehalogenation: Principles, Basic Roles and

Applications, pp13-45, Ellis Horwood Ltd., Chichester, United Kingdom (1986).
14. Chaudhry, G.R. and Chapalamadugu, S., Microb. Rev. 55, 59-79 (1991).
15. Hardman, D.J., Crit. Rev. Biotechn. 11, 1-40 (1991).
16. Vogel, T.M., Criddle, C.S. and McCarty, P.L., Environ. Sci. Techn. 21, 722-736 (1987).
1 7. Chapelle, F.H., in Ground-Water Microbiology & Geochemistry, pp358-389, John

Wiley, NY (1993).
18. Knox, R.C. and Sabatini, D.A., in Transport and Remediation of Subsurface

Contaminants (Sabatini, D.A. and Knox, R.C., eds.), p1-11, ACS, Washington, DC
(1992)

1 9. Sayler, G.S. and Fox, R., in Environmental Biotechnology for Waste Treatment (Sayler,
G.S., Fox, R. and Blackburn, J.W., eds.), pp1-13, Plenum Press, NY (1991)

20. Ornstein, R.L., in On Site Bioreclamation: Processes for Xenobiotic and Hydrocarbon
Treatment, (Hinchee, R.E., and Olfenbuttel, R.F., Eds.), pp509-514, Butterworth-
Heinemann, Boston, MA (1991).

21. Brockman, F.J. and Ornstein, R.L., in Hazardous Materials Control/Superfund '91
(Proceedings of the 12th National Conference, December 3-5, 1991, Washington, DC),
pp264-266, Hazardous Materials Control Research Institute, Greenbelt, MD, (1991).

22. Wackett, L.P. and Schanke, C.A., in Metal Ions in Biological Systems (Sigel, H., ed.), Vol.
28, pp329-356, Marcel Dekker, NY (1992).

23. Nelson, M.J.K., Montgomery, S.O., O'Neill, E.J. and Pritchard, P.H., Appl. Environ.
Microbiol. 54, 604-606 (1988).

24. Wackett, L.P. and Gibson, D.T., Appl. Environm. Microbiol. 54, 1703-1708 (1988).
25. Tsien, H.-C., Brusseau, G.A., Hanson, R.S. and Wackett, L.P., Appl En, ,,'on. Microbiol.

55, 3155-3161 (1989).
26. Vannelli, T., Logan, M., Arciero, D.M. and Hooper, A.B., Appl. Environ. Microbiol. 56,

1 1 69-1 171 (1990).
27. Tiedje, J.M., Boyd, S.A. and Fathepure, B.Z., Dev. Ind. Microbiol. 27, 117-127 (1987).
28 Criddle, C.S., DeWitt, J.T. and McCarty, P.L., Appl. Environ. Micro_. 56, 3247-3254

(1990).
29 Criddle, C.S., DeWitt, J.T., Grbic-Galic, D. and McCarty, P.L., Appl. Environ. Microb.

56, 3240-3246 (1990).
30 Egli, C., Stromeyer, S., Cook, A.M. and Leisinger, T., FEMS MicrobJoi. Lett. 68, 207-

212 (1990).
31 Krone, V.E., Tahuer, R.K. and Hogenkamp, H.P.C., Biochemistry 28. 10061-10065

(1989).
32 Krone, V.E., Tahuer, R.K., Hogenkamp, H.P.C. and Steinnbach, K., Biochemistry 30,

2713-2719 (1991).
33 Gantzer, C.J. and Wackett, L.P., Environ. Sci. Technol. 25, 715-722 (1991).
34. Brouns, T.M., Koegler, S.S., Fredrickson, J.K., Luttrell, S.P. and Borgeson. K.A., in On-

Site Bioreclamation: Processes for Xenobiotic and Hydrocarbon Treatment (Hinchee, R.E.
and Olfenbuttel, R.F., eds.), pp477-482, Butterworth-Heinemann, Stoneham. MA
(1991).

35. Castro, C.E., Wade, R.S. and Belser, N.O., Biochemistry 24, 204-210 (1985).
36. Logan, M.S.P., Newman, L.M., Schanke, C.A. and Wackett, L.P., Biociegraciation 4. 39-50

16



• m

(1993).
37. Alvarez-Cohen, L. and McCarty, P.L., Appl. Environ. Microb. 57, 228-235 (1991).
38. Dickerson, R., J. Mol. Evol. 1, 26-38 (1971).
39. Ornstein, R.L., in Proceedings of National Research & Development Conference on the

Control of Hazardous Materials, pp314-319, Hazardous Materials Control Research
Institute, Greenbelt, MD (1991).

40. Fersht, A.R. and Leatherbarrow, R.J. in Protein Engineering, (Oxender, D.L., and Fox,
C.F., eds), pp269-278, Alan R. Liss, Inc., NY (1987).

41. Russell, A.J. and Fersht, A.R., Nature 328, 496-500 (1987).
42. Matthew, B.W., Biochemistry 26, 6885-6888 (1987).
43. Matsumura, M. and Matthews, B.W., Science 243, 792-794 (1989).
44. Craik, C.S., Largman, C., Fletcher, T., Roczniak, S., Barr, P,J., Fletterick, R. and

Rutter, W.J., Science 228, 291-294 (1985).
4 5. Sligar, S.G., Egeberg, K.D., Sage, J.T., Morikis, D. and Champion, P.M., J. Am. Chem.

Soc. 109, 7896-7897 (1987).
46. Ghosh, S.S., Block, S.C., Rokita, S.E. and Kaiser, E.T., Science 231, 145-148 (1986).
47. Lau, F.T. and Fersht, A. R., Nature 326, 811-812 (1987).
48. Wells, J.A., Cunningham, B.C., Graycar, T.P. and Estell, D.A., Proc. Natl. Acad. Sci.

U.S.A. 84, 5167-5171 (1987).
49. Graycar, T.P. in Biocatalysts for Industry (Dordick, J.S., ed.), pp257-283,

Plenum Press, NY (1991).
50. Karplus, M. and McCammon, J.A., Ann. Rev. Biochem. 53, 263-300 (1983).
51. Atkins, W.M. and Sligar, S.G., Current Opinion Struct. Biol. 1, 611-616 (1991)
52. Bass, M.B., Hopkins, D.F., Jaquysh, W.A. and Ornstein, R.L., Proteins 12, 266-277

(1992).
53. Porter, T.D. and Coon, M.J., J. Biol. Chem. 266, 13469-13472 (1991).
54. Guengerich, F.P., J. Biol. Chem. 266, 10019-10022 (1991).
55. Gonzalez, F.J. and Nebert, D.W., Trends Genet. 6, 182-186 (1990).
56. Ortiz de Montellano, P.R., in Cytochrome P-450: Structure, Mechanism, and

Biochemistry, (Ortiz de Montellano, P.R., ed.), pp217-271, Plenum Press,
NY (1986).
57. Guengerich, F.P., Crit. Rev. Biochem. Mol. Biol. 25, 97-153 (1990).
58. Guengerich, F.P. and MacDonald, T.L., FASEB J. 4, 2453-2459 (1990).
59. Sligar, S.G., Filipovic, D. and Stayton, P.S., Methods Enzym. 206, 31-49 (1991).
60. Gunsalus, I.C., Meeks, J.R., Lipscomb, J.D., Debrunner, P.G. and Munck, E., in

Molecular Mechanisms of Oxygen Activation, (Hayaishi, O., ed.), pp559-613, Academic
Press, NY (1974).

6 1. Sligar, S.G. and Murray, R.I., in Cytochrome P-450 : Structure, Mechanism, and
Biochemistry (Ortiz, de Montellano, P., ed.), pp429-503, Plenum, NY (1 986).

62. Poulos, T.L., Finzel, B.C. and Howard, A.J., Biochemistry 25, 5314-5322 (1986).
63. Poulos, T.L., Finzel, B.C. and Howard, A.J., J. Mol. Biol 195, 687-700 (1987).
64. Raag, R. and Poulos, T.L., Biochemistry 28, 7586-7591 (1989)
65. Poulos, T.L. and Howard, A.J., Biochemistry 26, 8165-8174 (1987).
66. Raag, R., Swanson, B.A., Poulos, T.L. and Ortiz de Montellano, P.R., Biochemistry 29,

8119-8126 (1 990).
67. Raag, R. and Poulos, T.L., Biochemistry 28, 917-922 (1989).
68. Raag, R. and Poulos, T.L., Biochemistry 30, 2674-2684 (1991).

17



M

69. Raag, R., Martinis, S.A., Sligar, S.G. and Poulos, T.L., Biochemistry 30, 11420-11429
(1991).

70. Koga, H., Rauchfuss, B. and Gunsalus, I.C., Bioch. Biophys. Res. Commun. 130, 412-417
(1985).

71. Unger, B. P., Gunsalus, I.C. and Sligar, S.G., J. Biol. Chem. 261, 1158-1163 (1986).
72. Atkins, W.M., and S.G. Sligar, S.G., J. Biol. Chem. 263, 18842-18849 (1988).
73. Atkins, W.M. and Sligar, S.G., J. Am. Chem. Soc. 111, 2715-2717 (1989).
74. Imai, M., Shimada, H., Watanabe, Y., Matsushima-Hibiya, Y., Makino, R., Koga, H.,

Horiuchi, T. and Ishimura, Y., Proc. Natl. Acacl. Sci. U.S.A. 86, 7823-7827 (1989).
75. Fisher, M. and Sligar, S.G., J. Am. Chem. Soc. 107, 5018-5019 (1985).
76. Sligar, S.G., Biochemistry 15, 5399-5406 (1975).
77. Fisher, M. and Sligar, S.G., Biochemistry 24, 6696-6701 (1985).
78. Sligar, S.G. and Gunsalus, I.C., Proc. Natl. Acad. Sci. USA 73, 1078-1082 (1976).
79. Bowry, V.W. and Ingold, K.U., J. Am. Chem. Soc. 113, 5699-5707 (1991).
80. Fulco, A.J., Annu. Rev. Pharmacol. Toxicol. 31, 177 (1991).
81. Boddupalli, S.S., Hasemann, C.A., Ravichandran, K.G., Lu, J.-Y., Goldsmith, E.J.,

Deisenhofer, J. and Peterson, J.A., Proc. Natl. Acad. Sci. USA 89, 5567 (1992).
82. Ravichandran, K.G., Boddupalli, S.S., Haseman, C.A., Peterson, J.A. and Deisenhofer, J.,

Science 261, 731736 (1993).
83. Boddupalli, S.S., Estabrook, R.W. and Peterson, J.A., J. Biol. Chem. 265, 4233 (1990).
84. Oster, T., Boddupalli, S.S. and Peterson, J.A., J. Biol. Chem. 266, 22718 (1991).
85. Wolf, C.R., Harrelson, W,G., Nastainczyk, W.M., Philpot, R.M., Kalyanaraman, B. and

Mason, R.P., Mol. Pharmacol. 18, 553-558 (1980).
86 Castro, C.E. and Belser, N.O., Environ. Toxic. Chem. 9, 707-714 (1990).
87 Li, S. and Wackett, L.P., Biochemisto, (in press).
88 Castro, C.E., Yokoyama, W. and Belser, N.O., Environ. Toxicol. Chem. 8, 13-18 (1989).
89 Lam, T. and Vilker, V.L., Biotech. Bioeng. 24, 151-159 (1987).
90 Miller, R.E. and Guengerich, F.P., Biochemistry 21, 1090-1097 (1982).
91 Miller, R.E. and Guengerich, F.P., Cancer Res. 43, 1145-1152 (1983).
92 Takazawa, R.S. and Strobel, H.W., Biochemistry 25, 4804-9 (1986).
93 Viiker, V.L. and Khan, F., Biotech. Prog. 5, 70-74 (1989).
94 Sariaslani, F.S., Adv. Appl. Microbiol. 36, 133-178 (1991).
95 Uotila, J.S., Salkinoja-Salonen, M.S. and Apajalahti, J.H.A., Biodegradation 2, 25-31

(1991).
96. Eltis, L.D., Karlson, U. and Timmis, K.N., Eur. J. Biochem. 213, 211-216 (1993).
97. Luke, B.T., Loew G.H. and McLean, A.D., J. Am. Chem. Soc. lO& 1307-1317 (1987).
98. Fujii, K., Miki, N., Kanashiro, M., Miura, R., Sugiyama, T., Morio, M., Yamano, T.,

Miyake, Y., J. Biochem. (Tokyo) 91, 415-418 (1982).
99. Nastainczyk, W., Ahr, H. and Ulrich, V., Adv. Exp. Med. Biol. 136A, 799-808 (1982).
100. Ahr, H.J., King, L.J., Nastainczyk, W. and Ulrich, V., Biochem. Pharmacol. 31,

383-390 (1982).
101. Paulsen, M.D. and Ornstein, R.L., Proteins 11, 184-204 (1991)
102. Paulsen, M.D., Bass, M.B. and Ornstein, R.L., J. Biomol. Struct. Dyn. 9, 187-203

(1991).
103. Paulsen, M.D. and Ornstein, R.L., J. Comput.-Aided Motec. Des. 6, 449-460 (1992).
104. Bass, M.B., Paulsen, M.D. and Ornstein, R.L., Proteins 13, 26-37 (1992).
105. Bass, M.B. and Ornstein, R.L., J. Comp. Chem. 14, 541-548 (1993).

18



I!

106. Paulsen, M.D. and Ornstein, R.L., Protein Eng. 6, 359-365 (1993). . °
107. Bass, M.B., Paulsen, M.D. and Ornstein, R.L., in Cytochrome P-450: Biochemistry and

Biophysics, (Archakov, A.I. and Bachmanova, G.I., eds.), pp680-685, INCO-TNC,
Moscow, RUSSIA (1992).

108. Paulsen, M.D., Filipovic, D., Sligar, S.D. and Ornstein, R.L., Protein Sci. 2, 357-365
(1993).

109. Suflita, J.M., Gibson, S.A. and Beeman, R.E., J. Ind. MicrobioL 3, 179-194 (1988).
1 10. Sims, J.L., Suflita, J.M. and Russell, H.H., Remediahon 1, 75-93 (1990/91)
1 1 1. Brown, J.H., Colwell, R.K., Lenski, R.E., Levin, B.R., Lloyd, M., Rega P.J. and

Simberloff, D., Ecol. Soc. Amer. Bull. 65, 436-438 (1984).
1 12. Cairns, J. Jr. and Pratt, J.R., Wat. Res. Bull. 22, 171-182 (1986).
1 13. Tiedje, J.M., Colwell, R.K., Grossman, Y.L., Hodson, R.E., Lenski, R.E., Mack, R.N. and

Regal, P.J., Soc. Ind. Microbiol. News 39, 149-166 (1989).
1 14. Chakrabarty, A.M., in Harnessing Biotechnology tor the 21st Century (Ladisch, M.R.,

and Bose, A., ed.), pp422-426, American Chemical Society, Washington, DC (1992)
1 15. Hodgson, J., Biotechnology 10, 1433-1434 (1992).

19



I . I




