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Cytochrome P450 family 102 subfamily Amember1(CYP102A1)
is a self-sufficient flavohemeprotein and a highly active bacterial
enzyme capable of fatty acid hydroxylation at a >3,000 min�1

turnover rate. The CYP102A1 architecture has been postulated
to be responsible for its extraordinary catalytic prowess. How-
ever, the structure of a functional full-length CYP102A1 enzyme
remains to be determined. Herein, we used a cryo-EM single-
particle approach, revealing that full-length CYP102A1 forms a
homodimer in which both the heme and FAD domains contact
each other. The FMN domain of one monomer was located close
to the heme domain of the other monomer, exhibiting a
trans configuration. Moreover, full-length CYP102A1 is highly
dynamic, existing in multiple conformational states, including
open and closed states. In the closed state, the FMN domain
closely contacts the FAD domain, whereas in the open state, one
of the FMN domains rotates away from its FAD domain and
traverses to the heme domain of the other monomer. This struc-
tural arrangement and conformational dynamics may facilitate
rapid intraflavin and trans FMN-to-heme electron transfers
(ETs). Results with a variant having a 12-amino-acid deletion in
the CYP102A1 linker region, connecting the catalytic heme and
the diflavin reductase domains, further highlighted the impor-
tance of conformational dynamics in the ET process. Cryo-EM
revealed that the �12 variant homodimer is conformationally
more stable and incapable of FMN-to-heme ET. We conclude
that closed-to-open alternation is crucial for redox partner rec-
ognition and formation of an active ET complex for CYP102A1
catalysis.

WT CYP102A1 enzyme from Bacillus megaterium exhibits
high turnover rates for hydroxylating long-chain fatty acids. A

turnover rate of �17,000 min�1 was reported for hydroxylation
of arachidonic acid (1), which is more than 2 orders of magni-
tude higher than human P450 enzymes known for metabolizing
�75% of clinically used drugs (2). Catalysis of substrates by
P450 enzymes requires transfer of two electrons derived from
NADPH to the heme via their redox partners. Homologous to
human P450 enzymes and nitric oxide synthase (NOS),3 the
redox partner of CYP102A1 is a diflavin reductase containing
both FMN and FAD as cofactors. Sequential transfer of two
electrons from FMN to the heme leads to scission of dioxygen
and subsequent insertion of one oxygen atom into inert C–H
bonds (3, 4).

The high turnover rate of CYP102A1 is indicative of rapid
redox partner recognition and electron transfer (ET) process
and is directly related to its architecture. Similar to NOS,
CYP102A1 is a fusion protein where the catalytic heme domain
(BMP) is connected to the diflavin reductase domain (BMR) by
a linker peptide. Biochemical studies have established that
CYP102A1 functions as a homodimer (5–7). Reconstitution
with competent individual BMP and BMR domains failed to
restore the catalytic activity (8, 9), suggesting an important role
of the linker in regulating catalysis. To shed light on redox part-
ner recognition in CYP102A1, Poulos and co-workers (10)
determined the crystal structure of a truncated form of
CYP102A1 (residue 1– 649), referred to as the BMP/FMN con-
struct. The structure revealed both of the heme domains but
only one of the FMN domains. This seminal work revealed an
ET complex between the FMN and heme domain. Previously,
we showed by negative-stain EM and biochemical analysis
that the FAD domains are important for dimerization (11).
Due to inherent low resolution of negative-stain EM, we
were unable to determine the complete architecture of full-
length CYP102A1.

To gain further insights, we utilized cryo-EM in this study to
investigate the architecture and dynamics of functional full-
length CYP102A1 enzyme. For the first time, we have deter-
mined the full architecture of a functional full-length enzyme
and revealed multiple conformational states important for
redox partner recognition. In addition, we have also deter-
mined the architecture of a deletion variant lacking peptide
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456GGIPSPSTEQSA478 in the linker region, referred to as �12,
and shown that the linker of CYP102A1 plays an important role
in modulating conformational changes required for electron
transfer. Our studies demonstrate that cryo-EM is a powerful
technique that can provide a glimpse into the conformational
dynamics of P450 enzymes.

Results

Cryo-EM sample preparation and data processing

For cryo-EM studies, we used a functional full-length A82F
variant enzyme. Like WT CYP102A1, this variant forms a
homodimer and exhibits a high rate of NADPH consumption at
�1,220 min�1 in the presence of omeprazole (11, 12). From this
point forward, “full-length CYP102A1” refers to the A82F
variant enzyme. To ensure protein quality for cryo-EM sample
preparations, we used size-exclusion chromatography–
multiangle light scattering (SEC-MALS) to characterize the
full-length enzyme. As shown in Fig. 1A, full-length CYP102A1
eluted as a homogeneous peak at 11.2 ml with a molecular
weight of 238 � 8.8, as expected for a homodimer. Well-iso-
lated single particles of full-length CYP102A1 were observed on
micrographs (Fig. 1B). 2D classification of �900,000 particles
revealed distinct classes, indicative of conformational dynamics
(Fig. 1C). Three representative classes are shown in Fig. 1D as
an expanded view for clarity. A heterogeneous 3D classification
process produced multiple EM density maps, three of which
exhibit features of homodimer at a global resolution of 7.6
(30%), 8.3 (26%), and 8.5 (29%) Å. More details about cryo-EM
data processing are provided in Fig. S1 and Table S1.

Architecture of full-length CYP102A1 homodimer in closed
state

We started model building into the density map of the full-
length enzyme at 7.6 Å. This density map and constructed
model of full-length CYP102A1 are presented in Fig. 2. As
shown in Fig. 2A, the EM density map shows four lobes of
density that are closely packed with a nearly C2 symmetry. They
represent the two BMP and two BMR domains of the
homodimer. The density connecting the BMP and BMR
domain is visible, which represents the linker, a highly mobile
region missing from the crystal structure of CYP102A1 (10).
The presence of the linker allowed us to readily assign the two
monomers, one in blue and the other in orange.

Fig. 2B shows the constructed 3D model of full-length
CYP102A1 homodimer. For easy visualization, a cartoon model
is presented in Fig. 2C. The 3D model was constructed by fitting
individual crystal structure of FAD, BMP, and FMN domains as
a rigid body into the density map. The regions missing from the
crystal structure, namely peptide 227–229 in the BMP domain,
peptide 456 – 467 in the linker, and peptide 631– 659 in the
BMR domain, were rebuilt into the density map with a polyala-
nine chain due to insufficient resolution to model side chains.
As shown, the architecture of full-length CYP102A1 clearly
exhibits a trans configuration, where BMP is spatially apart
from BMR within a monomer but more closely associated with
BMR of the other monomer. Based on the rigid-body model,
the FMN– heme distance is estimated to be �65 Å within a
monomer, but shortened to �34 Å across the monomer. As
observed in the crystal structure of rat cytochrome P450 oxi-
doreductase (POR), both of the BMR domains are in closed
conformation, where the FMN and FAD cofactors are in prox-
imity within a monomer (13).

Fig. 2 (D and E) shows close views of the interfaces between
the heme domains and FAD domains. The two BMP domains
share extensive contacts that involve helix D and D/E and E/F
loops. This interface is nearly identical to that revealed by
Poulos and co-workers (see Fig. S2). The interface between
the FAD domains, which is important for dimerization as we
demonstrated previously (11), is connected by a relatively
small area of contacts involving two loop regions (i.e. loop 1
(peptide 648 – 653) and loop 2 (peptide 721–728)). Caution
should be exercised with the exact position of loop 1 because
it was rebuilt as a polyalanine chain into the density map at
7.6 Å.

Architecture of full-length CYP102A1 homodimer in open state

In addition to the 7.6 Å density map representing the closed
state, we also obtained two additional EM density maps at 8.3
and 8.5 Å. These two density maps are presented in Fig. 3 (A and
B). Similar to the 7.6 Å density map, four lobes of EM density
are clearly visible. However, the four density lobes are not
closely packed, two of which are detached on one side of the
homodimer to a different extent. Due to conformational
dynamics, the densities for the linkers are missing from both
maps.

To construct reliable 3D models, we fit the individual struc-
ture of each domain into the two maps sequentially in the order

Figure 1. Cryo-EM micrographs and 2D class average images of full-
length CYP102A1. A, SEC-MALS data showing full-length CYP102A1 eluted
as a homogeneous homodimer with molecular mass of 238 � 8.8 kDa. The
horizontal bars on the right y axis indicate molecular mass in kDa. B, cryo-EM
micrograph showing isolated single particles. C, 2D class average images of
full-length CYP102A1. D, expanded view of three representative 2D class aver-
age images.
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of FAD domain, heme domain, and FMN domain. When the
FMN domain was fit to the remaining density last, its initial
position was constrained so that Asn479 (linker end) and Leu630

(hinge head) were orientated facing the linker and hinge, as
shown in Fig. 2. The constructed 3D models of full-length
CYP102A1 are presented in Fig. 3 (C and D). Similar to the
closed state, both heme domains and FAD domains are in close
contact, holding the homodimer together. One of the BMR
domains remains closed where the FMN and FAD cofactors
are in proximity, as observed in Fig. 2B. However, the orien-
tation of the other FMN domain is strikingly different where
it rotates away from the FAD, bringing the FMN cofactor to
the proximal side of the heme. As shown in Fig. 3 (E and F),
the isoalloxazine ring of the FMN is located in the vicinity of
key structural elements known for affecting electron transfer
from FMN to the heme, such as helix C, the heme-binding
loop, and peptide Pro383–Gln387. They represent the ET
complexes between P450 and diflavin reductase. The ET
complex as shown in Fig. 3E is similar to that reported by
Poulos and co-workers (10). We refer to this state as open
state I. The ET complex as shown in Fig. 3F, referred to as
open state II, seems to be moving further into the concave of
the proximal side (see Fig. S3). Compared with the closed
state, the positions of Asn479 and Leu630 experienced large
movements (see Fig. S4).

Architectures of the �12 variant of CYP102A1 in open and
closed states

The moderate resolution of the full-length enzyme is likely
due to the flexibility of the linker region. Thus, we hypothesized
that shortening the linker may restrict the conformational
dynamics of CYP102A1 and improve resolution. We expressed
and purified a variant enzyme where peptide 456GGIPSPSTE-
QSA478 is deleted from the linker. We followed the same pro-
cedures to acquire and process cryo-EM data for the �12 vari-
ant as for the full-length enzyme (see Fig. S1 and Table S1).
Consistent with our notion that a shorter linker reduces con-
formational flexibility and enhances structural evaluation, we
obtained a 6.7 Å density map in a closed state with fewer single
particles (�59,611) than used for the full-length enzyme
(�155,536). As shown in Fig. 4A, the density map of the �12
variant shows a compact homodimer with a trans configuration
like the full-length enzyme. At the 6.7 Å resolution, the helical
features are clearly visible, such as the F and G helices. The
crystal structures of BMP and BMR are fit nicely into the den-
sity map with a correlation value of 0.73, indicative of a strong
positive correlation (Fig. 4B). The architecture of the �12 is
nearly identical to that of the full-length enzyme except for the
linker and some mobile loop regions (see Fig. S5). In addition to
the density map in the closed state, we also determined the
density map in the open state at 7.9 Å. As shown in Fig. 4 (C and

Figure 2. Architecture of full-length CYP102A1 homodimer in closed state determined by cryo-EM. A, cryo-EM density map at 7.6 Å for full-length
CYP102A1. The density maps of the two monomers are colored in orange and blue, respectively. The diagram above the map shows the sequence and domain
arrangement of full-length CYP102A1. BMP and BMR, heme domain and reductase domain, respectively. The red and green lines in the diagram indicate linker
and hinge regions, respectively. B, 3D model of full-length CYP102A1 fit into the 7.6 Å EM density map. The map is shown as a transparent surface, and the two
monomer chains are colored in orange and blue ribbons, respectively. Cofactors are depicted as space-filled spheres; the heme in red, FMN in green, and FAD in
yellow. C, cartoon view of the 3D model to illustrate domain arrangement. D, expanded view of the interface at the BMP domains. Helix D-F and the D/E and E/F
loops are labeled. E, expanded view of the interface at the BMR domains. The two areas of contact are labeled as Loop1 (peptide 648 – 653) and Loop2 (peptide
721–728).
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D), the orientations of the two density maps attributed to
the FMN domains are distinctly different. Rigid-body fitting
unequivocally reveals that one of the FMN domains rotates
away from its FAD domain, approaching the proximal side of
the heme domain, as shown in Fig. 4 (E and F). The ET complex
shown in Fig. 4F is similar to that observed in open state I of the
full-length enzyme and the crystal structure of a truncated
BMP/FMN construct (see Fig. S6). This structural agreement
validates the 3D models for the full-length enzymes. It is of note
that we did not observe the �12 variant in open state II, pre-
sumably due to reduction in protein flexibility resulting from
truncation of the linker region.

Biochemical analysis of deletion variants of CYP102A1 in the
linker region

To better understand the conformational dynamics of
full-length CYP102A1 homodimer, we further evaluated the
�12 variant together with two additional variants, �4
(�463TEQS466) and �6 (�462STEQSA467). All three deletion
variants remain as homodimers in solution, as revealed by SEC-
MALS (see Fig. S7). Compared with the full-length CYP102A1,
all variants retain cyt c reductase activity, as shown in Fig. 5A,
suggesting that electron transfer from NADPH to the FMN
cofactor is intact. However, the rate of NADPH consumption
differs dramatically, as shown in Fig. 5B. The �4 variant retains
full activity, as observed for the full-length CYP102A1, whereas
the �6 variant retains one-third of the activity. In marked con-
trast, the �12 variant retains only 5% of the activity. This differ-
ence is also reflected in the rate of product formation, as shown
in Fig. 5C. As reported previously (12), the A82F variant cata-
lyzes omeprazole primarily to form 5-hydroxyomeprazole
(5OH-OMP). The rates of 5OH-OMP formation for the �6 and
�12 are 33 and 2% of the full-length enzymes, respectively, con-
sistent with the rate of NADPH consumption. Unlike the full-
length enzyme, the rate of product formation for the �4 variant
was increased by �62% compared with the full-length enzyme,
indicative of increased coupling. Regardless, these results sug-
gesting that the �12 variant is incapable of ET from FMN to
the heme. To test this hypothesis, we determined the ET rate
directly from FMN to the heme in stopped-flow experiments.
As shown in Fig. 5D, the ET rates were determined to be 1.1 �
0.13 and 11.4 � 1.5 s�1 for �12 and full-length CYP102A1,
respectively, confirming the impairment of electron transfer
from FMN to the heme in the �12 variant.

Discussion

For the first time we have determined the architecture of
functional full-length CYP102A1 homodimer and revealed its
conformational dynamics required for redox partner recogni-
tion. We have shown that full-length CYP102A1 exists in closed
and open states in solution, suggesting that the structure of
CYP102A1 is dynamic.

In the closed state, the architecture of full-length CYP102A1
is a closely packed homodimer. The interfaces between the
heme domains and the FAD domains remain in contact. Our
BMP dimer model is well-aligned with the crystal structure of
the truncated CYP102A1 BMP/FMN construct, as reported
previously (10) (see Fig. S2). This agreement validates our 3D
model of full-length CYP102A1 homodimer. According to the
crystal structure, the heme domain interface is lined up with a
number of polar residues, such as Asp121, Asp168, Lys129,
Arg132, Arg161, Arg167, and Glu137, and few hydrophobic resi-
dues, such as Leu133 and Phe165. The FAD domain interface is
located at the connecting domains involving residues in two
regions of BMR (i.e. peptide 721–728 and peptide 648 – 653).
We have previously shown that truncation of CYP102A1
beyond residue 650 leads to loss in dimer population by �50%
(11), indicative of their important roles in dimerization. The 3D
BMR model in the closed state resembles the crystal structure
of rat POR, where FMN and FAD are in proximity (see Fig. S8).

Figure 3. Architecture of full-length CYP102A1 homodimer in open
states determined by cryo-EM. A, cryo-EM density map at 8.3 Å for full-
length CYP102A1. The two monomers are colored in orange and blue, respec-
tively. B, cryo-EM density map at 8.5 Å for full-length CYP102A1. The two
monomers are colored in orange and blue, respectively. C, 3D model of full-
length CYP102A1 fit to the 8.3 Å density map (open state I). The map is shown
as a transparent surface, and the two monomer chains are colored in orange
and blue ribbons, respectively. Cofactor heme and FAD are displayed as space-
filled spheres in red and yellow, respectively. Cofactor FMN in closed confor-
mation is displayed as a space-filled sphere in green, whereas FMN in open
conformation is shown as a space-filled sphere in purple. D, 3D model of full-
length CYP102A1 fit to the 8.5 Å density map (open state II). The color scheme
is identical to that in C except that FMN in the open conformation is colored in
pink. E, expanded view of ET complex in open state I between the heme
domain and open FMN domain. Key structural features are labeled as helix C,
D, H, and I, PG (Pro383–Gln387 peptide), and HBL (heme-binding loop). The red
and green arrows point to the linker and hinge, respectively. F, expanded view
of ET complex in open state II between the heme domain and open FMN
domain. The color scheme is identical to that in E.
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The overall architecture of full-length CYP102A1 exhibits a
trans configuration. Based on spatial arrangement of cofactors,
the architecture of dimeric CYP102A1 should facilitate intra-
flavin and intermolecular FMN-to-heme ET, consistent with
the electron flow pathway proposed by Dr. Munro’s group (7),
but argue against interflavin electron transfer, as reported pre-
viously (6). However, in the closed state, the FMN is estimated
to be �34 Å away from the heme, which would prohibit effi-
cient trans ET to the heme. Thus, the closed state of CYP102A1
likely represents a resting state that facilitates intraflavin ET
only, but is not ready for electron transfer to the heme.

To uncover the mechanism by which FMN transfers electron
to the heme, we have identified full-length CYP102A1 in open
states (see Fig. 3). In the open state, one FMN domain rotates

away from its FAD and interacts with the proximal side of the
heme, whereas the other FMN domain remains closed in the
vicinity of the FAD. We did not observe both of the FMN
domains rotating out simultaneously, suggesting that the FMN
domain likely opens up one at a time. The sequential closed-
to-open transition should be energetically favored over a
concerted transition that may disrupt the integrity of the
homodimer because large conformational changes are required
to reach the open state, and dissociation of dimeric CYP102A1
would lead to enzyme inactivation. We postulate that the two
FMN domains alternate closed-to-open transition for electron
transfer between FMN and the heme. In the closed state, FMN
is located in proximity to FAD and capable of accepting an
electron from FAD. After accepting the electron, the FMN

Figure 4. Architecture of the �12 variant homodimer in closed and open states determined by Cryo-EM. A, cryo-EM density map at 6.7 Å for the �12
variant homodimer in the closed state. The two monomers are colored in orange and blue surface, respectively. B, 3D model of the �12 variant fit to the 6.7 Å
density map. The color scheme is the same as in Fig. 2B. C, front side of the cryo-EM density map at 7.9 Å for the �12 variant homodimer in the open state. D, 180o

view of the back side of the cryo-EM density map at 7.9 Å for the �12 variant homodimer in the open state (E). Shown is a 3D model of the �12 variant fit to the
7.9 Å density map. The color scheme is identical to that used in Fig. 3C. F, zoom view of the ET complex of the �12 variant in the open state. HBL and PG,
heme-binding loop and Pro383–Gln387 peptide, respectively.
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domain opens up and traverses to the proximal side of the
heme. This should facilitate formation of an active ET complex
for electron delivery to the heme. Upon electron transfer to the
heme, the FMN domain returns to the closed conformation,
and the process repeats itself by the other FMN domain. The
alternating transition of the two monomers in synchronized
motion underpins the importance of protein dynamics in
highly efficient catalysis by CYP102A1. The two open states
may represent conformational progression en route to deliver
electron to the heme.

Structural information on the dynamic process of redox
partner recognition and electron transfer in P450 and NOS sys-
tems has been difficult to obtain. Our cryo-EM studies of full-
length CYP102A1 offer important clues. We have identified
three conformational states in full-length enzyme, one closed
and two open states. The open states are likely involved in redox
partner recognition and the electron transfer process. As
reported previously (10), the recognition site likely includes key
structural elements on the proximal side of the heme, such as
helix C, the heme-binding loop, and peptide Pro383–Gln387.
Studies have shown that mutations in helix C and peptide
Pro383–Gln387 significantly decrease electron transfer to the
heme. For instance, introduction of a bulky dansylcystine at
position 104 in helix C and position 387 in peptide Pro382–
Gln387 led to �10- and 2-fold decrease in the FMN-to-heme
electron transfer rate (14). The importance of the heme-bind-
ing loop in modulating electron transfer has been demon-
strated in both CYP102A1 and CYP2B4 (15–17). Residues in
these regions modulate redox potential of the heme and thus
electron transfer. Electron transfer from FMN to the heme may
occur via space jump, as proposed for the complex of mito-
chondrial CYP11A1 with adrenodoxin (18) and/or via peptides
depending on the distance between electron donor and accep-

tor. The ET complex in open state I (see Fig. 3E) is similar to
that reported for truncated CYP102A1 BMP/FMN construct.
The FMN-to-heme distance is approximately �17 Å (Fig. 3E).
Interestingly, the FMN in the ET complex in open state II, as
shown in Fig. 3F, appears to insert further into the concave of
the proximal side with an FMN-to-heme distance of �11 Å. We
estimated that the ET rates from FMN to the heme would be
�72 and 2.8 � 105 s�1 in open state I and II, respectively, based
solely on Dutton’s ruler. These results suggest an alternative
pathway more directly to the heme via the Gly396–Arg398 in the
heme-binding loop (see Fig. S9).

The relevance of open state II in electron transfer to the heme
seems consistent with results from the structural analysis of the
�12 variant (see Fig. 4). By truncating 12 amino acids from the
linker, we achieved better map resolution with fewer than half
of the single particles used to determine the density map of
full-length enzyme, suggesting that shorter linker limits the
conformational dynamics of CYP102A1. It also suggests that
the dynamic nature of full-length enzyme is responsible, at least
in part, for the modest map resolution of full-length enzyme.
Due to restricted conformational dynamics, we did not observe
open state II in the �12 variant. As discussed below, the �12
variant is incapable of electron transfer from FMN to the heme,
indicative of the critical role of conformational changes in the
FMN-to-heme ET.

The relatively large conformational change in closed-to-
open transition requires extension and contraction of the
linker. To investigate the role of the linker, we constructed
three deletion variants. All three deletion variants remain as
homodimers in solution and retain full cyt c reductase activity,
indicative of intact ET from NADPH to FMN. Deletion of 12
residues results in almost complete loss of NADPH consump-
tion. This loss of activity is due to impaired ET from FMN to the

Figure 5. Biochemical characterization of full-length and deletion variant enzymes of CYP102A1. A, rate of cyt c reduction. B, rate of NADPH consump-
tion. C, rate of product, 5OH-OMP, formation. D, rate of electron transfer from FMN to the heme determined in stopped-flow experiments for the full-length and
�12 variant. Experimental details are provided under “Experimental procedures.” Error bars, S.D.
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heme (see Fig. 5D). Our results suggest that the linker length
likely affects the optimal geometry to form a functional ET
complex. Truncated linker likely restricts motions of the FMN
domain, leading to unfavorable geometry for ET. This is con-
sistent with the report that the length, not the specific second-
ary structure, of the linker is critical for controlling FMN-to-
heme electron transfer (19).

The conformational changes revealed by cryo-EM in this
work may also occur in mammalian P450 and NOS, both of
which utilize diflavin reductase as redox partners (20, 21). It was
previously reported that rat POR locked in closed conformation
by de novo disulfide bond is incapable of ET from FMN to the
heme (22). However, a �TGEE variant in the hinge region
exhibited an open conformation where the FMN domain
swings away from the FAD domain as observed in full-length
CYP102A1 (22, 23). The �TGEE variant is capable of ET from
FMN to the heme under single-turnover conditions, suggesting
that a closed-to-open conformational transition likely occurs in
mammalian P450 or NOS. Our cryo-EM work may facilitate
further interrogation of the mechanism for redox partner rec-
ognition and electron transfer in mammalian P450 and NOS
systems.

Experimental procedures

Construction, overexpression, and purification of full-length
and deletion variant CYP102A1

The gene encoding the full-length A82F variant of CYP102A1,
in addition to a His6 tag at the N terminus, was optimized and
synthesized by GeneScript (Piscataway, NJ). The optimized
gene was then cloned into pCWori vector to construct pCW-
A82F-6xHis plasmid, as described previously (11). Deletion of
residues in the linker region from full-length A82F CYP102A1
was achieved by PCR using a Q5 mutagenesis kit (New England
Biolabs, Ipswich). PCR primers used for PCRs are shown in
Table S2. Deletion was confirmed by DNA sequencing at the
University of Michigan Biomedical Research Core Facility.
Both full-length and deletion variants were overexpressed in
C41(DE3) cells and purified to homogeneity using an HP His-
trap column on an ÄKTA FPLC protein purification system, as
reported previously (11). The concentrations of CYP102A1
were determined according to the method of Omura and Sato
(24).

Determination of oligomeric state of full-length and deletion
variant CYP102A1 by SEC-MALS

To ensure that deletion in the linker does not alter the olig-
omeric state, we determined the molecular weight of both full-
length and deletion variant CYP102A1 by SEC-MALS on a Bio-
Rad NGC Quest chromatography system equipped with a
miniDAWN TREOS MALS detector and an Optilab TrEX dif-
ferential refractive index detector, as described previously (11).
The system was calibrated with bovine serum album. An ali-
quot of full-length or deletion variant CYP102A1 (�50 �M) was
loaded onto a WTC-050S5 column (7.8 � 300 mm, 5 �m;
Wyatt Technology) and eluted at 0.5 ml/min in PBS buffer. The
molecular weight values were determined from the Raleigh
ratio calculated by measuring the static light scattering and cor-

responding protein concentration of a selected peak using
ASTRA VI software (Wyatt Technology).

Cryo-EM data acquisition and image processing

Prior to preparation of vitrified samples, full-length or �12
CYP102A1 was prepurified by SEC (Superdex Increase
10/300GL, GE Health Sciences). Central fractions were pooled
and concentrated to �3 mg/ml, to which omeprazole was
added to 0.1 mM. An aliquot (�2.5 �l) of the sample was applied
to glow-discharged Quantifoil� Holey carbon film (Q250-CR2,
EMS). The sample was plunge-frozen in liquid ethane with Vit-
robot (Thermo Fisher Scientific). The samples were visualized
on a Titan Krios electron microscope operating at 300 kV
(Thermo Fisher Scientific). Cryo-EM images were recorded at a
magnification of �29,000 using a K2 Summit direct electron
detector in counted mode (Gatan, Inc.), corresponding to a
pixel size of 1.01 Å/pixel with a dose rate of �6.0 electrons/
Å2/s. The total exposure time was 8.0 s, and intermediate
frames were recorded in 0.2-s intervals, resulting in an accu-
mulated dose of �48 electrons/Å2 and a total of 40 frames/
micrograph.

In the case of full-length enzyme, a total of 7,048 cryo-EM
images were recorded. Dose-fractionated image stacks were
subjected to motion correction using Motioncor2 (25) with
CTF parameters determined by CTFFIND4 (26). A total of
2,158,774 particles were selected using crYOLO (27). The sub-
sequent data processing, including 2D classification, ab initio
reconstruction, 3D classification, and refinement, was carried
out using cryoSPARC (28). Multiple rounds of 2D classifica-
tions were performed to remove false positive particles. In the
second step, ab initio reconstruction was conducted. The
classes representing the dimeric form of the protein were
selected and subjected to heterogeneous refinement, which
resulted in three conformational states (i.e. closed state (30%),
open state I (26%), and open state II (29%)). In the next step, the
classes representing the closed form of the proteins were
selected and subjected to another round of ab initio/heteroge-
neous refinement. After visual inspection, one class showing
solid linker connectivity was selected and subjected to homo-
geneous refinement, which results in a final reconstruction
with a global resolution of 7.6 Å. Reported resolutions are based
on the gold standard Fourier shell correlation using the 0.143
criterion. In the case of the �12 variant, we used the same pro-
cedures to determine two EM maps, one in the closed state at
6.7 Å (31%) and the other in the open state at 7.9 Å (24%). More
details are provided in the cryo-EM workflow, as shown in Fig.
S1 and Table S1. The EM density maps for full-length enzyme
and the �12 variant have been deposited to the EM Data Bank
with EMDB ID of 20785, 20786, 20787, 21099, and 21100.

Construction of 3D model of dimeric CYP102A1

The 3D model of dimeric CYP102A1 was constructed by
rigid-body docking the crystal structure of individual domain
into the EM density map using the fitmap function of Chimera
(29). The crystal structures of individual heme domains of the
A82F variant (PDB ID 4KEW:A), FMN domain (PDB ID, 1BVY:
F), and FAD domain (PDB ID, 4DQK:A) were obtained from
the PDB. It is of note that the crystal structure of BMR is not
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available, so that the structures of the FMN and FAD domains
were docked separately. Rigid-body fitting was performed
sequentially in the order of FAD domains, BMP domains, and
FMN domains. The densities of BMR and BMP are readily dif-
ferentiated due to their geometric differences. Similar to rat
POR, BMR is shaped like a “bowl” in contrast to a more globular
shape of BMP. For the purpose of illustration, polyalanine
chains were built into the 7.6 Å EM density map in the regions
where polypeptide chains were missing from the crystal struc-
ture using Coot (30). These missing chains include peptide
227–229 in the G/H loop, peptide 456 – 478 in the linker region,
and peptide 631– 659 in the hinge region.

Catalytic activities of full-length and deletion variant
CYP102A1

The rate of NADPH consumption was determined at 25 °C as
we described previously (11). Under the same conditions, we
also determined the rate of product formation. After 1 min of
incubation, aliquots of the reaction mixture (50 �l) were
quenched with an equal volume of acetonitrile containing 0.5
�M carbamazepine as internal standard. After a brief centrifu-
gation, an aliquot of 5 �l of the supernatant was analyzed by an
LC tandem mass spectrometer. Product 5OH-OMP was chro-
matographed on an XBridge C18 column (4.6 � 50 mm, 3.5
�m; Waters, Milford, MA) using a binary mobile phase consist-
ing of 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile. Ion transitions from m/z 362.0 3 m/z 213.9 for
5OH-OMP and m/z 237.1 3 m/z 194.1 for internal standard
were used for quantification. Standard solutions containing a
known amount of 5OH-OMP were prepared in the reaction
mixture without NADPH and analyzed under the same condi-
tions. The rate of cyt c reduction was determined in 0.5 ml of
PBS buffer containing 20 �M cyt c, 0.1 mM NADPH, and 0.1 mM

omeprazole. A small aliquot of CYP102A1 enzyme was added
to 10 nM to initiate electron transfer. The absorbance change at
550 nm was monitored over time, and the initial linear region
was utilized to determine the rate using an extinction coeffi-
cient of 21.1 mM�1 cm�1 at 550 nm (31).

The rate of electron transfer from FMN to the heme was
determined under pre-steady-state conditions in a stopped-
flow spectrophotometer (model SF61DX2, Hi-Tech Co) by rap-
idly mixing an equal volume of 5 �M CYP102A1 enzyme with
0.4 mM NADPH at 25 °C in the presence of omeprazole. Prior to
the mixing, both the CYP102A1 and NADPH solutions were
saturated with CO gas (Cryogenic Gas, Detroit, MI). After
the mixing, time-evolving spectra from 700 to 300 nm were
recorded with a photodiode array detector, and the absorbance
increase at 449 nm over time was fit to a single exponential
function to obtain the rate constant as described previously
(32).
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