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Abstract: The recently determined crystal structure of cytochrome P450eryF (6-deoxyerythronolide B hydroxylase;
CYP107A1) in its ferric heme substrate-bound form has been used to address one of the most fundamental unresolved
aspects of the mechanism of oxidation common to this ubiquitous family of metabolizing heme proteins, the pathway
from the twice reduced dioxygen species to the putative catalytically active ferryl oxygen species. Both of these
species are too transient to have been characterized experimentally, and the transformation from one to the other has
been only partially characterized. The observed requirement of two protons and the formation of water in this
transformation suggests a proton-assisted dioxygen bond cleavage as a plausible pathway. However, this pathway
is difficult to establish by experiment alone, and the source of the protons in the largely hydrophobic binding pocket
of the P450s remains unclear. In this work we have performed molecular dynamics simulations of the twice reduced
dioxygen substrate-bound form of this isozyme in order to (i)determine the plausibility of the proposed pathway to
compound | formation, a proton-assisted cleavage of the dioxygen bond, and (ii) investigate the possible source of
these protons. The analysis of the molecular dynamics trajectories of this species does indeed provide further evidence
for this pathway and points to a source of protons. Specifically, two dynamically stable hydrogen bonds to the
distal oxygen atom of the dioxygen ligand, one by the substrate and the other by a bound water, are found, consistent
with the proposed proton-assisted cleavage of the bond and formation of water. In addition, an extensive dynamically
stable hydrogen bond network is formed that connects the distal oxygen to Glu 360, a well-conserved residue in a
channel accessible to solvent that could be the ultimate source of protons. The simulations were done for both a
protonated and unprotonated Glu and led to a proposed mechanism of proton transfer by it to the distal oxygen
atom. In order to validate the procedures used for the simulation of this transient twice-reduced species, we have
used these same procedures to perform molecular dynamics simulations of two other forms of P450eryF, the ferric
and ferryl substrate-bound species, and compared the results with experiment. The results for the ferric substrate-
bound species were assessed by comparisons to the experimentally determined X-ray structure and fluctuations, and
good agreement was found. The simulations performed for the ferryl substrate-bound species led to the correct
prediction of the observed regio- and stereospecific hydroxylation of its natural substrate, 6-deoxyerythronolide B
(6-DEB) at the 6S position. The results of these two additional studies lend credibility to the important mechanistic
inferences from the simulations of the transient twice reduced dioxygen species: further evidence for a proton-
assisted pathway from it to the catalytically active ferryl species and a possible source of the protons.

Introduction based up to now primarily on the known structure of one

i 3

Cytochrome P450eryF (CYP107A1) is a member of the Suf\itratte b:“”d |s|;c:125y(r)ne,hPm(CYP101).t ral feature of
ubiquitous cytochrome P450 family containing over 250 known cytochrome P2 S_ shar€ a common structural feature o
isozymes that catalyze the monoxygenation of a diverse set ofthe enzymatic active site: a negrly planar feﬁplro_topcirphyr_m "
substrates. In particular, cytochrome P450eryF catalyzes thelx hef“e CO’.“p'eX' in which the ron IS attached viaa proxw_nal
hydroxylation of 6-deoxyerythronolide B (6-DEB) at the 6S cysteinate linkage to the re.mam.der of fh.e prf)tem, forming a
position, a necessary step in the synthesis of erythromycin. Theportlon .Of the enzymatic actl\_/e S'te'. A “distal _pocket on the
crystal structure of the ferric substrate-bound cytochrome otr_\er .S'de of the hem‘? unit provides a variable spin and
P450eryF has been reported receftnd the binding affinity o?<|dat|on state site at whlch the substrate and molecn_JIar oxygen
and enzymatic kinetics of 6-deoxyerythronolide and numerous bind and the supstrate |s.transformed to products via a variety
related substrates have been determiethis is only the of oxygel.w.lnseruon reactions. )
second member of the ubiquitous P450 family of isozymes for _ In addition to a common prosthetic group, all cytochrome
which a substrate-bound crystal structure has been determinedP450s are believed to share a common enzymatic cycle for
It thus provides a unique opportunity to further examine the transformation from the resting state to the catalytically active

proposed relationships between P450 structure and functionState as well as a common mode of oxidation by transfer of a
single active oxygen atom from it to substrates. This common

® Abstract published irAdvance ACS Abstractdune 15, 1996. enzymatic cycle is shown in Figure 1. These steps are (1)

(1) Cupp-Vickery, J. R.; Poulos, T. L. Structure of cytochrome P450eryF indi _ ; indi
involved in erythromyocin biosynthesiStruct. Biol.1995 2, 144-153. substrate binding, (2) one electron reduct|on,_(3) blndlng_ .Of

(2) Andersen, J. F.; Tatsuta, K.; Gungi, H.; Ishiyama, T.; Hutchinson, molecular oxygen, (4) a second electron reduction and addition
C. R. Substrate Specificity of 6-Deoxyerythronolide B Hydroxylase, a
Bacterial Cytochrome P450 of Erythromycin A BiosyntheBigchemistry (3) Poulos, T. L.; Finzel, B. C.; Howard, A. J. Mol. Biol. 1987,195
1993 32, 1905-1913. 687—700.
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H,0 +2H+ of the protons is not clear.

Polar and charged residues often play a functional role either
in stabilizing enzymatic intermediates via hydrogen bonding or
in actual proton-assisted cleavage of bonds or functional groups.
For this reason, several studies of cytochrome BdBthave
focused on determining the effect of amino acid substitutions
for Thr 25210712 3 residue in the dioxygen binding pocket
thought to play a role in the stabilization of the dioxygen bound

Figure 1. Enzymatic cycle for hydroxylation common to all P450s.

of two protons, (5) the formation of the putative ferryl oxygen
catalytically active species, and (6) transfers of the active oxygen
atom to substrates by a variety of oxygen insertion paths leading
to product and a return to the resting state of the enzyme, the
first step in the cycle. The elucidation of the nature of the 16 .
species in the cycle beginning with the formation of the twice State, and for Asp 25%%° a residue thought to be a proton
reduced species is experimentally challenging because theS0Urce in compound | formation from the twice reduced
reaction proceeds rapidly from the transient twice-reduced 9i0Xygen species. Some mutation data indicates the requirement
dioxygen species to the transient active oxygen species and ther?! a_t_hydrog(?ﬂ-bondlng amino acid (such as Thr or Ser) at
to products. However, although both the twice reduced dioxy- POSItion %51% +'and an acidic residue at position 251 for proper
gen species and the active oxygen species are very transienfunction:>1° A critical evaluation of cytochrome P468m
recent experimental studies have reported ESR speatra mutational data, however, indicates some exceptions to these
tributed to the twice-reduced species and electronic spectrapattezms' e.g., where a methoxythreonine-252 substituted for Thr
attributed to these two transient spedi€sin addition, recent ~ 292~0r aliphatic residues substituted for Asp 25:still result

density functional calculations have revealed that (1) the N efficient compound | formation and hydroxylation of
optimized structures of the once and twice reduced dioxygen SuPstrates. While such exceptions do not exclude some role of
bound heme species are very similar and (2) the twice reducegthese particular polar or acidic rg5|dues in the determln_atl_on of
dioxygen species is indeed a stable entity. the course of compoundll formathn, they do, hovyever, indicate
In addition to the nature of the transient species, another long that the enzyme can achieve stabilization .Of the dloxygen_ bound
unresolved question is the mechanism of formation of the state or proton-assisted cleavage of the dioxygen bond via other

catalytically active species. Current evidence, including isotope reigufskr?; brc:u;t? ‘é"tatr‘:’er: $t225%n229'§:fsrﬁg'og'no been
substitution kinetic dafeand an observed solvent kinetic isotope | l:j P 4\’5\/0 u l: bstrat bl Zg fordh PXSO BVI\\/IIB
effect? is consistent with formation of a compound I/radical- solvea: am (n 1S substrate-bound form, .

7,18 I I -
cation ferryl oxygen transfer species, similar to the species found (CYP102}7"%and PA50terp (CYP108)in their substrate-free

in peroxidases, from the twice reduced dioxygen species in aiognssb??ﬁezgige?;n ':T?essubsetrr:t:'t;?#.ﬂiééﬂ?ﬁesgu; nt of
step requiring two protons. This proton-assisted step is partially un rvation of u Ilr sz ié\; ) i)((j : in the reai ri( f th
rate limiting to the overall reaction and leads to the formation conservation of polar and acidic residues € region ot the

of water. Taken together, these results imply a proton-assisted?o'nd'l?r?(;s'tne cavtltsll. trFIgturri 3a?hﬁ‘g§ a.tf]ugerpe%?:fphg Lheenig
dioxygen bond cleavage pathway from the twice reduced urknown crystal structures afg With résp '

dioxygen species to the ferryl species shown schematically in units. We see from this figure that Asp 251, in P¢al, is

Figure 2. This figure shows a concerted version of this pathway ?Ageéﬁoggg r(\i/r?foggé?)si?g)nrﬁd|$et|hecglr?sseil\)//erde:§t?hde(glﬁearnd
that proceeds through a transition state involving simultaneous pletely

addition of protons to the distal oxygen and dioxygen bond P450 isozymes of known structure.
cleavage. However, subtle variations of this proton-assisted (10) Martinis, S. A.; Atkins, W. M.; Slayton, P. S.; Sligar, S. &.Am.
mechanism are also possible, involving different extents of Chem. Soc1989 111, 9252-9253.

; e (11) Imai, T.; Schimada, H.; Watanabe, Y.; Matsushima-Hibiya, Y.;
concertedness of these three steps. Itis very difficult to further Makino, R.; Koga, H.: Horiushi, T.. Ishimura, Yeroc. Natl. Acad. Sci.

characterize this pathway experimentally. Moreover, in the y.s.a.1989 86, 7823-7827.
(12) Kimata, Y.; Shimada, H.; Hirose, T.; Ishimura, Biochem. Biophy.

(4) Davydov, R.; Kappl, R.; Huttermann. J.; Peterson J. A. EPR- Res. Commurl995 208 96—102.
Spectroscopy of Reduced Oxy-ferrous P450c&fEBS Lett.1991 295 (13) Gerber, N. C.; Sligar, S. @. Biol. Chem1994 269, 4260-4266.
113. (14) Gerber, N. C.; Sligar, S. G. Am. Chem. S0d.992 114, 8742~

(5) Kobayashi, K.; lwamoto, T.; Honda, K. Spectral Intermediate in the 8743.
reaction of the Ferrous Cytochrome P450cam with super-oxide anion. (15) Shimada, H.; Makino, R.; Imai, M.; Horiuchi, T.; Ishimura, Y. In
Biochem. Biophys. Res. Commu®94 201, 1348. International Symposium on Oxygenases and Oxygenaiich; Yama-

(6) Egawa, T.; Miki, H.; Ogura, T.; Makino, R.; Ishimura, Y.; Kitagawa, = moto, S., Nozaki, M., Ishimura, Y., Eds.;) Yamada Science Foundation:
T. Observation of the P¢=0 stretching Raman band for a thiolate-ligated Hachioji, Japan, 1991; pp 13336.

heme proteinFEBS Lett.1992 305 206-208. (16) Y. Ishimura, private communication.
(7) Komornicki, A.; Loew, G. In preparation. (17) Ravichandran, K. G.; Boodupalli, S. S.; Hasemann, C. A.; Peterson,
(8) (a) Atkins, W. M.; Sligar, S. GBiochemistry1988 27, 1610-1616. J. A. Sciencel993 261, 731-736.

(b) Jones, J. P.; Rettie, A. E.; Trager, WJFMed. Chem199Q 33, 1242 (18) Li, H.; Poulos, T. LAActa Crystallogr. D1995 51, 21-32.

1246. (19) Haseman, C. A.; Ravichandran, K. G.; Peterson, J. A.; Deisenhofer,

(9) Aikens, J.; Sligar, SJ. Am. Chem. S0d994 116, 1143-1144. J. 1994 236, 1169-1185.
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Figure 3. Superposition of four known crystal structures aligned with respect to their hemecd&d80YP101), P450-BM3 (CYP102), P450terp
(CYP108), and P450eryF (107A1).

This superposition illustrates that the conserved Glu is anotheratom, the simulations performed were not biased to either single
possible key residue in the formation of compound I, a role or concerted hydrogen bonding. The property that has been
inferred directly from the X-ray structure of the substrate-bound examined to address these questions is the extent to which a
P45@&am?® In this crystal structure, Glu 366 is part of a dynamically robust hydrogen network leading from the distal
contiguous hydrogen bond network involving several bound oxygen to Glu 360 is obtained. The presence of such a network
waters in a buried solvent channel leading to Thr 252. It is is taken as evidence for the existence of a precursor reactant
thus possible that it may be a conduit for proton transfer to the complex consistent with a proton-assisted dioxygen bond
terminal oxygen in the twice reduced dioxygen bound state of cleavage. A detailed characterization of the remainder of the
P45@am In three out of these four enzymes with known pathway involving proton transfer and dioxygen bond cleavage
structures there also appear to be a number of waters preseninvolves use of quantum mechanical methods and was not
leading from the acidic glutamate toward the binding-site cavity. addressed in this study. The simulations were done for both a
This hypothesis has not, however been assessed by anyrotonated and an unprotonated Glu and led to a proposed

experimental mutation studies involving Glu 366. mechanism of proton transfer by it to the distal oxygen atom.
Surprisingly, Thr 252, for which there is the most robust Finally, as further validation steps we have examined the
evidence for requirement for compound | formation in RG5O dynamic behavior of this enzyme in the ferriseme and ferryt

while conserved in P450-BM3 and P450terp is replaced by an oxygen—heme bound states and used the latter simulation to
Ala 245 in P450eryF. This particular substitution in P450eryF predict the preferred hydroxylation of the 6-DEB substrate for

is even more unexpected since the T252A mutant in Pd®0 comparison with known experimental results, using previously

prevents compound | formation. These results dramatically established methodology for prediction of observed stereo- and
illustrate how a variation in a residue at a given position within regioselective oxidation of a variety of substratest

one isozyme cannot always be inferred to have the same effect

on function as the same variation in the consensus position of Methods

another isozyme, even if, as is the case here, the residue is in
the most conserved secondary structure motif of all the P450s’considered in this study were obtained using the recently determined

the 1 helix. . . crystal structure of the substrate-bound ferric cytochrome P450eryF
In the work reported here, using the recently determined X-ray ang included all crystallographically observed bound water. All

structure of substrate-bound P450etyie have addressed the  simulations were performed using AMBER 42yhich has undergone

important unresolved aspect of the postulated common enzy-extensively revised parametrization from previous versions, including
matic cycle just described, the mechanism of formation of the :
putative active oxygen species from the twice reduced dioxygen __(20) Harris, D. L.; Loew, G. HJ. Am. Chem. Sod995 117, 2738~

form. Molecular dynamics simulations of cytochrome P450eryF ™" 1) (a) coliins, J. R.; Camper, D. L.; Loew, G. B. Am. Chem. Soc.
in the substrate-bound twice reduced dioxygen species have beengoi 113 2736-2743. (b) Chang, Y.-T.; Loew, G. H.; Rettie, A. E.; Baillie,

performed to further examine two specific aspects of the T-A; Sh?ff)e::& P-t FIZ-?POQZ lée l’l\('ont?”%noycP-R-ngnttll_m Biol(-BSygﬁtP-yd
H H . il In press. (C ruetel, P. R.; Collins, J. R.; Camper, D.; Loew, G.] Oruz ae
mechanism of formation of compound I: (1) the plausibility of = \y5alizn0) p. R, Am. Chem. S0a992 114 6987-6993. (d) Fruetel,

the proton-assisted pathway of dioxygen bond cleavage of thej; chang, Y. T.: Collins, J.; Loew, G. H.; Ortiz de Montellano, P.JR.
twice reduced dioxygen species and (2) the possible source andhm. Chem. Socl994 116 11643-11648. (e) Paulsen, M. D.; Bass, M.

; ; B.; Ornstein, R. LJ. Biomol. Struct. Desl991], 9, 187—203. Paulsen, M.
mechanism of transfer of these protons to the distal oxygen D'- Omstein, R. LJ. Comput -Aided Mol. De4992 449-460. (q) Bass.

atom. Although the. schematic pathway in Figu_re 2 depicts B Omnstein, R. LJ. Comput. Cheml993 14, 541-548. (h) Paulsen,
simultaneous formation of two H-bonds to the distal oxygen M. D.; Ornstein, R. L.Protein Eng.1993 6, 359-365.

The initial structures for the three species of the P450eryF isozyme
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Table 1. Charges Derived for Iron and Ligands from dioxygen bound state, in the absence of any direct spectroscopic
Semiempirical INDO/S Calculations of Four Heme Species information regarding the stretching and bending force constants for
charges this species. The parametrization of the ferryl state was as previously

described®

once reducedwice reduced

ferric—heme _ dioxygen dioxygen  ferryl Hydrogen atoms were added to the heavy atoms in the P450eryF

crystal structure, including all crystallographic waters. All glutamic

atom species species species  species ; . > o
and aspartic residues were deprotonated, and lysine and arginine
S —0.860 —0.79 -089  -0.65 residues were protonated. This assumption is reasonable given that
Fe 1.38 1.44 1.29 1.50 most of these residues either are found to be involved in buried salt
8% :822 :822 —0.84 bridges or are found to be present on the surface of the enzyme. In a

) _ second simulation of the twice reduced dioxygen species, Glu 360 was
spin state system  sextet singlet doublet  quartet protonated in order to examine if and how such a transient form of

aMulliken charges on atoms for the heme species indicated, derived this species could play a proposed role in proton donation to the distal

from INDO/S semiempirical calculations. The INDO/S state corre- 0XY9en atom. The protonation sites of the histidine residues were
sponding the calculated ground state spin mutiplicity is also indicated. ssigned on the basis of proximity of acidic/basic residues within a 4
A radius of the histidine nitrogens. For each of the three substrate-

bound species characterized, (i) the ferric form, (ii) the twice reduced
dioxygen bound form, and (iii) the ferryl form, the corresponding heme
unit was constructed and used in the full protein simulations.

Each of the three substrate-bound P450 structures included in this
study was energy minimized using AMBER 4.1 using 100 steps of
steepest descents followed by sufficient steps of conjugate gradients
to reduce the gradient 0.8 kcal/A. The positions of the hydrogen
atoms attached to oxygen and nitrogen were then modified by short
dynamics runs of 510 ps at 350 K. The structure was equilibrated
for 15 ps at 300 K by loosely coupling the system to a heat bath and
employing a series of gradually decreasing harmonic coordinate
constraints. The system was then further equilibrated for about 25 ps
before accumulation of dynamics data for analysis. Following the
equilibration procedure, molecular dynamics runs were continued for
125-150 ps. Nonbonded interactions were truncated at a relatively

bound heme, and the ferrybxygen bound heme, were derived from | dist £13.0 A in order to minimize the | f ated
INDO-ROHF type calculations of Mulliken atomic charges. This ong distance of 1549 A n order to minimize he farge forces associate
with truncations in the nonbonded interactions. In these studies, we

source of net atomic charges has been used in all of our heme proteinh loved diallv d dent dielectri tabtafr. wh
simulations. It has not yet been possible, given the computational ave employed a radially dependent dielectric cons r, where

resources and state of the art of quantum chemical calculations for thes«{)is the interatomic distance for the atom pair electrostatic contribution

large systems, to use charges derived from fits to ab initio calculation eing computed, if‘ Iieg of including_an explicit sqlvent hy_drqtion shell
of molecular electrostatic potentials for these systems. Ab initio DFT While this approximation lacks a rigorous physical basis, its use has

studies of iron heme systems in progress, however, indicate Chargebeen shown to prevent artifactual contractions during simulations of
descriptions that are qualitatively similar to those obtained from INDO- cytochr_ome_ P450 W'th known struc_tur%}sWe have determined if thls
ROHF type calculations of Mulliken atomic charges, namely, identical approximation used in these studies also prevented these artifactual
charges on the oxygen atoms of the dioxygen species but slightly CO”S?q‘fences- o ) . .
smaller charges on the iron and carbon cerfers. Criteria Used for Prediction of Regiospecific Hydroxylations. As

The INDO/S derived Mulliken charges on the iron and its S and O N past studies, the most widely accepted mechanism of substrate
ligands are shown in Table 1 for four heme species: the ferric, once hydroxylation by P450s was used to select the criteria for prediction
and twice reduced dioxygen bound, and compound | heme species.Of reglos:pec[flc hydroxylation of the DEB subs_trate by P450(_aryF. This
The spin state of the ligareheme system determined to be the mechanism involves hydrogen atom ab;tractlon by_the_ active oxygen
electronic ground state for each species is also reported. As can bedtom of the ferryl species followed by radical recombination to produce
inferred by the heteroatom charges shown, much of the added electronthe hydroxylated products. The steric criteria used were the distance
density in both the first and reduction steps is distributed in a delocalized ©f €ach H atom of the substrate from the ferryl oxygen and the Cn
fashion in the porphyrin system. Thus, for example, the charges on HN— — —OFe angle. Structures were saved at time intervals of 0.25
the S, O1 (proximal dioxygen atom), and O2 (terminal dioxygen atom) PS during the molecular dynamics simulations of the substrate-bound
atoms in twice-reduced species reflect only a moderate increase inferryl species. These structures were used to calculate relevant distances
negative charge density on these centers and a commensurate reductiof"d angles and to obtain the the number of times that each substrate
of positive charge on the Fe compared to the once reduced dioxygenhydrogen atom "Xa$3-5 A from the ferryl oxygen with an H-bond
species, the remainder of the charge being distributed over the porphyrin@ngle of 180+ 45°. The percentage of the total sampled time frames
ring. Such characteristics of the charge distribution are also reflected for which each Hn fulfilled this criterion was used as the steric
in the density functional calculations we have performed on these determinant to predict the percentage hydroxylation product formed at
specieg® this position. This is the same steric criterion used in all our previous

The internal force constant parametrization for the twice reduced Studies predicting regiospecific hydroxylation of substrates by &80

dioxygen complex was taken to be the same as for the once reducedn addition, for those sites for which the steric criteria predicted some
percent hydroxylation, the relative stability of the radical formed at

(22) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. each of these sites was calculated using an AM1 Hamiltonian in the
M., Jr.; Ferfuson, D. M.; Spellmeyer, D. D.; Fox, T.; Caldwekk, J. W.;  Gayssian94/DPF program. This quantity was used as a second,
Kollman, P. A.J. Am. Chem. S0d995 117, 5179-5197. thermodynamic/electronic, criterion for selective hydroxylation, as was

(23) Bayly, C. I.; Cieplak, P.; Bayly, C. |.; Kollman, P. 8. Phys. Chem. ; . ; 0.21
1993 97, 10269-10280. also_done in our past studies of Peam hydroxy_lanonﬁ~ In _

(24) Gaussian 92, Revision C: M. J. Frisch, G. W. Trucks, M. Head- Previous studies using compounds with known relative radical energies,
Gordon, P. M. W. Gill, M. W. Wong, J. B. Foresman, B. G. Johnson, H.
B. Schlegel, M. A. Robb, E. S. Replogle, R. Gomperts, J. L. Andres, K. (27) Harris, D. L.; Loew, G. HJ. Am. Chem. Sod.995 117, 2738~
Raghavachari, J. S. Binkley, C. Gonzalez, R. L. Martin, D. J. Fox, D. J. 2746.

Defrees, J. Baker, J. J. P. Stewart, J. A. Pople; Gaussian, Inc., Pittsburgh, (28) Gaussian 94, Revision B.1: M. J. Frisch, G. W. Trucks, H. B.
PA, 1992. Schlegel, P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T.
(25) Breneman, C. M.; Wiberg, K. W.. Comput.Cheni99Q 11, 361. Keith, G. A. Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al-

(26) A. Komoricki, private communication. Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski, B.

substantial amino acid charge reparametrization based on RESP
to optimized 6-31G* ab initio results. The charge parametrization of
the eryF substrate was obtained by fitting atomic charges (a CHELPG
fit) to the molecular electrostatic potential surface derived from a single-
point 6-31G*//3-21G* calculation using Gaussian®2The conver-
gence criteria employed for the 3-21G* optimized geometry of this
large flexible molecule was less stringent than the defaults for small
molecules. However, it was additionally ascertained that only minor
changes in the CHELPScharge description for the substrate resulted
from additional optimization steps. The remainder of the substrate
vibrational and nonbonded van der Waals parameters was taken from
the standard AMBER parameter database.

The charges for the heme unit in the three different forms relevant
to the work reported here, the ferribeme, the twice reduced oxygen
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we have compared estimates of relative radical energies obtained using Figure 4a shows the substrate-bound binding-site cavity of
the AM1 Hamiltonian and using ab initio calculations with Gaussian the P450eryF enzyme after 125 ps of simulation. This substrate
split-valence basis sets with experimental results. These comparisonS(Figure 4b) is much larger and contains more polar groups than
indicated that using an AM1 Hamiltonian in G94, like those obtained camphor, the natural substrate of cytochrome R460 It is

using MOPAC?? produced the same relative order of radical stabilities m d of 21 carbons. 6 ox n nd 21 hvdr ns in
as the ab initio results but tended to overestimate the radical energyCo posed o carbons, 6 oxygens, a ydrogens a

differences by at least a factor of 2. Since this level of accuracy is COMPlex 14-membered ring. Yet, as shown in Figure 4a, in
sufficient to evaluate the effect of radical stability on preferred product cOmmon with P456am the substrate binds in a buried, largely
formation, an AM1 Hamiltonian was thus used here to estimate the hydrophobic pocket near the heme, making numerous van der
thermodynamic component modulating competing 6-DEB substrate Waals contacts with hydrophobic residues lining the substrate
hydrogen abstractions to use together with the steric criteria to predict cavity, specifically A74, Y75, F78, F86, N89, G91, T92, 1174,
hydroxylation profiles. Validation of the combined use of these steric | 175 R185, V237, L240, A241, G242, E244, A245, P288,
and thermodynamic criteria_ for predictions of selective hydroxylation L391, and L392. In addition, as shown in Figure 5, a
has been thoroughly examined in other benchmark stdéftés. - ’ . "
dynamically stable hydrogen bond network is found leading
from the substrate to Glu 360. It is seen that the polar hydroxyl
and keto groups of the substrate are connected through hydrogen
Ferric—Heme Substrate-Bound P450eryF. In order to bond bridging networks to the rest of the protein. Specifically
validate the procedures used for the transient substrate-boundthe C5 and C11 hydroxyl groups and the C9 keto group are
twice reduced dioxygen cytochrome P450eryF species, a mo-hydrogen bonded to the enzyme via mediating waters, and
lecular dynamics (MD) simulation was performed for the multiple simulations of this form of the enzyme indicate that
substrate-bound ferricheme form, including crystallographic  the C3-OH transiently hydrogen bonds to the carbony! oxygen
waters, using the same procedures, and the results weresf | eu240. The coordinate frame shown is that corresponding
compared with the crystallographic results. The RMS deviations tg the end of the ferrieheme-substrate-bound simulation. This
of the MD average structure of the protein from the crystal and hydrogen network is established shortly following energy

energy minimized crystal structure were 2.01 and 1.92 A, minimization and MD equilibration and persists throughout the
respectively, for all heavy atoms including water. These RMS gjmulation.

deviations were 1.68 and 1.42 A, respectively, excluding water,

indicating that the secondary and tertiary protein structures 4" main goal of this study was the characterization of this transient
well conserved during the simulation. The RMS difference 9 1ay was e
species to determine if its energy-optimized structure and

between the optimized substrate heavy atom positions and the”; . . ; " .
MD average coordinates of the substrate is 0.17 A. simulated dynamic behavior provide any additional evidence

Comparison of the computed and experimerBalactor for the validity of the proton-assisted dioxygen bond cleavage

indicates general qualitative agreement with the possible excep-mEChamsm of formation of compound I from it, shown

tion of a surface loop near residue 260 lacking any significant schematically in Figure 2. As described in Methods, since a

nonbonded contacts from other secondary structural elementsStructure of this transient species was lacking, it was constructed

or explicit solvation. The calculated substrate 6-DE#actor from the k.n.own structure of thg substrate-bound ferric form,
was 16 &, in good agreement with the crystal structure isotropic by the addition of the dioxygen ligand and use of the calculated

Results and Discussion

Twice Reduced Dioxygen Substrate-Bound State.The

B-factor value of 17.2 A net atomic charges and other parameters for this species. This
The temporal profiles of both the radius of gyration and total nggﬁegrSI time that a simulation of this species has been

number of hydrogen bonds were also monitored during the
simulation. The radius of gyration of the P450eryF showed The results obtained provide clear evidence for the presence
0n|y minor deviations from the MD average value of 19.7 A of an extensive hydrogen-bonding network in the distal blndlng
during the simulation, remaining in good agreement with the pocket of this twice reduced dioxygen substrate-bound isozyme
crystal structure value of 20.9 A. The similarity in value and following energy minimization and equilibration. As shown
relative constancy of the radius of gyration of the protein indicate in Figure 6, 25 ps after equilibration of the optimized structure
the lack of artifactual shrinkage. The number of hydrogen bonds the terminal oxygen of the dioxygen ligand has two proton-
was also well conserved during the simulation, fluctuating donating partners: the C5-OH group of the 6-DEB and a bound
between the initial value of 810 to a final value of 830 at the water (crystallographic water 519). This formation of two stable
end of the production dynamics. Thus the use of a radially hydrogen bonds to the terminal oxygen in the twice reduced
dependent dielectric constant in the absence of explicit solvation,dioxygen species, demonstrated for the first time by these
although without a rigorous foundation, nevertheless eliminates simulations, provides direct support for the key step invoked
artifactual protein contraction with no apparent deleterious effect in the proton-assisted pathway of dioxygen bond cleavage of
on the temporal evolution of hydrogen-bonding patterns begin- the twice reduced dioxygen species to compound | formation
ning with the crystal structure, a concern in the use of this (cf. Figure 2). Moreover, this H-bonding network extends from
approximation. the terminal oxygen atom of the ligand, i.e.,-F@1-02 to
These combined results indicate good agreement betweerH20519 to Ala 241 to H20564 to Ser 246 to Glu 360, a
experimental and simulated structure and fluctuations and potential key residue in a proton relay pathway involving the
provide validation of the parametrization, simulation conditions, ultimate source of protons.
and approximations employed for the chgracteri_zation of the \while the presence of this H-bonded network early in the
other substrate-bound P450eryF enzymatic species based upogjmylation is suggestive, the extent to which it is preserved
the substrate-bound ferric heme crystal structure. during the MD simulations and to which it favors protonation
B. Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y. Ayala, Of the distal over the proximal oxygen atom is crucial to the
:\//Iv. r(t:_rr:eg, |\J/| '\:/X.XV\SonSg, Egi.n tl.eAn%rer, géf?é ;e;jloglaekei?. ??vmg?gvsvé Ftll\_/l plausibility of the proton-assisted mechanism of compound |
H:acli-éofddn, C’. Gorizalez, g‘nd .J..A. Poplé; Gaussia‘n,-lné., Pittsbi)rgh,formatlon from thls twice reduced dioxygen §peC|es. Figure 7
PA, 1995. a—j shows the time dependence of the main hydrogen bonds

(29) Stewart, J. J., MOPAC 6.0, QCPE Program 455, Bloomington, IN. connecting the bound dioxygen ligand ultimately to the Glu 360.
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Figure 4. (a, top) Cytochrome P450eryF binding site in the substrate-bound ferric heme form after 125 ps of simulation showing all residues
within 3.0 A of the 6-DEB substrate (colored yellow with oxygens depicted in red). Note that Pro 288 is not shown in order to allow greater
visibility of the substrate in the binding site. (b, bottom) 6-DEB P450eryF substrate. The carbon numbering scheme used and referred to in this
work is depicted. The known experimentally determined site of completely regio- and stereospecific hydroxylation (at the 6S position) is highlighted
in magenta.

Figure 7a-d shows the time dependent behavior of the Examination of these two sorted time series in Figure 8 also
H-bonds formed by the distal and proximal atoms of the shows a clear preference of the C5-OH with the terminal
dioxygen ligand with the substrate C5-OH and the H20 (519). dioxygen atom (02). In this figure, the distances of the C5-
Comparison of the hydrogen bond time series of H20519 with OH hydroxyl to both the O1 and O2 dioxygen atoms are sorted
the terminal (O2) and proximal oxygen (O1) atoms of the in order of increasing OH — —0O2 (terminal oxygen) distance
dioxygen ligand indicates that the bound water consistently with the corresponding OH — —O1 (proximal oxygen) dis-
favors a H-bond to the terminal oxygen (O2) and that this tance time series sorted by the same criteria. Examining this
H-bond is stable during the simulation (Figure 7b,d). A similar figure at any sorted point (abscissa value), we see that the
examination of the time series for the 6-DEB C5-OH interactions substrate C5-OH is always closer to the terminal oxygen (02)
with both the proximal (O1) and the terminal oxygen (0O2) of than to the oxygen attached to the iron (O1), since for any point
the bound dioxygen also indicates a preferential interaction of on the O2 curve the corresponding point on the O1 curve is at
the substrate C5-OH with the terminal oxygen (Figure 7a,c). a longer distance.
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Figure 5. Dynamically stable hydrogen bond network in substrate-bound ferric heme P450eryF (after 125 ps of simulation) leading from Glu 360
through Ser 246, crystallographic water 564, Ala 241, and H20519 (in the binding site cavity) to the C5-OH of the substrate. The view of this
interaction is from above the distal side of the heme (shown in blue), the substrate 6-DEB has been colored yellow with its keto and hydroxyl
oxygens highlighted in red.

Figure 6. View of the binding site and extended hydrogen bond network evident at 25 ps (following equilibration) in the twice reduced dioxygen
substrate-bound cytochrome P450eryF simulation. The heme has been depicted in light blue with dark blue nitrogens, and the propionate and bound
dioxygen atoms are shown in red. The substrate coloring scheme is as used in Figure 4.

The results presented in Figures—thand 8 taken together  this result does not provide actual evidence of such a proton
clearly indicate the preference for two hydrogen bonds with transfer event and facile -©0 bond cleavage, it does identify
the terminal oxygen, one with a cavity water and one with the the existence of a reactant species consistent with the proton-
substrate. The former is stable throughout the simulations assisted mechanism for such a reaction. Detailed investigation
(Figure 7b) and the latter C5-OH for roughly one-third of the of the subsequent proton transfer and bond-breaking steps
total simulation (Figure 7a). Although these classical simula- requires quantum chemical investigations that await further
tions cannot describe the actual dioxygen bond breaking processmethodological advances.
the double hydrogen bonding found favoring the terminal  Figure 7e-j shows the time series for the remainder of the
oxygen corresponds to the geometry one would expect for therelevant H-bonds connecting Glu 360 with the terminal oxygen
initial reaction complex in a putative proton-assisted dioxygen atom of the bound dioxygen and indicates the formation of a
cleavage mechanism of formation of compound I. Also since dynamically stable hydrogen bond network connecting them.
the simulations are not biased (a priori) to either single or double This stable hydrogen-bonding network pattern can be traced in
hydrogen bonding, the results also suggest that simultaneoughese panels from the water 519, a proton donor to the terminal
protonation of the distal oxygen is possible in this system. While oxygen ligands through Ala 241 to H20564 to the Ser 246
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Figure 7. Distance time series reflecting short-range electrostatic interactions/hydrogen bonding in a network connecting Glu 360 to the heme

bound dioxygen. Time series for cavity hydrogen bonds: (a) dioxygen atom-©02HO-C5 (6-DEB); (b) dioxygen atom G2— —HW2(H20519);

(c) dioxygen atom Ot — —HO-C5 (6-DEB); (d) dioxygen atom G1— —HW2(H20519). Time series for hydrogen bonds leading to binding
site: (e) HW1(H20519) — —O(Ala 241); (f) HW1(H20564) — —0(Ala241); (g) HW1(H20564 — —OW(H20519); (h) OG(Ser 246) — —
HW2(H20564); (i) N-H(Ser 246 — —OW/(H20564); (j) HG(Ser 246) — —OE2(Glu 360).

5 exception of Glu 360. The side chain of Glu 360 is a component
of an interior solvent channel leading to the active site. Thus
4.5 we propose that this side chain can serve as a molecular switch
through which a proton from the solvent is ultimately transferred
4 to the terminal oxygen atom in the following way. In the stable
configuration characterized, in which one carboxyl oxygen of
< 35 the ionized glutamate side chain is involved as a proton acceptor
o in the H-bonded network of the twice reduced dioxygen species,
§ 3 a proton could be transiently transferred to the second carboxylic
n oxygen. The side chain could then rapidly and freely rotate,
8 25 INIEE § allowing the protonated carbonyl group to become a proton
|’ donor in this H-bonded network to the terminal oxygen atom,
2 ] /’ and returning the system to its original state.
l The feasibility of the switching mechanism proposed for
15 / proton transfer, involving the alternating role of the Glu 360
side chain as a proton donor and acceptor, rests heavily on the
1 maintenance of a robust H-bonded network with this proposed
0 100 200 300 400 500

Sorted Point No.

Figure 8. Competition between O1 and O2 of the dioxygen ligand

for the C5-OH proton:®, R(O2—DEB-OH) A; —,
A.

R(O1-DEB-OH)

transient protonated form of Glu 360, so that it can act as an
efficient proton donor. To examine this possibility we have
used the same procedures described above, to simulate the WT
P450eryF in the twice reduced dioxygen bound form with Glu
360 in the protonated form. We have analyzed the MD

hydroxyl to the Glu 360 residue. In addition, H20519 trajectory, using the same criteria as in Figuresj/and 8 for
participates in transitory hydrogen-bonding interactions with the unprotonated form, for the presence and stability of a
H20564. The stable hydrogen bond network exhibited in these structure involving preferential double protonation of the
time series could in principle serve as a conduit for proton terminal dioxygen ligand atom and a robust H-bonded network
transfer from the Glu 360 to the bound dioxygen and strongly leading from there to the protonated form of the Glu. Figure 9
indicates a plausible source of the protons. is a coordinate frame at 50 ps in the 150 ps simulation of the
Glu 360 is a highly conserved residue in the L helix of the protonated Glu 360 twice reduced dioxygen bound P450eryF.
four known P450 crystal structures. The L helix is surface This structure clearly indicates that, as in the unprotonated form,
exposed with most of its polar residues facing the solvent. The there are preferentially two-hydrogen bonds to the terminal
interior of this helix is largely hydrophobic with the striking oxygen atom of the ligand from the bound water 519 and the
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Figure 9. A 50 ps coordinate frame depicting the hydrogen-bonding pattern prevalent in the simulation of the protonated Glu 360 form of the

enzyme in the twice reduced dioxygen substrate-bound P450eryF species.
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Figure 10. Distance time series illustrating the temporal evolution of the connectivity between Glu 360 in the putative protonated form and the
bound dioxygen ligand: (a) HE2(Glu 360 —OG(Ser 246); (b) HG(Ser 246)— —OW(H20564); (c) HW1(H20564) — —OW(H20519);

(d) HW2(H20564) — —OW(H20519); (e) HW2(H20519) — —02(dioxygen-atom) TWR350; (f) HW1(H20519)— —02(dioxygen atom)
TWR350; (g) C5-OH(H37 of DEB} — —O2(dioxygen atom) TWR350. TWR notation is the residue name assigned to the modeled twice reduced
dioxygen bound heme species.

C5-OH of the substrate. Moreover, there is a contiguous there are switches between the two hydrogens involved in
pathway to the terminal oxygen atom from the protonated Glu hydrogen bonding to the oxygen of H20 519, during the course
360 via Ser 246 through H20564 and H20519. This network of the simulation. Finally, panels e and f shows that one of the
differs from that involving the unprotonated Glu, in that donor two hydrogens of H20519 is always hydrogen bonded to the
and acceptor roles along this pathway have been interchangeddistal terminal oxygen atom (02), and panel g shows that a

Glu at one end of the proton-donating pathway is a donor, Ser- second hydrogen bond to the terminal oxygen atom is formed
OH is an acceptor, and the bound waters have reoriented toyjith the substrate (the C5-OH DEB) itself.

change their roles. In this transient form of the proposed proton-
donating pathway, the hydrogen bond connectivity between Glu
360 and the terminal oxygen of the dioxygen ligand is even
more robust than in the deprotonated form, in that the H26564
— —H20519 hydrogen bond linkage is better maintained.
Figure 10a-g shows the time series associated with this . "
simulation in a manner similar to that done for the unprotonated of _proton transfer, W'th th_e G_Iu p'C"'"Q up a proton from the
Glu. Panels a and b of this figure show that a constant hydrogentltimate donor and delivering it to the distal oxgyen atom. Such
bond linkage is maintained between the proton on Glu 360 and & mephamsm could prowde.a facile proton transport route with
the Ser 246 hydroxyl oxygen and that in turn this hydroxyl relatively small energy barriers for the transfer process.
hydrogen is hydrogen bonded to the oxygen of H20564. Panels The important role assigned to Glu 360 and other residues
¢ and d show that a hydrogen-bonded link is maintained betweensuch as Ser 246 in the proton transfer network crucial to
the hydrogens of H20564 and the oxygen of H20519, although compound | formation can be further assessed by determining

The finding of a robust H-bonded network connecting the
terminal oxygen atom of the dioxygen ligand and the Glu in
both its protonated and unprotonated forms, as illustrated in
Figure 11, lends additional credence to its proposed role as a
proton donor and to the plausibility of the switching mechanism
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a) Table 2. Predicted Hydroxylation of 6-DEB from Simulations of
Serye H20519 the Ferryl Form of P450eryF
0 Hemmmn atom sum steric % stercelectronic%
He Sty RN H6 350 627 100
ou3e0 o~ N, T H24 1 0.2
H20 564 IR H25 3 05
o] H26 2 0.4
H29 202 36.2
Serps H20519 total no. of reactive configs 558 100

b) o H -"'H\ . . . .
A S/ f 0\ Table 3. Relative Energetics of 6-DEB Radicals Resulting from
Glu360 o,—" H—0UJ M o) Hydrogen Extraction as Determined from an AM1/G94
N | Optimization
N H20 564 - -
/\/<o Fe DEB radical sité energy (hartree) AE (kcal/mol)
. . . H24 —0.4791 10.6
Figure 11. Stable H-bonding networks found in the (a) protonated H26 —0.4738 13.9
and (b) unprotonated Glu form of the enzyme. The existence of this H29 —0.4755 12.8
network in both forms provides support for a proposed switching H6 —0.4959 0.0

mechanism resulting in facile proton transfer from the transiently

rotonated Glu 360 to the terminal oxygen atom of the dioxygen ligand. _ ° The radical site is denoted by the hydrogen atom which would be
P ! ! 9 loxygen ig extracted to generate a radical at this site. H24 and H26 are primary

. . . . hydrogens attached to the C6 methyl group, and H29 is a primary
the effect on product formation of site specific mutations of hydrogen attached to the C8 methyl. Hé is a tertiary hydrogen attached
these residues. to the C6 carbon (cf. Figure 4b).

Ferryl Oxygen—Heme Substrate-Bound State. In the
previous sections, we have shown how simulations of the steric factors were used, this column would be used to directly
transient twice reduced dioxygen species of P450eryF canpredict hydroxylation regiospecificity. However, as shown
provide new direct insight into the mechanism of formation of previously, the observed hydroxylation profile is not only a
compound |, using methods and procedures validated by function of the accessibility of the substrate hydrogens to the
comparisons with the known crystal structure of the substrate- reactive ferryl oxygen but is also modulated by the relative
bound ferric form of P450eryF. Another opportunity to assess radical energetics.
the validity of the methods used to simulate the transient Table 3 presents the calculated relative energetics of the
substrate-bound twice reduced dioxygen species is provided byradicals at the five aliphatic hydrogen sites shown from
the known experimental hydroxylation profile of 6-DEB by dynamics trajectories to be accessible to abstraction by the
compound | of P450eryF. Using the same simulation conditions reactive P450-bound ferryl oxygen. Of these five H atoms, the
we have calculated this profile for the 6-DEB substrate in the C6- H is a tertiary hydrogen, and the remainder of the hydrogens
putative ferryl state of the enzyme and compared the resultsare primary hydrogen atoms of methyl groups. H24, H25, and
with experiment. H26 are on the methyl group attached to the C6 carbon, and

It is known that enzymatic conversion by this species of the H29 is on the methyl group attached to the C8 carbon.
large natural substrate of WT P450eryF is efficient in that all ~ The results indicate large energy differences between these
reduction equivalents result in completely stereo- and regiospe-Primary and tertiary sites, comparable to those reported from
cific 6S-hydroxylated 6-DEB. The calculated hydroxylaton AM1 results for_3|mple aliphatic species. Prewous_calcul_atlon_s
profile is a sensitive function of the enzymsubstrate dynamics ~ Of the energy differences between primary and tertiary aliphatic
since a major geometric criterion for the calculated regiospeci- radicals using ab initio and AM1 semiempirical estimates were
ficity is deduced from the dynamics of the enzyrseibstrate 3 and 10 kcal mot', respectively’? Despite these disparities,
complex. As in the simulations of the twice reduced dioxygen Poth of these energy differences would result in exclusive
state just described, the coordinates of the known structure offormation of a tertiary radical based on an assumed Boltzmann-
the ferric—heme substrate-bound state were used as a startindike thermodynamic distribution of radicals and kinetic partition-

point for the ferry-oxygen species and no bound waters were N9 of products based on this radical_distribution. Thus, using
added or removed in constructing the ferryl state. even a conservative lower bound estimate of 3 kcalfiobm

During both energy optimization and the subsequent 140 ps the ab initio results as the energy difference between tertiary
of equilibrated MD simulations, the changes in the 6-DEB and primary radicals, together with the steric criteria obtained,

orientation in the substrate binding site from its starting results in prediction of exclusive production of 6S-hydroxylated

configuration were small, the substrate being constrained by product _by th_e enzyme as |_nd|cated in Table 2 (cf. Sten_c/
its numerous van der Waals contacts with hydrophobic residues=/€ctronic %) in agreement W'th the observed (;ompletely regio-
and hydrogen bonds via bound waters to polar residues. Theand stereospecific hydroxylation for this native substrate of
coordinates saved at 0.25 ps intervals during the MD trajectory cytochrome P450eryF.

were used to calculate distances and angles between all possml%onclusions

H atom abstraction sites of the substrate and the ferryl oxygen

atom. As shown in Table 2, there were only five H atoms, of  In this work, we have simulated the dynamic behavior of
the many shown in Figure 4b, for which there was a nonzero three substrate-bound species in the enzymatic cycle of cyto-
number of sampled structures in which the chosen steric criteriachrome P450eryF: the ferric species, the ferryl form, and the
were fulfilled, i.e., a distance equal to or less than 3.5 A and an twice reduced dioxygen species based on the crystal structure
angle within 458 of linear. Given in Table 2 for these five  of the ferric-heme substrate-bound form. The same simulation
“reactive” H atoms, in the column labeled “steric %", is the conditions and approximations were employed in all three
number as well as percentage of the sampled structures in whichsimulated states of the enzyme. The main aims of these studies
a particular Hh position satisfied these criteria. If only these were to use the results obtained for the first two species to
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validate the methods used by comparisons with experiment and In addition to the observation of preferential double proton
to use the results for the twice reduced dioxygen bound speciesdonation to the terminal oxygen atom, a dynamically stable
to probe the validity of the proton-assisted mechanism of hydrogen-bonding network pattern can be traced in this simula-
compound | formation from it. tion that links this oxygen atom through H20519, Ala 241,
The simulation conditions used for the ferriseme substrate-  H20564, and the Ser 246 hydroxyl to the Glu 360. This
bound species led to dynamic behavior in reasonable accordnetwork persists, with roles interchanged, in the substrate-bound
with the crystal structure results. Under the same conditions twice reduced dioxygen simulation with the protonated form
the calculation of the hydroxylation of the 6-deoxyerythronolide of Glu 360 proposed as the proton donor by a rotation of this
substrate by the ferryl form of P450eryF led to the prediction side chain after transient proton donation to it from solvent.

of a single 6S-hydroxylation product in complete agreement with  The finding of a robust H-bonded network connecting the
experiment. The results obtained for both the ferric and terminal oxygen atom of the dioxygen ligand and the Glu in
compound | forms of this enzyme thus lend credence to the poth its protonated and unprotonated forms, as summarized in
methods used in the simulations of the transient twice reducedFigure 11, provides support for a plausible proton transfer
dioxygen bound P450eryF. mechanism and the role of such a network in it. This figure
It is known from experimental studies of P430nthat the illustrates that a proton can be donated from the Glu to the
steps following the second reduction of the dioxygen bound terminal oxygen ligand atom via a hydrogen bond switching
complex involve on the order of two protons as determined from mechanism. Such a mechanism could then provide in principle

proton-isotope effects and the formation of water in addition to a facile proton transport route with relatively small energy
oxidized producf. These experimental observations are con- parriers for the transfer process.

sistent with the proposed proton-assisted formation of the
reactive ferryl species from the twice reduced dioxygen form
depicted in Figure 2. Additional experimental evidence for this

If the hypothesized mechanism of formation of compound |
proposed here is correct, disruption of the proton transfer system
would decrease enzymatic efficiency. It is already known that

mechanifsm Ihs o}ljfﬂcult to obtain, mowever,. gi\fer) theftrﬁnsignt a substrate modification removing the C5-OH group prevents
nature of both of these species. The MD simulation of the twice product formation in keeping with its importance in proton

reduced dioxygen bound state of P450eryF performed herey,nation to the distal oxygen atof. In a complementary

reveals for the first time two hydrogen bonds preferentially ¢5qhion the important role assigned here to Glu 360 and other
formed to the terminal oxygen of the bound dioxygen that persist eqjques such as Ser 246 in the proton transfer network crucial

throughout a significant fraction of a 150 ps simulation. This 5 compound | formation can be further assessed by determining
hydfF’ge”'bO’_‘Q'”g pattern corresponds_ to an incipient complex e effect on product formation of site specific mutations of
leading to splitting out water and formation of a ferryl complex. i ase residues.

The geometric time series analysis indicates that incipient
complex is preferred to the alternative pattern of one H-bond
to each of the two ligand oxygen atoms that would lead {OH
formation, i.e., one preferential hydrogen bond to each of the
distinct oxygen atoms. Although such classical simulations do
not investigate the actual dioxygen bond breaking process, the
double protonation found favoring the terminal oxygen corre-
sponds to a reaction complex that can be reasonably inferred
to lead to formation of water and compound | by dioxygen bond
weakening and rapid bond cleavage. It thus provides convincing
additional evidence for the proton-assisted dioxygen bond
cleavage mechanism of formation of compound | shown in
Figure 2. JA954101M
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