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ABSTRACT. The recent characterization of a thermophilic and barophilic CYP119 fButiolobus
solfataricusoffers a new opportunity to identify the origin of its stability by comparing it with mesophilic
P450s with known structures. Since the three-dimensional structure of CYP119 is not yet available,
homology modeling techniques were used to build model structures for this enzyme. The overall quality
and stability of the models were assessed using three protein analysis programs and by monitoring structural
stability during 1 ns of molecular dynamics simulations at 300 and 390 K. The results show the CYP119
models to be of good quality. Possible origins of the thermo- and barostability of CYP119 were then
investigated by examining the amino acid compositions and the three-dimensional structure of CYP119
compared with the five mesophilic templates. Three possible factors were identified that could contribute
to the enhanced stability of CYP119. The first was the higher relative population of salt bridges and the
presence of a few unique salt bridges found in CYP119 that were absent in all five template CYP450s.
The second factor was a decreased population of Ala and an increased population of lle found in the
interior of CYP119, which are likely to improve packing in CYP119. The third factor was a more extensive
aromatic cluster seen in CYP119 which was not found in all five template P450s. In addition, the model
CYP119 three-dimensional structures were also used to determine key properties related to its function.
Specifically, binding site residues and surface residues for redox partner interactions were identified.
These residues identified together with those residues found that might contribute to the increased stability
are suggested for future mutagenesis studies. The results obtained from these experimental studies shall
then provide further validation of the suggested origins of stability and the strudturetion relationships

derived from the model structures of this enzyme.

Life on earth shows an enormous capability in adapting normal mesophilic counterparts that function at ambient
to different extreme conditions, including temperatures temperatures and belong to the same protein family.
ranging from—>5 to 110°C, pressures from 0.1 to 120 MPa Recently, the first extremophilic enzyme in the metaboliz-
(1200 bar), water activity from 1.0 to 0.6, and pH from 1 to ing cytochrome P450 superfamily has been identified. The
12 (1, 2). Enzymes from organisms, mainly microorganisms, gene of this enzyme, CYP119, was cloned frSmifolobus
that adapt to the various extreme environments are calledsolfataricus(Ss), an acidothermophilic archaebacteria found
psychrophilic, thermophilic, barophilic, halophilic, acido- in sulfurous volcanic hot springS8). The optimal growth
philic, and alkalophilic. Studies of these enzymes not only conditions forSswere found to be 87C and pH 4.5 4).
provide the opportunity to probe the origin of their intrinsic McLean et al. §) have recently reported comparative studies
stability but also allow possible applications in biotechnology. of the stabilities of CYP119 and the mesophilic CYP101
For example, using thermostable enzymes in industrial (P450cam). It was found that the melting temperatdig (
applications offers the benefits of increased rates of reaction,of CYP119 was 91°C, compared to 54C for the T, of
higher substrate solubility, decreased media viscosity, longerCYP101. Moreover, CYP119 was stable at hydrostatic
enzyme self-lives at normal storage temperature, and lowerpressures of up to 2 kbar as evidenced by the amount of
risk of microbial contamination. P450 present, while there was little or no native CYP101

Most of the extremophilic enzymes found are thermophilic left at 2 kbar. Similar thermostability and barostability of
belonging to diverse families of bacteriz) (Some examples  CYP119 have also been observed by Koo et@)l. (
are citrate synthase fromyrococcus furiosusvith a half- The fundamental challenge posed by the existence of these
life of 170.0 min at 100°C, rubredoxin fromP. furiosus proteins is the identification of differences in their properties
with a melting temperature above 176, and adenylate  that can account for the enhanced thermal stability of the
kinase fromBacillus stearothermophilusvith a melting thermophile. The search for these differences is currently
temperature of 74.8C. Many thermophilic enzymes have an active area of investigation.
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One approach has been to examine the X-ray crystalwere compared to those of other mesophilic P450 enzymes
structures of a variety of thermophilic proteins and compare to provide possible explanations for its remarkable stability.
them with mesophilic proteins in the same family. There is In addition to probing the origin of its stability, we examined
now a considerable library of such proteins in the public the properties relating to the enzymatic function of CYP119.
Protein Data Bank. Direct comparisons of these experimentalAmong them were the characterization of the topology of
structures have been made in the hope of identifying the the active site of CYP119 and the proteiprotein interac-
factors leading to the difference in stability. Various factors tions with redox partners.

such as improved packing, changes in loop flexibility,  The residues that were identified that could (1) contribute
domain-domain interaction, and H-bond and ion pair salt to the enhanced stability, (2) modulate substrate and product
bridge interactions have been suggested as origins for thespecificity, and (3) affect the binding and/or electron transfer
enhanced stability. However, none of the differences de- petween CYP119 and redox partners are suggested for future
scribed has been shown to be definitely linked to enhancedmutagenesis studies. The results obtained from these experi-
thermal stability in all thermophilic enzymes. mental studies shall then provide further validation of the

There are two major difficulties in the attempts to link suggested origins of stability and the structufienction
directly observed differences in X-ray structures in meso- relationships derived from the model structures of this
philic and thermophilic partners to differences in thermal enzyme.
stability. The first is that these structural differences need
not be very large. Specifically, as pointed out by Jaenicke METHODS
and co-workers X, 2), the difference in the stabilities of
mesophilic and thermophilic proteinsANG(natural — Homology Modeling
unfolded)] does not exceed 100 kJ/mol. This free energy
difference corresponds to very subtle differences in the
protein structures, for example, the presence or absence o
just a few noncovalent interactions. The second difficulty
in using X-ray structures alone is that such differences can
be manifest mainly in the dynamic properties of the two
proteins that cannot be readily deduced from crystal structure
comparisons alone.

Due to the ubiquitous nature of the CYP450 enzyn®@s (
and the involvement of them in a wide spectrum of oxi-
dation reactions, the discovery of the first acidothermo- X
philic and barophilic CYP119 enzyme offers a new op- CYP55A1 (7) (P450nor), are available for use as templates.

portunity to identify the origin of its stability and to use the oM pairwise sequence alignments, it was found that the
knowledge that is obtained to convert other mesophilic to 'evel of sequence identity between CYP119 with each one

thermophilc CYP450 for potential industrial and commercial Of the templates is low, ranging from18% with CYP102,
applications. However, in the case of the CYP450s, there is 19% with CYP101, and 23% with CYP108 and CYP55A1
an additional impediment. While the X-ray structures of five 10 ~27% with CYP107A. It was thus more reliable to use
mesophilic CYP450s of bacterial or fungal origins are known, all of them as templates. These five P450s will be referred
the X-ray structure of the thermophilic CYP119 is not. In {0 @s the template P450s throughout the text.

the only study thus far reported addressing possible dif- Generation of an Initial Sequence Alignment and an Initial
ferences between the mesophilic CYP101 and the thermo-Model. The multiple-sequence alignment of four of the
and barophilic CYP119 by McLean et al5)( a model ~ templates (CYP101, CYP102, CYP107A, and CYP108)
structure of CYP119 was used as obtained by the automated>ased on structure alignment has been obtained previously
program Modeler&). However, except for the observation (9). Addition of the fifth one, CYP55A1, also based on
of a clustering of aromatic residues centered around Trp281structure alignment was performed in this work. The
of CYP119, no other properties were found in their model Sequence of the target protein, CYP119, was then aligned

that could explain the thermo- and barostability of this With the multiple-sequence alignment among the five tem-
enzyme. plates. This was performed by using the pairwise sequence

In the work reported here, we continue to probe the origin alignment result between CYP119 and CYP107A as a guide,
of the stability of CYP119. The approach used here differs and modified with manual adjustment. This initial sequence
from the initial one in a number of important ways: (i) the alignment was then used to generate an initial model (model
strategies used to construct the three-dimensional (3D)0) of CYP119. Procedures for the generation of backbone
models of CYP119, (ii) the assessment of these models, (i) atoms in structurally conserved regions, nonstructurally
the probing of the dynamics of their structural behavior at conserved regions, and side chain conformations using
different temperatures, and (iv) comparisons of the results Insight/Homology for the initial model are identical to those
with even-handed studies of mesophilic CYP450s. used in previous workX-11).

Specifically, two homology models of CYP119 were Improvement of the Sequence Alignment and Backbone
constructed and assessed using strategies developed an@tructure.As described in detail in our previous work of
validated in this laboratory911). Molecular dynamics  homology modeling of CYP4A111(), to assess and
simulations with a length of 1 ns were then performed using iteratively improve the quality of sequence alignment and
these models. Analysis of amino acid compositions and of the backbone structure of a model, the protein structure
structural features of the models was then made, and theyanalysis program (Prosa) by Sipdl8j was used. Specifi-

The steps used to generate 3D models of the CYP119
gnzyme are similar to those used in previous works to
generate models for CYP105C9) (P450choP), CYP2B4
(10), and CYP4A11 11). The sequence of CYP119 with
368 amino acids was retrieved from the databank in the
National Center for Biotechnology Information (www.
nchi.nih.gov). At present, the 3D crystal structures of five
P450 enzymes, including the bacterial CYP1012)(
(P450cam), CYP1021@, 14) (P450BM3), CYP107A 15
(P450eryF), CYP108 16) (P450terp), and the fungal
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cally, sequence alignments and backbone structures in all Assessment of the:@rall Quality of the ModelsFor
loops between the B and C, D and E, E and F, F and G, G model IB and model IIB, evaluation for their overall quality
and H, H and |, and J and K helices were varied and was performed using available protein analysis programs.
optimized using the Prosa energy plot and the Prasaore This includes the program ProsEg| for examination of the

as a guide. The optimum sequence alignment and loopquality of residue-residue interaction, Whatif2@) for
structures in all except the region between the B and C packing and Prochecl24) for many stereochemical proper-
helices were obtained. Due to the greater uncertainty in theties such as main chain and side chain conformations, etc.
B—C region, two sets of sequence alignments that differ only

in the alignment in this region were kept. Using these two Molecular Dynamics Simulations

sequence alignments, two separate 3D models of CYP119
were generated. In the first model, the sequence of CYP119
in the B—C region was aligned mostly with that of CYP107A
(P450eryF). In the second model, this region of CYP119 was
aligned mainly with that of CYP108 (P450terp). The two
models then differ only in the structure of this-& loop:

one that mimics CYP107A and the other that mimics
CYP108.

Refinement of the Side Chain Conformatiomke next
step in the generation of the 3D models was improvement
of the quality of the side chain conformations. In previous ; AP
work in our laboratory involving a CYP4A11 model, we have from a Maxwellian dIStI‘IbutIO.n at the temperature that was
compared the reliability of two different strategies for side used: The 'Berendsen c;ouplmg glgonthmlwa.s used during
chain generation, TORSO19) and SCWRL P0). The the simulation for velocity rescaling to maintain a constant
SCWRL method was chosen in this work on the basis of a [€mperature. SHAKE was used to constrain bonds involving

better agreement with experiments of the CYP4A11 model hydroggns. Atime step of 1fs (1.65 s) along non-bon_ding .
generated with it. As in the previous works, the side chain cutoff distance of 15 A, and a Q|stan_ce. dependent dielectric
conformations generated by Insight/Homology for identical € — rwere used. The non-bonding par list was updated every
residues between CYP119 and the templates were kep 0 time steps. The same fo_rce field parameters described
unchanged, while those of nonidentical residues were gener—e_ar"elr for energy minimization were also used for MD
ated by SCWRL. The two models, starting with a different Simulations.

Molecular dynamics (MD) simulations were performed for
two purposes: (1) to examine the quality of the model
structures by checking their stability over long simulations
at room temperature and (2) to examine the effect of
increased temperature on the unfolding of the model
structures by performing simulations at a temperature above
the melting temperature of CYP119.

All MD simulations were performed at a constant tem-
perature and with a constant number of particles. At the
beginning of the simulation, initial velocities were assigned

backbone structure in the-BC loop region, generated by Simulations for the CYP119 models were performed at

this step were labeled as model IA and model I1A, respec- o different temperatures: 300 and 390 K. The 390 K

tively. temperature is abpve the reported melting temperature of 91
Generation of Two Complete 3D Models of CYPIA® °C (364 K) for this enzymes).

each of the two models, model IA whose-B region mimics For the simulations at 300 K, all atoms were constrained

CYP107A and model IIA whose BC region mimics in position with a finite harmonic force constanof 10 kcal/

CYP108, the following additional steps were carried out. A?for 1 ps (102s) at the beginning of the simulation. The

Constrained energy minimization of both the backbone and constraint was gradually reduced to 5, 1, 0.5, and 0.1 kcal/
the side chains of nonstructurally conserved regions wasA? for a total of an additional 5 ps. The constraint was then
performed using Amber 4.21). The Amber db94 force field ~ removed completely, and 1000 ps of unconstrained simula-
parameters were used for the amino acids. The parameteréion was performed.
for the resting state heme were obtained from an in-house For the simulations at 390 K, a similar procedure was used
database generated previously. except that the number and duration of segments of

Structural waters, including buried and surface waters, constrained MD simulations were increased. Specifically,
were then added to stabilize the two models before full constrained simulations witk values of 10, 5, 1, 0.5, 0.1,
protein minimization. This step was performed using the 0.05, 0.01, 0.005, and 0.001 kcat/An all atoms were
HYDRAS program developed in our laboratory that exam- performed with a duration of 2 ps for each constraint. This
ines the local residue environment for hydrogen-bonding and was then followed by 1000 ps of simulation. In addition,
steric interaction between residues and wateg. (Using during the 1000 ps simulations, a very small constrkiot
this procedure, 320 and 328 structural waters were added td0.001 kcal/ & was applied to the oxygen atom of all water
model IA and model lIA, respectively. Energy minimization molecules to allow reasonable movement of water molecules
of the water molecules and polar hydrogens in the amino Yet to prevent evaporation which would cause disruption of
acid residues was then performed to allow the best hydrogen-the trajectory at this higher temperature using the AMBER
bonding network to form. program.

Finally, an unconstrained full protein minimization using To monitor the stability of the model structures at two
a nonbonding cutoffio8 A and a distance-dependent radial different temperatures, two properties were calculated during
dielectrice = r was performed. All residues, the structural the MD simulations. The first one is the radius of gyration
water molecules, and the resting state heme unit were allowed(without taking into account the contribution of structural
to move in the minimization using combined steepest descentwater) of the models at every 20 ps interval. The second
and conjugate gradient methods to obtain the fully minimized one is the root-mean-square deviation (rmsd) of all the C
models. The two fully optimized models were labeled as atoms between the fully minimized structure and each
model IB and model IIB, respectively. structure taken at 20 ps intervals from the MD simulations.
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Use of the CYP119 Structure To Probe the Origin of Its A grid step size of 3.4 A was used for the search for possible
Enhanced Stability and Structuréunction Relationships structures of the CYP119 redox partner. The coordinates of

. o CYP119 were kept fixed in the search process. The best 100
_Comparlson between CYI_3119 and MeS.Oph'I'C. (.:YP4505 predicted coordinates of the redox partners, i.e., putidaredoxin
with Known Structureslin this study, possible origins of

. ) ) and the FMN-binding protein, were then collected.
thermo- and barostabilities of CYP119 were investigated by gp

comparing the amino acid compositions and the 3D structures (2) These 100 predicted structures of the redox partner
of CYP119 with the five template CYP450s. Specifically, relative to the fixed coordinates of CYP119 model were then

amino acid types that were found to have significant clustered on the basis of their center of mass (com) positions

differences in populations in CYP119 and the average of usgg; cutoﬁ;of 38_.ot_A a_s ?hcr:terlontfolr clust?;mg. L
the five template P450s were further investigated for their _( ) For each prediction in the argest cluster, the pairwise
structural consequences in CYP119. distances between eachlw@tom in the redox partner and
. - . A each @ atom in the P450s was calculated.
Identification of Substrate Binding Site Residug@ce L
the natural substrates of CYP119 have not been discovered, (4? For each prediction n the largest cluster ' a C“?Off was
the residues making up the active site in the two models app_(ljled toh these d:_—Cahdlsta_nces toh_cc;]mr[])lle 3 list of
were identified as those located on the distal side of the heme€S!dues that comprise the region to which the redox partner

unit and within a certain distance cutoff from the resting binds. ) ) o
state heme iron atom. In this work, those residues within 10  (5) The lists of residues from each separate prediction from

A of the heme iron were reported to comprise the substrate the largest cluster were combined, and a statistical analysis
binding pocket. was performed on the combined results.

Identification of Surface Residues That May Beolaed (6) Two criteria were used to select residues on CYP119
in CYP119-Redox Partner InteractionSince the natural  for suggestion of mutation studies. (a) The first set of residues
physiological redox partner of CYP119 has not been identi- selected for |n|t|_aI mutagenesis studies were those WI'FhIn an
fied, it was decided to use two proteins that are known redox 8-0 A Co—Co distance cutoff of the redox partner residues
partners of two of the mesophilic templates to probe the @nd occurred with a frequency af40%. (b) The additional
possible surface binding site on CYP119 for interaction with "esidues on CYP119 suggested for mutagenesis study were
its redox partner(s). These are putidaredoxin, the physiologi- charged residues that fall within an 11.0 &ECo distance
cal redox partner of CYP101, and a flavin mononucleotide Cutoff and occurred with a frequency ef40%.

(FMN)-binding protein which is the natural redox partner ~ The residues from these two sets provide the map for the
for the self-sufficient P450BM3 (CYP102) enzyme. surface region on CYP119 where each redox partner could

In the absence of a known crystal structure, a solution Pind.
structure of putidaredoxin was extracted from the first of
the 12 sets of NMR structures of PDB entry 1p25); The RESULTS
crystal structure of the FMN-binding protein for P4503M3 Homology Models
was extracted from the bound FMN domainmeme domain
complex in PDB entry 1bvy26). Table 1 shows the results of the final multiple-sequence

To probe all possible bound complexes starting from each alignment among the five templates and CYP119 obtained
of the two unbound CYP119 models (model IB and model through iterative assessment and improvement of the initial
11B) and each of the two selected redox partners, the programsequence alignment and initial 3D model structure (model
GRAMM was used?7, 28). An evaluation of the usefulness ~ 0). The nomenclature used by Hasemann et34) for the
of this GRAMM program through the prediction of the helices and3 sheets was adopted here. In this table, two
association between the FMN-binding protein and P450BM3 possible alignments of CYP119, labeled as 119(1) and 119-
was presented in another woikdj. Briefly, the conclusions  (2), and differing only in the region between the B and C
obtained from this previous evaluation of the GRAMM helices with respect to the five templates were included.
program are as follows. (1) Although GRAMM was ableto  The decision to keep two possible alignments was due to
find two complex structures very close to that found in the the uncertainty in the alignment of the1 region. The
crystal structure, the scores obtained for these two complexedB—C variable region is usually part of the substrate binding
were ranked 57 and 69 out of the first 100 highest-score and oxidation site. The high degree of variability in both
complexes. It was thus difficult to select the “completely the sequences and the structures of this region reflects the
correct” bound complex from the pool of largely “partially characteristic property of enzyme-specific substrate and
correct” or incorrect complexes. (2) The best use of the product specificities among the many CYP450 isozymes.
GRAMM program is to apply statistical analysis of the first Among the five templates, the lengths of the 8 variable
100 highest-score predicted complexes. This procedureregion in CYP107A (P450eryF) and CYP108 (P450terp) are
allows the identification of the surface residues on the P450 closest to the corresponding length in CYP119. Both of these
enzymes most frequently found to have close contact with are only three residues longer than that in CYP119. Although
the redox partners. Thus, a similar procedure was used herghe lengths of the BC variable region are the same for
to find surface residues on model IB and model 1B of CYP107A and CYP108, their structures in this region are
CYP119 that have close contact with putidaredoxin and with dramatically different. Specifically, the'Bhelical axis in
the FMN-binding protein. The details of this procedure are CYP107A is oriented perpendicular to the heme plane in
given below. contrast to the direction of the' Bielical axis of CYP108

(1) The separate structures of CYP119 and each of thewhich lies in the same plane as the heme. Furthermore, in
redox partners were used as input to the GRAMM program. CYP107A, a 13-residue loop (PKKKYPGVEVEFP) just
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Table 1: Multiple-Sequence Alignment of CYP119 with the Five Temptates

A-HELIX p1-1 p5-2 I-HELIX I-HELIX
102 : TIKEMPQPKTFGELKNLPLLNTDKPVOQAIMKIADEL--GEIFKFE 43 102 : K===-- DPETGEPLDDENIRYQIITFLIAGHETTSGLLSFALYFLVKNPH 285
101 :  NLAPLPPHVPEHLVFDFDMYNPSNLSAGVQEAWAVLQOESNV—PDLVWTR 57 101 . NGRPITSDEAKRMCGLLLVGGLDTVVNFLSFSMEFLAKSPE 269
55a1 APSFPFSRASGPEPPAEFAKLRATNPVSQVK 35 5531 : QVK--—----- PGNIDKSDAVQIAFLLLVAGNATMYVNMIALGVATLAQHPD 260
108 : MDARATIPEHIARTVILPQGYADDEVIYPAFKWLRDEQPLAMAH 44 108 -DGNY IDDKY INAYYVAIATAGHDTTSSSSGGAIIGLSRNPE 288
107a ATVPDLESDSFHVDWYSTYAELRETAPVTPVR 33 107A -DDGRLSADELTSIALVLLLAGFEASVSLIGIGTYLLLTHPD 262
119(1): MYDWESEMRKKD---PVYYDG 18 119(1) : NLS-—--—-—=-————- DIEKLGYIILLLIAGNETTTNLISNSVIDFTRF-N 228
119(2): MYDWFSEMRKKD---PVYYDG 18 119(2) : NLS-======m==== DIEKLGYIILLLIAGNETTTINLISNSVIDFTRF-N 229
B1-2 B-HELIX B1-s #
102  : APGR-VTRYLSSQRLIKEACDESREDKNLS———-—=—======~- QALKF 77 J-HELIX KoHELIX p1-4
101  : CNG--GHWIATRGQLIREAYEDYRHFSSE-—-—=-====-== CPFIPRE 91 . _ ~
55A1 : LFDGSLAWLVTKHKDVCFVATSE-KLSK-VRT----RQGFPELSASGKQA 79 igi : ggm EAARVLVDEV B o e g;g
108  : IEGYDPMWIATKHADVMQIGKQPGLFSNA---—---—-—-- EGSEILYDQ 82 SEAL . OLAOLKANP SLAPQFVEELCRYHTASALATKR 292
107A : FLGQ-DAWLVTGYDEAKAALSDL-RLSSDPKKKYPGVEVEFPAYLGFPED 81 o8 o onp ALTORIVDEAVRHTAPVK-SFMR 319
119(1): ———-- NIWQVFSYRYTKEVLNNFSKFSSDLTGYH--ERLEDLRNGKIRFD 61 LALAK:
107A QLALVRADP SALPNAVEEILRYIAPPE-TTTR 293
119(2): ————- NIWQVESYRYTKEVLNNFSKFSSD~——~========~=— LTGYHE 48 119(1): LWORIREE NLYLKAIEEALRYSPPVM-RTVR 259
o 119(2) : LWQRIREE NLYLKAIEEALRYSPPVM-RTVR 259
B’ -REGION C-HELIX C*-HELIX # He
102  : VRDFA==-=====-=— GDGLFTSWIHEKNWKKAHNILLPSFSQOAMKG--~ 114 B2-1 P2-2 Pl-3 K’ -HELIX meander
101 ¢ AGEAY-----—-—--- DFIPTSMDPPEQ-RQFRALANQVVGMPVVDK-~-~ 126 102 : YAKEDTVLGGEYPLEKGDELMVLIPQLHRDKTIWGDDVEEFRPERFENPS 383
S55A1 : AKAKP----------- T-~FVDMDPPEH-MHORSMVEPTFTPEAVKN--— 112 101  : ILTSDYEFHGV-QLKKGDQILLPQMLSGLDERENA-CPMHVDFSRQ---- 343
108  : NNEAFMRSISGGCPHVIDSLTSMDPPTH-TAYRGLTLNWFQPASIRK--- 128 §5A1 : TAKEDVMIGDK-LVRANEGIIASNQSANRDEEVFE-NPDEFNMNRK---W 337
107A @ VRNYF----------- ATNMGTSDPPTH-TRLRKLVSQEFTVRRVEA--— 116 108 : TALADTEVRGQ-NIKRGDRIMLSYPSANRDEEVFS-NPDEFDITRF---- 363
119(1) : IPTRY-------——-- T--MLTSDPPLH-DELRSMSADIFSPQKLQT--- 94 107A : FAAEEVEIGGV-AIPQYSTVLVANGAANRDPSQFP-DPHRFDVTRD---~ 337
119(2) : RLEDLRNGKIRFDIPTRYTMLTSDPPLH-DELRSMSADIFSPQKLQT--- 94 119(1): KTKERVKLGDQ-TTEEGEYVRVWIASANRDEEVFH-DGEKFIPDRN--—— 303
L A S 119(2) : KTKERVKLGDQ-TIEEGEYVRVWIASANRDEEVFH-DGEKFIPDRN---~ 303
D-HELIX B3-1 E*-HELIX E-HELIX
102 P m—mmee YHAMMVDIAVQLVQKWERL-NADEHIEVPEDM-TRLTLDTIGLC 156 B-BULGE L-HELIX B3-3
101 R LENRIQELACSLIESLRPQ-~~--GQCNFTEDYAEPFPIRIFMLL 166 102 : --AIPQHA---FKPFGNGQRACIGQQFALHEATLVLGMMLKHFDFEDHT- 427
55A1 —-LQPYIQRTVDDLLEQMKQKGCANGPVDLVKEFALPVPSYIIYTL 156 101 : —KVS§=~—=-=—- HTTFGHGSHLCLGQHLARREIIVTLKEWLTRIPDFSIA- 384
108 - -LEENIRRIAQASVQRLLDFD---GECDFMIDCALYYPLHVVMTA 169 55A1 : PP----- OD—PLGFGFGDHRC IAEHLAKAELTTVFSTLYQKFPDLKVAV 380
1078 ¢ —--——-] MRPRVEQITAELLDEVGDS----GVVDIVDRFAHPLPIKVICEL 156 108  : -PNR------- HLGFGWGAHMCLGQHLAKLEMKIFFEELLPKLKSVELS- 404
119(1): —===== LETFIRETTRSLLDSI-DP-~--REDDIVKKLAVPLPIIVISKI 133 107A : -TRG------- HLSFGQGIHFCMGRPLAKLEGEVALRALFGRFPALSLGL 379
119(2): —=mmmm LETFIRETTRSLLDSI-DP-~--REDDIVKKLAVPLPIIVISKI 133 119(1): =PNP-====== HLSFGSGIHLCLGAPLARLEARIAIEEFSKRFRHIEI-- 343
FoHELIX 119(2): ~PNP------- HLSFGSGIHLCLGAPLARLEARIAIEEFSKRFRHIEI-- 343
102  : GFNYRFNSFYRDQPHPFITSMVRALDEAMNKLOR----- ANPDDPAYDEN 201 ++ + it o+
101  : AGLPEE------ DIPHLKYLTDOMTRED- c 189 pa-1 pa-2  p3-2
55A1 : LGVDEN--—-——- DLEYLTQONATRINGS - sT 180 102  : -NYELDIK-ETLTLKPEGFVVKAKSKKIPLGG 457
108  : LGVPED------ DEPLMLKLTQDFFGVHE PDEQAVAAPROSA-~——— DEA 208 101 : PGAQIQHK-SGIVSGVQALPLVWDPATTKAV 414
1072 : LGVDEA------ ARGAFGRWSSEILVMD - == ~~~===—======= PER 181 55A1 : PLCKINYTPLNRDVGIVDLPVIF 403
119(1) : LELPIE------ DKEKFKEWSDLVAFRL~= === =========————= GK 157 108 : --GPPRLVATNEVGGPKNVPIRETKA 428
119(2) : LGLPIE-—---- DKEKFKEWSDLVAFRL I GK 157 107A : DADDVVWRRSLLLRGIDHLPVRLDG 404
119(1): --LDTEKVPNEVLNGYKRLVVRLKSNE 368
G-HELIX H-HELIX B5-1 119(2): --LDTEKVPNEVLNGYKRLVVRLKSNE 368
102 : KRQFQEDIKVMNDLVDKIIADRKASGE QSDDLLTHMLNG 240 #
101  : SMTFAEAKEALYDYLIPIIEQRRQK--~-~---—=-=== PGTDAISIVANG 226
55A1 : AREASAANQELLDYLATILVEQRLVE---—-— PKDDIISKLCTE 217
108  : ARRFHETIATFYDYFNGFTVDRRSC-=--========= PKDDVMSLLANS 245
1072 : AEQRGQAAREVVNFILDLVERRRTE-----=======- PGDDLLSALISV 218
119(1): PGEIFELGKKYLELIGYVKDHLN-~-—=-=-= SGTEVVSRVVNS 192
119(2): PGEIFELGKKYLELIGYVKDHLN--===v=-~-—-=-= SGTEVVSRVVNS 192

aTwo different sequence alignments for CYP119 (1 and 2) with respect to other P450s were given due to differences between the B helix and
the C melix. Model | of CYP119 was based on alignment 1, and model 1l of CYP119 was based on alignment 2. Five positions where a conserved
Pro was found among the five template P450s are markddamit sign. Those residues predicted to be in close contact with redox partners were
labeled with a+ sign.

after the B helix extrudes into solvents. This is not seen in
any other CYP450s with known structures. Since there is
noa prioro criterion for determining which template is better
for the modeling of this variable region for CYP119, two
model structures were constructed. One (model I) is based
on sequence alignment 119(1) and uses CYP107A as the
template for this region. The other (model Il) uses sequence
alignment 119(2) and CYP108 as the template for this region.

Figure 1 shows the superposition of tha €ace of these
two final energy-minimized models, model 1B and model
IIB. As seen in this figure, the variable region between the
B helix and the C helix adopts a different backbone
conformation in model IB (yellow) and model 1IB (magenta)
while the backbone conformations for all other regions (in
purple for both models) are almost identical.

As described in Methods, Prosa was used to assess and
guide the improvement of all initial (model 0) and intermedi- Ficure 1: Superposition of the €trace of two final models, model
ate models leading to final fully energy-minimized model [B and model 11B, of CYP119: red, heme; yellow, loop between
IB and model 1IB. Figure 2a shows the comparison of the the B helix:and the C helix in model IB; magenta, loop between
Prosa residueresidue interaction energy between the initial EEZ B helix-and the C helix in model 11B; and purple, the rest of

. o protein in both models.
model (model O, dotted line) and the fully energy-minimized
model IB (solid line). As seen in this figure, many regions, residues 106200 (helix D to helix H), and (3) the
including (1) residues 2560 (helix B to region B), (2) C-terminal end, have been greatly improved as evidenced
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Ficure 2: Comparison of the Prosa energy plots of different models
of CYP119. (a) Initial model, model O (dotted line), vs final model,
model IB (solid line). (b) Initial model, model O (dotted line), vs
final model, model 1IB (solid line).

by the decrease (i.e., more attractive) in residesidue
interaction energies. In addition, for all regions in model 1B,
the Prosa interaction energies are attractive, indicating no
bad backbone contacts in this model. Similar improvement

was also obtained for the second model as demonstrated in

Figure 2b in which the Prosa energy plots for model O (dotted
line) and model 1IB (solid line) were compared.

The improvement of the overall quality of the models was
also reflected in the values of the Prosa normalizedores
listed in Table 2. A value of thiz score of >0.70 is
suggested by the authors of this analysis program to be
indicative of a good structure. The Prosa normalizedores

Biochemistry, Vol. 39, No. 10, 2002489

Table 2: Overall Quality of the Two Final Models of CYP119
Assessed by Various Methods

recommended value

model 1B model IIB for good structures
Prosa 0.923 0.956 >0.7
Whatif® —1.288 —1.189 >-1.0
Procheck -0.21 -0.22 >-0.50

aNormalizedz score.? Quality control value¢ Overall score as listed
in the “Procheck Summary” output.

Further evaluation of the overall quality of the two final
models was performed using the criteria embedded in the
Whatif and Procheck programs. The results of the evaluation,
together with the recommended value for a good protein
structure using these two programs, are also listed in Table
2. Compared to the overall quality of the template proteins
evaluated in our previous work, the qualities of these two
models appear to be very satisfactory based on the recom-
mendations. In addition, the results show that these two final
models are of very similar quality, even though model 1B
and model 1IB differ dramatically in the BC variable
region.

Molecular Dynamics Simulations

Using these two fully energy-minimized models of CYP119,
molecular dynamics simulations were then performed for two
purposes: (1) to further examine the quality of the model
structures by checking their stability over long simulations
at room temperature (300 K) and (2) to examine the effect
of increased temperature on the unfolding of the models by
performing the simulations at 390 K, 26 K higher than the
melting temperature of CYP119.

Figure 3a shows the plots of the radius of gyration at every
20 ps interval along the 1000 ps trajectory at 300 K and
390 K for model IB. As seen in this figure, for both
temperatures, the fluctuations of the radius of gyration are
not significant, but they are slightly larger at the earlier stage
for the 390 K simulation than for the 300 K simulation.
However, the radii of gyration for both simulations converge
to similar values.

Figure 3b shows the plots for theaOmsd between the
minimized structure and each structure obtained at every 20
ps interval along the 1000 ps trajectory at both temperatures.
The Go rmsd values obtained for the 390 K simulation are
significantly larger than those obtained for the 300 K
simulation. The average deviations of snapshots from the
last 500 ps are 1.62 and 2.50 A for the 300 and 390 K

simulations, respectively.

Panels a and b of Figure 4 show the same plots obtained
for model IIB. Similar behaviors of the radius of gyration
and the @ rmsd are seen for this second model. The average
Co. rmsds of snapshots from the last 500 ps are 1.96 and
2.20 A for the 300 and 390 K simulations, respectively. The
difference in the averagedCrmsd values between 300 and

for the crystal structures of the P450 enzymes used as390 K is smaller for the second model than for the first

templates are al1.0 (9). The 0.923 and 0.956 values of
model IB and model 1IB, respectively, listed in Table 2

model.
These results show that the two model structures are quite

approach the values for the crystal structures, indicating the stable at 300 K for the duration of the 1000 ps simulation at
two models to be of very good quality in backbone con- room temperature. It thus provides further support for the
formations. good overall quality of these two models.
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Ficure 3: Comparison of the MD trajectories at 300 and 390 K
for model IB: (@) radii of gyration and (b) € root-mean-square
deviations from the energy-minimized structure.

The only indication of decreased stability of the two
models of CYP119 at 390 K, 26 K higher than the melting
temperature, is the increased. @nsd at the higher temper-
ature. There is no other indication of significant unfolding
at 390 K during the 1000 ps of simulations. The most likely
factor contributing to this behavior is the fact that the time
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Ficure 4. Comparison of the MD trajectories at 300 and 390 K
for model IIB: (a) radii of gyration and (b) &€ root-mean-square
deviations from the energy-minimized structure.

Figure 5b shows the plots of thex@msds for simulations
at these two temperatures. As in the calculation of the C
rmsds for the two CYP119 models, thee@nmsd values are
calculated between the fully energy-minimized crystallo-
graphic structure of CYP101 (PDB 1phc) and each structure

scale of unfolding is much longer than the 1000 ps used in obtained at 20 ps intervals along the 1000 ps trajectory. As

these simulations.

Although it is not possible to observe significant differ-
ences in protein conformation from the 1 ns MD simula-
tions of the thermophilic CYP119 at 300 and 390 K, the
possibility remains that differential behavior of this thermo-

seen in this figure, the deviations from the energy-mini-
mized crystallographic structure are much more similar for
the 300 and 390 K simulations than they are for the two
models of CYP119 shown in Figures 3b and 4b. The average
deviations of snapshots from the last 500 ps are 1.65 and

phile and the mesophilic CYP101 at these two temperatures1.71 A for the 300 and 390 K simulations, respectively.

would provide additional insight into their relative thermal
stabilities.

These results taken together indicate that neither the ther-
mophile nor the mesophile exhibits any significant denatur-

To further assess this possibility, 1 ns MD simulations of ation at temperatures above their observed melting point

the crystal structure of CYP101 were performed at the sameand provide additional support for the the possibility that
two temperatures (300 and 390 K). As for CYP119, one of the origin of this deficiency is that the time scale of un-
these temperatures is below and one above the reportedolding is much longer than the 1000 ps used in these
melting temperature (54C = 327 K) of CYP101 §). The simulations.
simulation protocols used for CYP101 at these two temper-  There is, however, the possibility that the minute constraint
atures were identical to those used for the CYP119 simula- k (=0.001 kcal/&) imposed on the oxygen atoms of all water
tions. molecules could also be contributing to the observed artificial
The results of these simulations are shown in Figure 5a,b.stability. To further investigate this possibilita 1 ns MD
Figure 5a shows the radius of gyration of CYP101 along simulation of the meosphilic CYP101 with a known X-ray
the simulations for these two temperatures. As in the structure was performed at a much higher temperature of
simulations of CYP119, the magnitude and fluctuations of 600 K. The following question was addressed. Would
the radius of gyration obtained from the 300 and 390 K evidence for significant changes in protein conformation be
simulations are quite similar. obtained at this temperature, despite the constraint on the
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225 Possible Factors Contributing to Enhanced Stability of
600°K CYP119

The enhanced thermo- and barostabilities of CYP119
compared to those of the mesophilic CYP101 have been
detected experimentally in two laboratorieés 6). To the
best of our knowledge, the stabilities of the other P450s,
including CYP102, CYP107A, CYP108, and CYP55A1, with
known structures at elevated temperature and pressure have
not been reported. However, since none of these four P450s
were known to come from an extremophilic organism, it is
likely that these enzymes do not exhibit enhanced stability.

w8 200 p” pros 00 000 Using a model structure of CYP119 built with the
. automated program Modeler, McLean et &). eported the

Time (ps) clustering of aromatic residues around W281 as the only

feature found in their model which was not seen in the crystal

b ¢ structures of CYP101 and CYP107A. In this study, possible

origins of such thermo- and barostabilities of CYP119 were

investigated by comparing the amino acid compositions and

the 3D structures of CYP119 with those of the five template
CYP450s.

For consistency in presenting the results from sequence
analysis and structure analysis, only those residues resolved
in the crystal structures were included. Thus, residues 10
414 from PDB 1phc of CYP101, residues-457 from
monomer A of PDB 2hpd of CYP102, residues404 from
PDB loxa of CYP107A, residues-190 and 207428 from
PDB 1cpt of CYP108, residues303 from PDB 1rom of

0 200 40 600 800 1000 CYP55A1, and all 368 residues of CYP119 were included

Time (ps) for analysis.
) ) ) Possible Role of Salt BridgeSable 3 shows the analysis
Ficure 5: Comparison of the MD trajectories at 300, 390, and ot the amino acid composition of the five template P450s
600 K for the energy-minimized crystal structure of CYP101: (a) . . . .
radii of gyration and (b) @ root-mean-square deviations from the and of CYP119. The residues are divided into three groups:
energy-minimized structure. charged residues (DEKRH), uncharged polar residues (CG-
STNQY), and hydrophobic residues (AIVLMPWFR)(

oxygen atoms of the water molecules? The protocols usedAlthough His residues are counted as charged residues in
for this simulation were identical to those used at the lower- this table, their actual protonation states would depend
temperature, 390 K, simulations. strongly on the conditions. The number and percentage of

The results are shown in panels a and b of Figure 5, in €ach residue are given as well as the subtotal and percentage
comparison with those obtained at 300 and 390 K. As seenOf each group. Columns-211 list the results for CYP101,
in this figure, both the radius of gyration and the. @msd CYP102, CYP107A, CYP108, and CYP55AL1, respectively.
in the 600 K simulation indicate instability and possibly the Column 12 shows the average percentage for each residue
beginning of unfolding of CYP101. The «Crmsd value type over the five template P450s. Columns 13 and 14, show
obtained for the 600 K simulations increases throughout the the results for CYP119.
simulation and reached a value of 5.0 A near the end of the As seen in this table, there is a larger overall population
1000 ps simulation. The average deviation of snapshots from(32.4%) of charged residues in CYP119 compared to those
the last 500 ps for this 600 K simulation is 4.2 A. These of the five template P450s with an average of 27.0%. The
large deviations are indicative of a significant change in population of negatively charged residues, Asp and Glu, is
protein structure despite the small constraint on the oxygen higher than the population of the positively charged residues,
atoms of the water molecules. In addition, along this same Arg and Lys, in all the CYP450s. However, these populations
trajectory, many water molecules are leaving the surface of of oppositely charged residues are most evenly matched in
CYP101. For example, at the end of the 1 ns simulations, CYP119. This enhanced balance implies that among the six
~40 out of the 191 crystallographic water molecules P450s that were examined, CYP119 should have the largest
evaporated with the farthermost one more than 80 A away relative population of salt bridges.
from the surface of the system. The significant change in  Examination of the number of salt bridges was thus carried
protein structure and the evaporation of water molecules atout by using the crystal structures of the five template P450s
600 K indicate that the very small constraint that is used (1phc for CYP101, both monomers of 2hpd and 2bmh for
does not impose significant artificial stability of CYP101. It CYP102, 1oxa for CYP107A, 1cpt for CYP108, and 1rom
is thus concluded that the lack of robust signs of unfolding for CYP55A1) and the two model structures (model IB and
for CYP119 and for CYP101 above melting temperatures model 11B) of CYP119. In this work, a salt bridge is
(390 K) is mainly due to the relatively short time scale (1000 considered to be formed if any side chain oxygen atom of
ps) used in these simulations. Glu (two O atoms) and Asp (two O atoms) is within 3.5 A

&

Radius of Gyration

Co rmsd
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Table 3: Population of the 20 Amino Acids in the Five P450s with Known Structures and in CYP119

CYP101 CYP102 CYP107A CYP108 CYP55A1 CYP119
no. % no. % no. % no. % no. % average % no. %
Charged Residues
D 22 5.4 33 7.2 34 8.4 31 7.5 23 5.8 6.9 23 6.3
E 32 7.9 36 7.9 30 7.4 24 5.8 25 6.3 7.1 35 9.5
K 12 3.0 36 7.9 7 17 17 4.1 26 6.5 4.6 26 7.1
R 26 6.4 20 4.4 34 8.4 25 6.1 16 4.0 5.9 28 7.6
H 13 3.2 13 2.8 8 2.0 11 2.7 7 1.8 25 7 1.9
subtotal 105 25.9 138 30.2 113 27.9 108 26.2 97 244 27.0 119 324
Polar Residues
C 8 2.0 3 0.7 2 0.5 5 12 5 1.3 11 1 0.3
G 25 6.2 25 5.5 28 6.9 26 6.3 18 4.5 5.9 18 49
S 23 5.7 17 3.7 23 5.7 23 5.6 21 5.3 5.2 25 6.8
T 17 4.2 22 4.8 21 5.2 22 5.3 21 5.3 5.0 18 4.9
N 12 3.0 19 4.2 6 15 16 3.9 19 4.8 35 18 4.9
Q 22 5.4 22 4.8 10 25 12 2.9 21 5.3 4.2 5 1.4
Y 9 2.2 12 2.6 9 2.2 14 34 8 2.0 25 14 3.8
subtotal 116 28.7 120 26.3 99 24.5 118 28.6 113 28.5 274 99 27.0
Hydrophobic Residues

A 30 7.4 33 7.2 39 9.7 38 9.2 41 10.3 8.8 12 3.3
| 25 6.2 22 4.8 17 4.2 25 6.1 18 4.5 5.2 30 8.2
\% 24 5.9 24 5.3 36 8.9 21 51 31 7.8 6.6 23 6.3
L 42 10.4 50 10.9 48 11.9 36 8.7 40 10.0 10.4 41 11.1
M 10 25 14 3.1 4 1.0 14 3.4 8 2.0 2.4 5 14
P 30 7.4 26 5.7 26 6.5 26 6.3 30 7.5 6.7 17 4.6
w 5 12 5 11 4 1.0 5 12 2 0.5 1.0 5 14
F 18 4.4 25 55 17 4.2 21 5.1 19 4.8 4.8 17 4.6
subtotal 184 45.4 199 43.6 191 47.4 186 45.1 189 47.4 459 150 40.9
total 405 100.0 457 100.0 403 100.0 412 100.0 399 100.0 100.0 368 100.0

a2 The sources of the sequence for each P450 are PDB 1phc for CYP101 (405 residues), monomer A of PDB 2hpd for CYP102 (457 residues),
PDB loxa for CYP107A (403 residues), PDB 1cpt for CYP108 (412 residues), PDB 1rom for CYP55A1 (399 residues), and model structures of
CYP119 (368 residues).

Table 4: (a) Number of Salt Bridges Found in the Five P450s with Known Structure and the Two Models of CYP119 and (b) Salt
Bridges in CYP119 That Are Formed between Residues Far Apart in Sequence and Their Stability over 1000 ps Molecular Dynamics
Simulation$

(@) R-E R-D K—-E K-D H-E H-D total total/sequence length
CYP101 23 15 2 4 4 4 52 12.8
CYP102 15-21 13-17 2-8 5-9 0 0 39-50 8.6-10.9
CYP107A 21 14 1 6 0 0 42 10.4
CYP108 13 10 3 3 3 1 33 8.0
CYP55A1 12 4 10 3 0 0 29 7.3
CYP119 model IB 25 12 4 9 0 0 50 13.6
CYP119 model 1B 27 7 4 11 0 0 49 13.3
(b) residue location residue location minimiged IB (300 K) IB (390 K) I1B (300 K) 1IB (390 K)
unigue R256 f1-4 E352 pa-2 yes no no no no
K358 p4-2 D149 F helix yes yes yes yes yes
K348 C terminus D3 N terminus no no no yes yes
nonunique R9 A helix E289 Khelix yes yes no yes yes
R9 A helix E296 meander yes yes yes yes yes
R27 B helix E290 Khelix yes yes yes yes yes
R227 I helix D345  p4-1 yes yes yes yes yes
R233 J helix D301 meander yes yes yes yes yes
R324 L helix E245 K helix yes yes yes yes yes
R337 £3-3 D108 D helix yes yes yes yes yes
R363 33-2 E114  j33-1 yes yes yes yes yes

2Yes indicates stable and no not stable over MD simulatibiiie variations represent results from two monomers in p4502hpd.ent and two

monomers in p4502bmh.erftAll except one salt bridge are found in the two energy-minimized models of CYP119.

of any side chain nitrogen atom of Arg (three N atoms), Lys table, the number of salt bridges found in each of the two

(one N atom), and His (two N atoms). With this definition, models of CYP119 is greater than in all but CYP101 of the

more than one salt bridge could be formed between the posi-five template P450s. Furthermore, the normalized populations

tively charged residues and the negatively charged residuesof salt bridges are higher in these two models of CYP119
Table 4a lists the total number of salt bridges and the than in any of the five template P450s.

normalized population of salt bridges (number of salt bridges  To further probe the significance of the differences in salt

per sequence length) found in each structure. As seen in thisbridges, the number of the salt bridges in the mesophile
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“no” means that it is not. As seen in this table, except for

the salt bridges between Arg256 and Glu352, between Arg9
and Glu289, and between Asp3 and Lys348, all salt bridges
listed in this table are stable in both models and at both
temperatures.

A major finding in the MD simulations was the presence
of a salt bridge in model Il of CYP119 at both 300 and 390
s .. CYP119 Model IT K between Asp3, a residue at the N terminus, and Lys348
60 near the C terminus. This salt bridge was not present in either
CYP119 Model I of the energy-minimized models (model IB and model IIB).
CYP101 The formation of this salt bridge between Asp3 and Lys348
i , , J ‘ in CYP119 is unique. Only CYP101 contains charged

0 200 400 600 800 1000 residues E40 and H391 in both aligned positions, and they
Time (ps) do not form a s_alt bridge in the crystal structure or during

the MD simulations at 300 and 390 K. Given the fact that
FIGURE 6: Comparison of the number Of salt bridges for the two Asp3 and Lys348 are located far apart and at the two termini
:jny?]‘ﬁ]sicosf g%ig%ggi{‘gog\ﬁlm during the 1000 ps molecular ¢ the sequence of this enzyme, their contributions to the
stability could be significant.

CYP101 and the thermophile CYP119 found during the 1000 The combined results from the comparative analysis of
ps of MD simulations was determined and compared. Figure salt bridges of CYP119 and of the other five P450s and from
6 summarizes the results obtained at 300 K. As seen in thisMD simulations of CYP119 and of CYP101 thus suggest
figure, although the numbers of salt bridges in the two models the importance of salt bridges in the stability of the CYP119
of CYP119 and of CYP101 are initially nearly identical, the enzyme. The residues listed in Table 4b that participate in
numbers of salt bridges during the MD are much larger in salt bridge formation between residues far apart in sequence
the two CYP119 models than that in CYP101. Similar behav- are thus suggested for future mutagenesis studies for probing
ior was seen for the 390 K simulations. These results thustheir role of the overall stability of CYP119.
indicate that the contribution of salt bridges to the stability =~ Possible Role of the Different Distribution of Hydrophobic
of the enzyme could be larger in CYP119 than in CYP101 ResiduesAs shown in Table 3, there is a smaller overall
when the dynamical behaviors are taken into account. population (40.9%) of hydrophobic residues in CYP119
Of all the stable salt bridges found in the two models of compared to those of the five template P450s with an average
CYP119, those connecting residues that are far apart inof 45.9%. This change is due mainly to the net result of the
sequence could be particularly important for stability. This following differences: (a) the significant decrease in the
subset of 11 salt bridges is listed in Table 4b for the two population of Ala residues from 8.8% of the average of the
models of CYP119. The location of all these residues, as five P450s to 3.3% in CYP119 and (b) an increase in the
deduced from Table 1, is also given in this table. Almost all population of lle residues from 5.2% of the average of the
the partners participating in these salt bridges are surfacefive template P450s to 8.2% of CYP119.
residues. The finding of more salt bridges on the surface of The decrease in the relative population of Ala residues
CYP119 is not new in known thermophilic proteir&l). A and the increase in the population of lle residues in CYP119
recent MD simulation of the hyperthermopbhilic protein Sac7d as compared to those of the five template P450s are
also suggests that surface salt bridges may contribute tointriguing. Examination of the structures of the five P450s
protein stability at elevated temperatur82)( shows a significant population of Ala residues on the surface
Table 4b also indicates whether the salt bridge is or is not of each of the five template proteins. Such a population is
unique in CYP119. As seen in this table, there are three saltnot seen in the two models of CYP119. It is thus possible
bridges that are present in CYP119 and absent in all thethat by reducing the number of Ala residues on the surface
templates. The remaining eight are nonunique salt bridgesarea and increasing the number of lle residues in the interior,
that are found in the energy-minimized models of CYP119. an improved hydrophobic packing could be achieved in the
Two of the unique salt bridges, one between Arg256 and interior of the protein, thus contributing to the enhanced
Glu352 and the other between Asp149 and Lys358, are foundstability of CYP119.
in both energy-minimized models of CYP119 (models IB  Possible Role of the Decrease in the Population of Pro
and 1IB). Arg256 is located iff1-4, and Glu352 is located  ResiduesAs shown in Table 3, there is a significant decrease
in $4-2. Aspl149 is located in the F helix, and Lys358 is in the relative population of Pro residues from 6.7% for the
located inf4-2. None of the five template P450s contain average of the five template P450s to 4.6% for CYP119.
both charged residues in these positions needed to form alrhe presence or absence of a proline residue has a particu-
salt bridge. larly large effect on protein structure. Specifically, proline-
As seen in Table 4b, all except one of the salt bridges are induced kinks in helical segments are very common in known
present in the two energy-minimized models of CYP119. It protein structures.
was also important, however, to determine not only the As shown in Table 1, there are five conserved prolines in
presence but also the stability of these salt bridges. Thus,the templates that are either deleted or mutated in CYP119.
the stabilities of the salt bridges listed in Table 4b were These positions are marked with the # sign in Table 1. One
monitored over the 1000 ps molecular dynamics simulations of these, in particular, a deletion of a conserved Pro located
at 300 and 390 K. The results are summarized in Table 4b.between the | and J helices, could be important for stability.
In this table, “yes” means that the salt bridge is stable and In all five templates, this conserved Pro residue causes a
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~90° kink between the two helices. The_l and J helices are Table 5: Number of Clusters Found and Number of Aromatic

very structurally conserved among the five template P450s Residues in Each Cluster for the Five P450s with Known Structures

with known structures. The deletion of the Pro connecting and for the Two Models of CYP119

these two helices could be significant for structure stability. @) no. of clusters  no. of residues in each cluster
To determine if this missing Pro is a characteristic of only

D . : CYP101 8 4,4,3,2,2,3,2,2

CYP119, an examination of the multiple-sequence align- cyp102 9 3,2,3,2,2.2.3,2,2
ment of 65 P450s reported by Nelson et a@3)(was CYP107A 8 2,2,4,3,2,2,2,2
performed. It was found that the Pro between the | helix CYP108 9 2,5,2,2,3,3,2,2,2
and the J helix is highly conserved, missing in only seven g\ﬁiiﬁnodel B 58 2223322424 323
of the 65 P450s that were included. Thus, while not cyp119 model IIB 8 23244323
completely clear, it is possible that the absence of this proline
is a factor in the stability of CYP119. Mutagenesis studies (b) no. of clusters  no. of residues in each cluster
at this position will be very useful for clarifying the effect CYP101 7 6,4,4,4,5,2,2
of the Pro on stability. CYP102 9 3,8,4,6,73,3,22

Pc_)ssible Role of the Decrease i_n the Popula.tion of GIn ggig;A ; 3 g g %16,3’22' ,22’ 5
ResiduesA decrease in the population of GIn residues from cypssa1 5 4,3,7,3,2
4.2% for the average of the five P450s to 1.4% for CYP119 CYP119 model IB 4 19,2,2,3
was seen in Table 3. From the multiple-sequence alignment CYP119 model 1IB 4 20,2,2,4
in Table 1, it is seen that G_In residues in t_he five_: template © no. of residues no. of residues in each cluster
P450s are often replaced with charged residues in CYP1_19.CIUSter 1 19 Y2 W4 F5. Y15 Y16 WoL F24. Y26
For example, Q46 ar}d QGQ of CYP101 are replaced W|_th Y’28, ,;’36,‘,:39”,:225;‘ F22é,Wé3l, '
R9 and R27, respectively, in CYP119; Q27 of CYP102 is Y250, Y277, W281, F292, F298
replaced with D3 in CYP119; Q62 and Q82 of CYP108 are cluster 2 2 F334, F338
replaced with E31 and D61, respectively, in CYP119, etc. cluster3 2 Y66, Y202
This observation for CYP119 is consistent with a general €USter4 s Fl44, w147, Y168
observation made for thermophiles by Jaenicke and Bohm (4)  no. of residues no. of residues in each cluster
2 thgt the increase in the pppulatlon of charged residues j grer 1 20 Y2, W4, F5, Y15 Y16, W21, F24, Y26,
seen in thermophiles is primarily at the expense of uncharged Y28, F36, F39, Y46, F225, F228, W231,
polar residues and glutamine seems to be significantly Y250, Y277, W281, F292, F298
discriminated against in thermophiles. A tentative explanation cluster 2 2 F334, F338

cluster 3 2 Y66, Y202

of this phenomenon was also given by_Jaer_ncke and Bo_hmCluster4 ) F144, W147, F162, Y168
(2), who concluded that the rate of deamindation of glutamine

p ; _ 2(a) Ca—Co distance cutoff of 7.0 A, (b) @—Ca. distance cutoff
increased at higher temperatures. However, the same arguof 10.0 A, (c) the residues in each cluster of model IB of CYP119

ment could also apply to asparaines which do not appear t0ysing the 10.0 A @—Co distance cutoff, and (d) the residues in each
be discriminated against. Thus, the reasons for the discrimi-cluster of model 1B of CYP119 using the 10.0 Ax€ Ca distance

nation against glutamine remain unclear. cutoff.
Possible Role of Clusters of Aromatic Resid&iace the
clustering of aromatic residues was suggested as one featur&able 5b. As seen in this table, the largest clusters found
in the model by McLean et al5] as the possible origin of  among all six P450s are in the two models of CYP119. They
enhanced stability, the relative populations of the aromatic contain 20 and 19 aromatic residues, respectively, much
residues were determined by summing up the relative larger than any cluster in the templates. These results thus
populations of Phe, Tyr, and Trp residues listed in Table 3. indicate a distinctive structure feature of CYP119 as com-
These combined residues comprise 7.8, 9.2, 7.4, 9.7, andpared to the structures of the five template P450s, and it
7.3% of all the residues in CYP101, CYP102, CYP107A, could be an important factor for the enhanced stability of
CYP108, and CYP55A1, respectively. For CYP119, these CYP119.
three aromatic residues comprise 9.8% of all the residues. Parts ¢ and d of Table 5 list the residues in each cluster
Thus, while the relative population of aromatic residues in of model IB and model IIB, respectively. The aromatic
CYP119 is significantly higher than in CYP101, CYP107A, residues in the largest cluster in each of the two models are
and CYP55AL, it is similar to that in CYP102 and CYP108. located near either the N terminus (¥¥46), the -J he-
Thus, the population of aromatic residues alone does notlical region (W23%Y250), or the K helix region (Y277
seem to be a determinant of the enhanced stability of F298). Three residues (Y2, W4, and F5) at the N terminus
CYP119. are located in positions that connect the aromatic residues
An analysis was then performed to examine how these near the N terminus and those in theJl and K helical
aromatic residues cluster in the structures of the five templateregion.
P450s and the two models of CYP119. For an aromatic Cluster 4, formed among aromatic residues in the F and
residue to be considered in a cluster, this residue must findG helical regions, including F144, W147, and Y168, could
at least one other aromatic residue in this cluster within a also be important. The three pairwisex€Ca. distances
Ca—Ca distance cutoff. among these three residues are within 6.5 A. It is thus
Table 5a lists the results using a€Ca cutoff distance worthwhile to probe the contribution of these three residues
of 7.0 A. It was found that with this cutoff no cluster in any to the stability of CYP119. The combined results suggest
of the six P450s contains more than five aromatic residues.that these three residues in the-& helix region together
The results obtained using a 10.0 A cutoff are also listed in with those 19 or 20 aromatic residues in the largest cluster
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Table 6: Substrate Binding Site Residues within 10.0 A of the partners was probed using two alternative partners, puti-
Heme Iron daredoxin and the FMN domain of P450BM3 (CYP102).
model 1B 1130, Y202, L205, L206, 1208, A209, G210, N211, Both models of CYPl_lS_J were examined for _such interaction.
E212, T213, T214, L217, P253, V254, T257, As described in detail in Methods, a combined strategy of
1282, L354 the protein-protein docking program GRAMM, 28) and
model IIB R65, M68, L69, 1130, Y202, L205, L206, 1208, a statistical analysis of the predictio29j was used for this

A209, G210, N211, E212, T213, T214, L217,

L248, P253, V254, T257, 1282, L354 purpose.

Using putidaredoxin as the probe enzyme for interaction
_ _ _ ~ with model IB of CYP119, it was found that all 100 highest-
could be the target for mutagensis studies for probing their scored predictions locate the proximal side, i.e., the side of

contribution to the thermo- or barostability of CYP119. the heme plane opposite the substrate binding site, of the
o o ) ) ) CYP119 model structure for binding with putidaredoxin.
Identification of Binding Site Residues in CYP119 Similarly, for the prediction of complex formation between

CYP119 model IB and the FMN domain of CYP102, all
100 highest-scored predictions locate the proximal side of
CYP119 for binding.

The left panel of Table 7a lists the surface residues in
'CYP119 that are likely to be in close contact with putidare-
doxin. The residues listed in the first column in this panel
were obtained using adz-Co distance cutoff of 8.0 A and
a frequency of appearance cutoff of 40%. Additional charged
residues obtained using ax€ Ca. distance cutoff of 11.0 A
and a frequency of appearance cutoff of 40% are listed in

As seen in Table 6, most of the active site residues the second column. The right panel of Table 7a lists the
predicted from these two models are the same. However, aresidues in model IB of CYP119 found to interact with the
few residues such as R65, M68, L69, and L248 in model FMN domain of CYP102 obtained using the same cutoff
IIB identified as being within 10.0 A of the heme iron atom  criteria as those for the prediction with CYP119 model IB
are not found in model IB. Three of them are located in the and putidaredoxin. Similarly, the left and right panels of
loop between the B helix and the C helix. As described Taple 7b list those residues in model 11B of CYP119 that
earlier, model IB and model 1IB differ significantly in the may be in close contact with putidaredoxin and with the
region between the B helix and the C helix. This® region EMN domain of CYP102.
is highly variable among known P450s. This region of model  Examination of the residues listed in Table 7 produces
IB was obtained by using CYP107A for the sequence two results. (1) Most of the residues of CYP119 predicted
alignment and structure building. The resulting model thus tg be in close contact with putidaredoxin and with the FMN
mimics CYP107A with the B-C loop extruding out to the  domain of CYP102 are identical. These results imply the
solvent. Thus, none of the residues in this region come closeggme or highly overlapping binding sites for these two redox
to the heme iron. On the other hand, the-® region of  partners. (2) The results obtained by using model IB are very
model [IB was obtained by using CYP108 for sequence similar to those obtained by using model I1B. Given the fact
alignment and structure building. The resulting model thus that the major difference in backbone conformation between
mimics the structure of CYP108 in this region. these two models is in the loop between the B helix and the

Figure 7a,b shows the binding site of these two models. C helix, which is not on the proximal side where binding
The main difference between the two binding sites is the with redox partners is predicted, the similar results that are
presence of R65, M68, and L69 in the vicinity of the C ring obtained are not surprising.
of the protoporphyrine in model IIB which are absent in ~ Upon examination of the positions in sequence for these
model IB. However, in terms of the space available directly redox-binding residues, it was found that they are scattered
above the four rings of the heme unit, similar topologies are among the B helix, the C and C* helices, and fhbulge/L
seen between the two models with the same qualitative helix regions as indicated with the sign in the multiple-
trend: D> C > A > B. sequence alignment (Table 1). Examination of the only

McLean et al. §) also reported the active site of their Known P456-redox partner complex structure of all P450s,

model structure. The residues near their active site include!-€-» the complex between the heme domain and the FMN
Y66, T67, M68, L69, S148, V151, Y168, L205, T213, R256, domain of CYP102, shows that those residues in the heme
and T257. However, the criterion used to choose the residuesdomain of CYP102 that have close contact with the FMN
to be shown in their figure was not reported, nor were any domain are also located in these sequence regf)s I
details of the model construction and assessment. Thus, it igParticular, thep-bulge/L helix residues that are identified
not possible to deduce the origin of the differences in the aré in proximity to the heme unit.
active site reported and the two active sites found here. ~ Among those residues listed in Table 7, Arg80 of CYP119
is aligned (see Table 1) with His100 of CYP102 and with
Identification of Surface Residues in CYP119 That Could Arg112 of CYP101. There is particularly robust evidence
Be Involved in Redox Partner Interaction that both of these residues in these two templates play an
important role in the recognition of redox partners. Specif-
Since the natural electron donor of CYP119 is not known, ically, in the only known structure of a comple2q), His100
the surface region of CYP119 that may interact with redox of CYP102 forms the only salt bridge with a residue in its

The active site for substrate metabolism of P450 enzymes
is located on the so-called distal side of the heme iron
opposite the attachment of the proximal cysteine ligand. The
natural substrate(s) of CYP119 is not known. Nevertheless
a binding site pocket was identified consisting of those
amino acids within 10.0 A of the heme iron atom on the
distal side of the heme plane. Table 6 lists those active site
residues identified using this criterion for model IB and
model IIB.



2496 Biochemistry, Vol. 39, No. 10, 2000 Chang and Loew

Ficure 7: Stereoview of the substrate binding site of CYP119 looking from above the heme unit: (a) model IB and (b) model IIB. Rings
A—D of the heme group are denoted in panel a. The color scheme of residues is as follows starting from T257 (cyan) near the D ring and
going counterclockwise: (a) T257 (cyan), 1282 (white), V254 (green), L354 (yellow), P253 (purple), L217 (yellow), T213 (cyan), T214
(cyan), E212 (magenta), N211 (brown), A209 (pink), G210 (blue), 1208 (white), 1130 (white), L206 (yellow), L205 (yellow), and Y202
(green). The color scheme in panel b is the same as in panel a, and the four additional residues are denoted.

redox partner, E494 of the FMN domain. Mutagenesis studiesobtained for the two models at 390 K are larger than those
of Argl12 of CYP101 have established its important role obtained at 300 K. However, the average deviations of 2.5

for binding and electron transfer with putidaredox84{ and 2.2 A from snapshots of the last 500 ps of simulations
37). Thus, the corresponding residue, R80, in CYP119 is for model | and model Il, respectively, at 390 K are still too
likely to play an important role, too. small to indicate significant unfolding.

These comparisons, taken together, lend support to the Comparative studies of MD simulations of CYP101 at 300
predictions for binding site residues of CYP119 that interact gnd 390 K show behavior similar to that of CYP119.
with redox partners. Mutation of these residues and the However, MD simulation of CYP101 at 600 K for 1000 ps
determination of the effect on the b|nd|ng of putidal’edOXin shows a Signiﬁcant &€ rms deviation with an average of
and the FMN domain of CYP102 to CYP119 are thus 4.2 A for the last 500 ps, thus indicating the beginning of

suggested by these studies. unfolding. It is thus concluded that the lack of an indication
of unfolding for CYP119 and CYP101 at 390 K is mainly
CONCLUSION due to the relatively small length of 1000 ps, not the protocols

In this work, homology modeling of the only known Used for the simulations. Nevertheless, the stabilities of

thermophilic and barophilic P450 enzyme, CYP119 fim CYP119 at bqth 300 and 390 K being S.Iml|al’ to those of
solfataricus was performed using the strategies previously CYP101 provide further support of the high quality of the
developed in this laboratory. Two models that differ mainly two models.
in the loop structure between the B helix and the C helix  Possible origins of the thermo- and barostability of
were constructed. The two models were examined by threeCYP119 were investigated by examining the amino acid
protein analysis programs, including Prosa, Whatif, and compositions and structural features of CYP119 and compar-
Procheck, and were found to be of good quality. ing them with those of the five P450 enzymes with known
Molecular dynamics simulations of these two models at structures. A higher population of charged residues and of
room temperature (300 K) and at an elevated temperaturelle residues and a lower population of Ala, GlIn, and Pro
(390 K), which is above the reported melting temperature residues were found for CYP119 than for the five template
of CYP119, for 1000 ps were performed to examine the P450s. A few unique salt bridges formed by the surface-
stability. On the basis of the size of the radius of gyration charged residues were found that could not be found in any
and the @ rmsd, both models were found to be quite stable of the five template P450s. The decrease in the population
at room temperature for the length of the 1000 ps simulation. of Ala residues and the increase in the population of lle
The radii of gyration for the two models at 390 K are very residues are likely to improve packing in the interior of
similar to that obtained at 300 K. TheoOms deviations CYP119. The population of aromatic residues was also
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Table 7: (a) List of Residues in CYP119 Model IB That May Have

Biochemistry, Vol. 39, No. 10, 200@497
CYP119 will rely on both the binding of substrates and the

Close Contact with Residues in Putidaredoxin and the FMN Domain interaction with the redox partner to activate this enzyme.

of P450BM3 and (b) List of Residues in CYP119 Model 1IB That
May Have Close Contact with Residues in Putidaredoxin and the
FMN Domain of P450BM3

@)

putidaredoxin FMN domain of P450BM3
8.0 A cutoff 11.0 Acutoff 8.0 Acutoff  11.0 A cutoff

D77 K30 N34 R27
R80 E31 D77 K30
S81 H76 R80 E31
A84 E78 S81 E78
D85 H307 A84 H307
S88 H315 D85 H315
P89 R324 S88
P306 P89
G313 N305
1314 P306
L316 S312
L318 G313
P321 1314

L316

P321

(b)
putidaredoxin FMN domain of P450BM3
8.0 A cutoff 11.0 A cutoff 8.0 A cutoff 11.0 A cutoff

N34 K30 N34 R27
D77 E31 D77 K30
R80 H76 R80 E31
S81 E78 S81 H76
A84 H307 A84 E78
D85 H315 D85 K242
S88 R324 S88 H307
P89 P89 H315
P306 N305 R324
S312 P306
G313 S312
1314 G313
L316 1314
L318 L318
pP321 P321

a All residues obtained using the 8.0 Ax€ Co. cutoff and additional
charged residues obtained using the 11.068&~Co cutoff are listed.

analyzed, and it was found that CYP119 has the densest
aromatic cluster of any of the five template P450s. Thus,
this characteristic is likely to contribute to the enhanced

stability of CYP119.
As pointed out by Jaenicke et al, 2), enzymes have to

Thus, the identification of binding site residues and surface
residues for redox partner interactions was also reported and
suggested here for future mutagenesis studies.
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