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processive mechanism due to the lactol form of the
intermediate 18-hydroxycorticosterone
Received for publication, June 19, 2019, and in revised form, July 10, 2019 Published, Papers in Press, July 11, 2019, DOI 10.1074/jbc.RA119.009830

X Michael J. Reddish and X F. Peter Guengerich1

From the Department of Biochemistry, Vanderbilt University School of Medicine, Nashville, Tennessee 37232-0146

Edited by Ruma Banerjee

Human cytochrome P450 (P450) 11B2 catalyzes the forma-
tion of aldosterone, the major endogenous human mineralo-
corticoid. Aldosterone is important for the regulation of elec-
trolyte homeostasis. Mutations and overexpression of P450
11B2 (also known as aldosterone synthase) can lead to hyper-
tension, congestive heart failure, and diabetic nephropathy.
The enzyme is therefore a target for drug development to
manage these various disorders. P450 11B2 catalyzes aldos-
terone formation from 11-deoxycorticosterone through
three distinct oxidation steps. It is currently unknown to
which degree these reactions happen in sequence without the
intermediate products dissociating from the enzyme (i.e. pro-
cessively) or whether these reactions happen solely distribu-
tively, in which the intermediate products must first dissoci-
ate and then rebind to the enzyme before subsequent
oxidation. We present here a comprehensive investigation of
processivity in P450 11B2– catalyzed reactions using steady-
state, pre-steady–state, pulse-chase, equilibrium-binding
titrations, and stopped-flow binding studies. We utilized the
data obtained to develop a kinetic model for P450 11B2 and
tested this model by enzyme kinetics simulations. We found
that although aldosterone is produced processively, the
enzyme preferentially utilizes a distributive mechanism that
ends with the production of 18-OH corticosterone. This
seemingly contradictory observation could be resolved by
considering the ability of the intermediate product 18-OH
corticosterone to exist as a lactol form, with the equilibrium
favoring the ring-closed lactol configuration. In summary,
our refined model for P450 11B2 catalysis indicates isomer-
ization of the intermediate to a lactol can explain why P450
11B2 must produce aldosterone through a processive mech-
anism despite favoring a distributive mechanism.

The cytochrome P450 (P450)2 enzymes are a family of
enzymes with a wide array of substrates, including compounds
both exogenous and endogenous to the human body (1). P450s
are typically considered monooxygenases due to their typical
reaction catalyzing the addition of a single oxygen atom from
molecular oxygen to a substrate as an aliphatic hydroxylation.
P450s are also known to catalyze other reactions such as epox-
ide formation, carbon– carbon bond-cleavage, and subsequent
oxidation of alcohols to form carbonyls and carboxylic acids.
Among human P450s active on endogenous steroids (P450s
1B1, 7A1, 7B1, 8B1, 11A1, 11B1, 11B2, 17A1, 19A1, 21A2,
27A1, 39A1, 46A1, and 51A1), each of these reaction classes is
represented at least once (2, 3). Understanding how this diverse
group of enzymes function is essential to human health as alter-
ation to normal human steroid metabolism by mutant variants
of the enzymes or by interactions with small molecules can be
deleterious (4 –10).

P450 11B2 (aldosterone synthase) is expressed in the zona
glomerulosa of the adrenal cortex and is the sole enzyme
responsible for the production of the major human mineralo-
corticoid, aldosterone (11). P450 11B2 produces aldosterone
from 11-deoxycorticosterone in a three-step catalytic se-
quence. The first step is an 11�-hydroxylation; the subsequent
hydroxylation and oxidation form an aldehyde at the 18-posi-
tion (Fig. 1) (12). Mineralocorticoids, like aldosterone, are
responsible for regulating mineral ion absorption, specifically
sodium and potassium. Increased mineralocorticoid levels in
the kidneys drive production of sodium channels and sodium/
potassium exchange systems that increase blood volume by
increasing water absorption. Increased blood volume leads to
higher blood pressure (13). Besides renal activity, P450 11B2
has also been associated with heart failure due to its apparent
up-regulation in failing hearts (14).

Decreasing aldosterone levels by inhibiting P450 11B2 is a
possible therapeutic approach for decreasing hypertension and
increasing overall cardiovascular health. This approach is based
on the suggestion that P450 11B2 inhibition may be more suc-
cessful than mineralocorticoid receptor antagonism for two
reasons. First, P450 11B2 inhibition would actually reduce
aldosterone levels below chronically elevated levels that may
cause unidentified additional side effects. Second, inhibitors of
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steroidogenic P450 enzymes tend to have fewer side effects on
the endocrine system compared with steroidal antagonists (15).
This approach is already being explored by laboratories in sev-
eral pharmaceutical companies (16). Increasing our knowledge
of P450 11B2– catalyzed reactions will support development of
these and other mineralocorticoid-related therapies.

Our understanding of human P450 11B2 comes from com-
parisons with similar enzymes as well as direct studies of human
P450 11B2. Human P450 11B2 has very-high sequence identity
(93%) to human P450 11B1. P450 11B1 is primarily responsible
for the synthesis of cortisol from deoxycortisol. This reaction is
an 11�-hydroxylation, like the first step of aldosterone produc-
tion by P450 11B2. Both P450s 11B1 and 11B2 can perform an
11�-hydroxylation reaction on both 11-deoxycorticosterone
and 11-deoxycortisol, to varying degrees; however, only P450
11B2 can proceed to produce aldosterone from 11-deoxycorti-
costerone. A comparison of the amino acid variants between
these enzymes does not reveal a clear mechanistic reason for
their variance in activity (11, 17–19). Another useful compari-
son comes from the bovine P450 enzyme. There is only one
bovine 11�-hydroxylase isoform. It is responsible for both cor-
tisol and aldosterone production. Mechanistic studies on this
system are likely relevant to understanding human P450 11B2
action (20).

Studies with human P450 11B2 from other laboratories have
indicated that the enzyme catalyzes its reactions with varied
reaction rates and specificities (11, 12, 21). These studies each
focused on different aspects of human P450 11B2 reactivity.
Hobler et al. (12) identified the ability of P450 11B2 to generate
minor steroid products and reported values of kcat (238 min�1)
and Km (103 �M), representing total 11-deoxycorticosterone
substrate disappearance. Strushkevich et al. (11) described the
rates of individual reaction steps and tested the ability of P450
11B2 to utilize other steroids as substrates (e.g. testosterone and
progesterone) but did not test substrate specificity or binding.
Peng et al. (21) investigated the influence of the stabilizing
phospholipid utilized in assays on catalysis. Strushkevich et al.
and Martin et al. (11, 22) have both reported crystal structures
of human P450 11B2 (Protein Data Bank codes 4DVQ, 4FDH,
and 4ZGX).

We build upon the foundational work done in these studies
to focus on understanding the kinetic processivity of the P450
11B2 reactions. The subsequent oxidation reactions catalyzed
by human P450 11B2 to form aldosterone can occur in a pro-
cessive or distributive mechanism. A distributive mechanism
involves the enzyme releasing the intermediate product after
the first reaction and then binding to another intermediate
molecule for another reaction. Alternatively, consecutive reac-

tions can occur in a processive manner where multiple reaction
events are catalyzed prior to product release. We explored the
processivity of human P450 11B2 by more thoroughly investi-
gating the individual reactions under steady-state, pre-steady–
state, and pulse– chase conditions. Our assays were designed to
mimic the reported preferred conditions, in that we used high
Adx/P450 ratios, avoided the use of detergents in assays, and
utilized a DLPC phospholipid vesicle system. Our steady-state
and pre-steady–state results presented here agree with a num-
ber of previous reports and revealed additional insights regard-
ing processivity, rate-limiting steps, and the role of chemical
equilibration of a key intermediate with its lactol form.

Results

Steady-state reaction kinetics

Initial investigations were focused on determining steady-
state reaction parameters for the three major reactions cata-
lyzed by human P450 11B2. Example data sets are provided in
Fig. 2, and averages of hyperbolic fits to data (collected over
several days) are provided in Table 1. It was possible to isolate
conversion of 11-deoxycorticosterone to corticosterone by
working at low enzyme concentrations. The amounts of 18-OH
corticosterone and aldosterone produced under these condi-
tions were less than the limit of detection of the assay as defined
by background chromatogram signals (2 pmol). Therefore, the
reported values of kcat and kcat/Km are correctly defined. Iso-
lated investigation of the final two reactions from each other
was not fully possible. When human P450 11B2 was supplied
with corticosterone as its substrate, it was not possible to isolate
the production of 18-OH corticosterone from the production
of aldosterone. The values of kcat and kcat/Km for these reactions
were based on hyperbolic fits to the data for the rate of forma-
tion of each individual product against initial corticosterone
concentration. The reported steady-state parameters are not
completely accurate because the values are skewed by reporting
for simultaneous reactions. The reported values for kcat and
kcat/Km are artificially lowered by this approach in the case of
subsequent reactions. The apparent rate of the first reaction
(corticosterone3 18-OH corticosterone) appeared to be lower
than it actually is because the products that lead to aldosterone
were not accounted for in the rate of 18-OH corticosterone
production. The apparent rate of the second reaction (18-OH
corticosterone 3 aldosterone) is also artificially changed
because by observing conversion from corticosterone to aldos-
terone we could not account for how much the first reaction
might alter the rate of the second reaction, e.g. due to excess
substrate.

Figure 1. Primary physiological reactions catalyzed by human P450 11B2. Human P450 11B2 catalyzes subsequent oxidations at the 11- and 18-positions
to transform 11-deoxycorticosterone into aldosterone. Human P450 11B1 can perform similar reactions but not the final oxidation to transform the alcohol at
the 18-position to an aldehyde.
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The conversion of 18-OH corticosterone to aldosterone
under steady-state conditions was also investigated. When
started from 18-OH corticosterone added in solution, this reac-
tion was very slow. Our result contrasts with reports from other
laboratories that this reaction does not occur at all (11, 12, 21).
The enzyme concentration, substrate concentration, and reac-
tion time all had to be increased significantly for this reaction to
be observed (Fig. S1). Saturation of the steady-state rate was not
achievable due to the solubility limit of 18-OH corticosterone
in aqueous buffer. Thus, only an estimate of the value of kcat/Km
is reported in Table 1 based on the slope of the limited number
of points presented in Fig. 2D.

Pre-steady–state reaction kinetics

To further examine the kinetics of the P450 11B2 reactions,
experiments were also performed under pre-steady–state con-
ditions. Results of these experiments are shown in Fig. 3. These
experiments used a much larger concentration of enzyme with an

equimolar concentration of starting substrate. Studies done under
similar conditions are often termed “single-turnover conditions,”
but this term is not strictly accurate in this case because multiple
reactions are occurring on the same initial steroid molecule, and
the reaction rates are at similar timescales to the product release
rates.

The experiments were performed until the initial substrate
was below the detection limit (100 fmol). When 11-deoxycor-
ticosterone was the initial substrate, this time period was short
(5 s). When corticosterone was the initial substrate, the time
period was longer (�90 s). This behavior is consistent with the
changes in kcat/Km reported in Table 1. Also consistent between
the steady-state and pre-steady–state data sets is the observa-
tion that 18-OH corticosterone was not rapidly converted to
aldosterone after 18-OH corticosterone was used as the pri-
mary substrate (�45 s). The concentrations of both aldosterone
and 18-OH corticosterone were fairly constant for the rest of
the observed time. The pre-steady–state data sets differed from

Figure 2. Steady-state kinetic experiments of major reactions catalyzed by human P450 11B2. A, example data showing the production of corticoster-
one; B, 18-OH corticosterone, and C and D, aldosterone when P450 11B2 is incubated with 11-deoxycorticosterone (A), corticosterone (B and C), or 18-OH
corticosterone (D) as the initial substrates. A–C were compiled from single time-point data with duplicate points, and both points are shown; the plotted lines
indicate nonlinear regression to hyperbolic data. D was compiled from four time points per substrate concentration with each transient fit as a linear regression
to produce the single rate (� S.D.) shown in the plot; the plotted line in D is a linear fit to these rates. See Table 1 for kinetic parameters from fits.

Table 1
Kinetic parameters determined from steady-state kinetic experiments
Results presented are the average values from multiple experiments.

Reaction kcat kcat/Km Km

min�1 min�1 �M�1 �M

11-Deoxycorticosterone3 corticosterone 33 � 1 13 � 1 2.7 � 0.3
Corticosterone3 18-OH corticosteronea 14.9 � 0.4 0.49 � 0.2 31 � 1
Corticosterone3 aldosteronea 2.84 � 0.09 0.103 � 0.007 28 � 2
18-OH corticosterone3 aldosteroneb 6.7 � 10�5 � 2 � 10�6

a The production of 18-OH corticosterone from corticosterone could not be isolated from the production of aldosterone; therefore, the presented values are not true steady-
state parameters because the data reports on both reactions simultaneously.

b Saturation of the hyperbolic curve was not achieved due to the limit of substrate solubility. Only kcat/Km was determined; see under “Experimental procedures” for details.
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one another in the ratio of 18-OH corticosterone to aldosterone
near the end of the observation window. At the latest time point
of the data set using 11-deoxycorticosterone as substrate (15 s),
the corticosterone concentration was �0.20 �M, and the ratio
of 18-OH corticosterone to aldosterone was 3.4. In the experi-
ment with corticosterone as the starting substrate, at the point
with the same concentration of corticosterone remaining (35 s),
the ratio of 18-OH corticosterone to aldosterone was 9.8. This
difference in final product ratio indicates that the enzyme reac-
tivity was affected by the identity of the initial substrate.

Pulse– chase assays

The difference in reactivity depending on the initial substrate
used, seen in both steady-state and pre-steady–state assays,
could be considered to support a processive mechanism for
aldosterone formation. There was also little to no lag phase in
the production of aldosterone observed in pre-steady–state
experiments. This result could be further evidence for a pro-
cessive mechanism for aldosterone production.

To directly probe the processivity of these reactions, pulse–
chase assays were performed. In the pulse– chase assays, the
enzyme was first incubated with a radioactive substrate for a
brief pulse period (1.5 min), and then a chase volume of nonra-
dioactive reaction intermediate was added in large excess, and
the reaction was allowed to proceed to obtain an amount of
final product that could be observed (e.g. 8.5 min post-chase or
10 min total assay). The 1.5-min pulse period was chosen so
that �20% of the final product concentration was produced
prior to the addition of the chase. In the case of a completely
distributive reaction, the excess chase of intermediate will dis-
place the radioactive substrate bound to the enzyme and
decrease the final amount of radioactive final product pro-
duced. Under our conditions, a completely dissociative reac-
tion would yield only a 20% radioactive final product yield with
the chase added, compared with no chase added. In the case of
a completely processive reaction, the excess intermediate
would be unable to displace the radioactive intermediate from
the enzyme, and the amount of radioactive final product should
be similar to that obtained with no chase being added. The
fraction of radioactive final product yield with and without

chase intermediate therefore reports on the degree of pro-
cessivity of a reaction. Our laboratory has successfully used this
method previously with both processive (23, 24) and distribu-
tive (25) human P450-catalyzed reactions.

The results of pulse– chase experiments performed with
11-deoxycorticosterone as the initial substrate are shown in Fig.
4. Separate experiments were done using corticosterone or
18-OH corticosterone as the chase compound to investigate the
processivity of 18-OH corticosterone production and aldoster-
one production, respectively. In all of the experiments, the
addition of the chase compound decreased the yield of radioac-
tive 18-OH corticosterone and aldosterone (Fig. 4, A and C);
this effect was more dramatic when corticosterone was the
chase sample, causing the production of these compounds to
effectively stop. At the last time point measured for these exper-
iments, the radioactive product yield with chase added relative
to no chase added was low. For the assays where corticosterone
was the chase compound, the production of radioactive 18-OH
corticosterone was 32 � 1% of the no-chase value, whereas the
production of aldosterone was 40 � 4% (Fig. 4, B and D). Both of
these values indicate reaction mechanisms that are only slightly
processive. For assays in which 18-OH corticosterone was the
chase compound, the production of radioactive aldosterone com-
pared with no chase was 48 � 5%. This value also indicated only a
slightly processive mechanism and is consistent with what was
observed when corticosterone was the chase compound.

The results of pulse– chase experiments performed with cor-
ticosterone as the initial substrate are shown in Fig. 5. Similar to
what was observed in the experiments with 11-deoxycortico-
sterone as the initial substrate, adding the 18-OH corticoster-
one chase decreased the yield of radioactive aldosterone. At the
last time point measured, the production of radioactive aldos-
terone compared with no chase was 25 � 2%. This value indi-
cates a significantly distributive mechanism. This value was sig-
nificantly lower than what was observed for the same chase
compound, starting with 11-deoxycorticosterone as the sub-
strate. Thus, the degree to which a steroid is produced in a
processive mechanism may change depending on the initial
substrate utilized by the enzyme.

Figure 3. Pre-steady–state kinetic transients of major reactions catalyzed by human P450 11B2. The results shown are from experiments done at
a higher P450 concentration (2 �M) than the steady-state experiments, with data points taken at much faster timescales to limit the effects of the
product release step on the observed kinetics. A, initial substrate of 2 �M 11-deoxycorticosterone. The black diamonds in A represent 11-deoxycortico-
sterone. B, initial substrate of 2 �M corticosterone. A and B, red circles represent corticosterone; blue squares represent 18-OH corticosterone; and green
triangles represent aldosterone. The lines connect points to help visualize the trends. The limit of detection in this experiment was �100 fmol (i.e. 10 nM)
when scaled to the given y axis.
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Equilibrium-binding titrations
To assess the relative binding of the substrates and products,

spectral binding titrations were performed (Fig. 6). The binding
of 11-deoxycorticosterone or corticosterone to P450 11B2
induced a type I spectral shift (26). 11-Deoxycorticosterone

bound tightly with a Kd of 16 � 4 nM. The assay with 11-deoxy-
corticosterone was repeated with a lower concentration of P450
(0.1 �M) and longer pathlength cell (10 cm) to increase the
accuracy of the measurement with such a tight-binding sub-
strate. The remaining titrations were performed in a 1-cm path-

Figure 4. Pulse– chase assays with 11-deoxy-[3H]corticosterone as the initial substrate. In this pulse– chase study, 215 nM P450 11B2 was mixed with 10
�M 11-deoxy-[1,2-3H]corticosterone. This mixture reacted (pulsed) for 1.5 min before 750 �M unlabeled corticosterone, 750 �M unlabeled 18-OH corticoster-
one, or ethanol vehicle was added as a chase. A, production of radioactive 18-OH corticosterone (blue squares) and aldosterone (green triangles) with a
corticosterone (Cort) chase (solid symbols, solid line) and without chase (open symbols, dotted line) as duplicate points and the means of the duplicates
connected with lines. B, percentage of the radioactive 18-OH corticosterone and aldosterone produced with the chase compared to without the chase.
Standard deviations of duplicate experiments are shown with a line above each bar. C and D, experiments were as A and B except that the chase steroid was
18-OH corticosterone, and therefore only aldosterone production is reported. A totally processive mechanism would yield a percent production of 100%.

Figure 5. Pulse– chase assays with [3H]corticosterone as the initial substrate. P450 11B2 (430 nM) was mixed with 20 �M [1,2,6,7-3H]corticosterone. This
mixture reacted (pulsed) for 1.5 min before 750 �M unlabeled 18-OH corticosterone or ethanol vehicle was added as a chase. A, production of radioactive
aldosterone with chase (solid triangles, solid line) and without chase (open triangles, dotted line) shown as duplicate points, and the means of the duplicates are
connected with lines. B, percentage of the radioactive aldosterone produced with the chase compared to without the chase. Standard deviation of duplicate
experiments is shown. A totally processive mechanism would yield a percent production of 100%.
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length cell with 1 �M P450. Corticosterone bound to P450 11B2
considerably more weakly, with a Kd of 2.1 � 0.3 �M when 2 �M

Adx was included in the solution (like the other titrations). The
Kd value increased to 10 � 2 �M without Adx present, indicat-
ing that the presence of Adx affects substrate binding. Further-
more, when the titration was performed without Adx and with
0.5% (w/v) sodium cholate present (12 mM), as has been
reported previously (12), the Kd value increased to 150 � 60 �M

indicating that using cholate as a stabilizing detergent disrupts
the ability of substrate to bind (see Fig. S2). This result is likely
due to the very general similarity of the chemical structure of
cholate with the steroidal ligands.

18-OH corticosterone and aldosterone did not produce
noticeable shifts in the heme Soret band, which has been
reported previously (12). To assess the binding potential of
these compounds, titrations with these compounds were per-
formed as competition experiments. Specifically, P450 11B2
was preincubated with a relatively high concentration of one of
these steroids, 150 �M 18-OH corticosterone or 200 �M aldos-
terone. Corticosterone was then titrated into the solution, and a
spectral shift was observed as the corticosterone displaced the
preincubated steroid. Quadratic fits to the resulting difference
in absorbance versus corticosterone titrant concentration
yielded apparent Kd values of 12 � 1 �M for 18-OH corticoster-
one and 7.9 � 0.8 �M for aldosterone. When we compensated
for the presence of the competing ligand and the known Kd
value of corticosterone from earlier experiments (see under
“Experimental procedures” for more details), the corrected Kd
for 18-OH corticosterone was calculated to be 32 � 6 �M and

the Kd for aldosterone was 70 � 20 �M. In both of these cases,
the resulting corticosterone-binding absorbance difference
spectra did not have the same appearance as the corticoste-
rone-only titration results (compare insets of Fig. 6, B to C and
D). Whereas the corticosterone-only difference spectra had
roughly symmetric positive and negative peaks as more corti-
costerone was added, the difference spectra from the competi-
tion experiments show a positive peak similar in intensity to the
corticosterone-only experiment but a negative peak with less
than half the magnitude of the positive peak.

Stopped-flow binding studies

Stopped-flow binding studies were undertaken to study the
binding rate of substrates to P450 11B2 (Fig. 7). Only the bind-
ing of 11-deoxycorticosterone and corticosterone is reported
because, as mentioned above, 18-OH corticosterone and

Figure 6. Equilibrium titrations of substrates and products binding to P450 11B2. A, titration of 11-deoxycorticosterone into 0.1 �M P450 11B2 in a 10-cm
pathlength cell. B, titration of corticosterone into 1 �M P450 11B2 in a 1-cm cell. C, titration of corticosterone into 1 �M P450 11B2 premixed with 150 �M 18-OH
corticosterone in a 1-cm cell. D, titration of corticosterone into 1 �M P450 11B2 premixed with 200 �M aldosterone in a 1-cm cell. The solid lines are fits to a
quadratic binding equation. The insets in each panel show the difference spectra between a sample with titrant added and a sample with no titrant added at
each point indicated in the main panels.

Figure 7. Stopped-flow mixing transients of substrates mixing with P450
11B2. Both panels show the mixing of 1 �M P450 11B2 and 1 �M substrate
(final concentrations): A, 11-deoxycorticosterone; B, corticosterone. The red
dashed line in each panel is a nonlinear regression fit to the data. See text for
more information regarding the fits.
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aldosterone do not induce a significant spectral change.
Attempts at studying the binding kinetics of 18-OH corticos-
terone and aldosterone as competition experiments led to
inconclusive results due to the significantly weaker binding
potential of these steroids. The kon for 11-deoxycorticoste-
rone was calculated (by nonlinear fitting to stopped-flow
mixing data) to be 4.20 � 0.04 �M�1 s�1. The kon for corti-
costerone was similarly found to be 1.63 � 0.02 �M�1 s�1.
Experimental values for Kd and kon as well as calculated val-
ues for koff are summarized in Table 2.

Computational modeling

Initial modeling—Computational modeling studies were
performed to assess the qualitative accuracy of the mechanism
of human P450 11B2 catalysis shown in Fig. 1. The minimal
kinetic mechanism shown in Fig. 8 more thoroughly describes
the system by including the required substrate binding (kon)
and unbinding steps (koff). The minimal mechanism also
assumes that the P450-catalyzed reactions are functionally irre-
versible in these isolated enzyme experiments. Using the Kin-
Tek Explorer software, we tested how well the minimal kinetic
mechanism, the steady-state rate constants shown in Table 1
and the binding parameters summarized in Table 2, could
reproduce the pre-steady–state experimental data shown in
Fig. 3. The result of this initial comparison between simulated
(shown as lines) and experimental data (shown as markers) is
shown in Fig. 9, A and B. The simulated data fit the experimen-
tal data poorly. The steady-state kcat values were too slow to fit
the pre-steady–state experimental data. The simulated data
also did not reproduce the leveling off of 18-OH corticosterone
and aldosterone production. In the case of 11-deoxycorticoste-
rone as the initial substrate (Fig. 9A), the simulated data pre-
dicted no aldosterone production during the experimental time
frame. In the case of corticosterone as the initial substrate (Fig.
9B), aldosterone is predicted to be produced but does not level
off as observed by the experiment. The simulated 18-OH corti-
costerone trace also indicated the concentration of this product
should begin to decrease significantly, which is also not
observed by the experiment.

We next utilized the nonlinear regression fitting routine in
KinTek Explorer to determine whether there was a set of cata-
lytic rate constants (kcat) that could better describe the behavior

of the pre-steady–state experiments while still using the simple
kinetic mechanism shown in Fig. 8. Only the kcat values were
allowed to change for the fitting process to limit degrees of
freedom; the values for kon and koff were held constant. Because
of the differences in 18-OH corticosterone and aldosterone
production observed noted above in the pre-steady–state and
pulse– chase experiments (depending on the initial substrate),
we performed nonlinear regression analysis on the two pre-
steady–state experiments independently. The results of the
independent nonlinear regression fitting are shown in Fig. 9, C
and D. The simulated data from the nonlinear regression was
significantly more similar to the experimental data. Quantita-
tively, the total X2 value for the 11-deoxycorticosterone as the
initial substrate improved from 13,600 to 1090. This improve-
ment came primarily from the 11-deoxycorticosterone- and
corticosterone-simulated traces being much closer to the
experimental data. However, the 18-OH corticosterone- and
aldosterone-simulated traces did not improve much and still
did not reproduce the leveling off of formation of 18-OH corti-
costerone and aldosterone as in the experimental results. The
nonlinear regression fitting did not significantly improve the
fitting to the data with corticosterone as the initial substrate.
The total X2 value was actually poorer, changing from 9640 to
11,400. The simulated 18-OH corticosterone trace does have a
stationary behavior, but this is only because all corticosterone is
converted 18-OH corticosterone. No aldosterone is produced
from this simulated result, which is the fundamental problem
with this mechanism. Similar outcomes were achieved with
varying the initial estimates used for the kcat values.

Model adaptation—We searched for a meaningful way to
adapt the mechanism shown in Fig. 8. It would be simple to add
conformational changes to the enzyme, but we had no data to
clearly describe or indicate such a feature in P450 11B2 cataly-
sis. Instead, we drew from the chemical properties of the ste-
roids to adjust the model. It has long been known from spectro-
scopic, chemical degradation, and crystallographic studies that
both aldosterone (27, 28) and 18-OH corticosterone (29) can
exist in either open forms with aldehyde or alcohol functional-
ity at the 18-position or in closed lactol forms (Fig. 10). These
data indicate that both steroids exist primarily in a lactol form
when in solution. We confirmed this observation by NMR in
75% CD3OH, 25% D2O (v/v, pH 7) (Fig. S3). The dominant
lactol form of aldosterone plays a key role in its physiological
role as it makes the steroid a poor substrate for 11�-hydroxys-
teroid dehydrogenase type 2, which would otherwise inactivate
aldosterone from mineralocorticoid receptor activity like it
does with glucocorticoids in mineralocorticoid-responsive tis-
sues (30). When 18-OH corticosterone is produced by the
enzyme from corticosterone, it must be produced in the open,
keto form. However, we expect that when the steroid unbinds
from the enzyme it likely rapidly forms the closed, lactol form in
solution, in accordance with the previous studies (29). We
questioned whether modeling the lactol form of the steroid as
an enzyme-inactive version of the steroid could address the
issue. The kinetic mechanism was adjusted to include the lactol
form 18-OH corticosterone but not aldosterone, in that no
form of aldosterone is a substrate for P450 11B2 (Fig. 11). The
rate constant for the conversion of the lactol form of 18-OH

Table 2
Substrate and product binding parameters to P450 11B2 in the pres-
ence of adrenodoxin and lipid

Ligand Kd kon koff

�M �M�1 s�1 s�1

11-Deoxycorticosterone 0.016 � 0.004a 4.20 � 0.04b 0.07 � 0.02c

Corticosterone 2.1 � 0.3a 1.63 � 0.02b 3.4 � 0.4c

18-OH corticosterone 32 � 6d –e –e

Aldosterone 70 � 20d –e –e

a Reported values for Kd come from quadratic fits to the data shown in Fig. 6, A
and B.

b Reported values for kon are from nonlinear fits to the data in Fig. 7. See text for
details.

c Values calculated from Kd and kon assuming koff � Kd�kon.
d Reported values for Kd come from quadratic fits to the competition titration data

in Fig. 6, C and D, which yields an apparent Kd that can be used to calculate the
real Kd. See text for details.

e Lack of significant spectral change upon binding prevented determination of
these values.
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corticosterone to the open form was set to 1 s�1 based on data
for the conversion of fructofuranose to fructose, the closest
comparison we found in the literature (31). The rate of lactol
formation was then manually adjusted to see whether this could
reproduce the leveling off effect seen in the experimental data

for 18-OH corticosterone and aldosterone. The lowest value for
the rate of lactol formation that reproduced this effect was uti-
lized for subsequent modeling experiments. This value was
2000 s�1, and the value was not allowed to adjust during non-
linear regression to optimize kcat values.

Figure 8. Initial scheme used for kinetic modeling. This scheme indicates the simplest model possible to represent the major reactions possible between
human P450 11B2 and its substrates. It was assumed that the P450-catalyzed reactions are irreversible. Doc � 11-deoxycorticosterone; Cor � corticosterone;
18-OH Cor � 18-OH corticosterone; Aldo � aldosterone.

Figure 9. Results of kinetic modeling to explain pre-steady–state results. Graphs shown display the same data as in Fig. 3 with the same point shapes and
coloring. A, C, and E display the experimental pre-steady–state data starting with 11-deoxycorticosterone as the initial substrate as points. B, D, and F display
the experimental pre-steady–state data starting with corticosterone as the initial substrate as points. The lines in each panel represent the expected reaction
based on kinetic modeling done with KinTek Explorer. The lines shown in A and B are direct extrapolations of steady-state reaction data and equilibrium
titrations. The lines in C and D use the same model as A and B but with optimized fit constants to the catalytic rate constants only. The lines in E and F come from
introducing the lactol form of 18-OH corticosterone as a possible state. Kinetic fitting in C and E were performed separately from the fitting in D and F. See text
for more information on modeling approach.
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Updated modeling with lactol—The results of nonlinear
regression to optimize the kcat values with the model, including
the nonreactive lactol form (Fig. 11), are shown in Fig. 9, E and
F. These results fit the data much better than the previous sim-
ulations. The total X2 values were 855 and 4980 for the data sets
starting with initial substrates of 11-deoxycorticosterone and
corticosterone, respectively. Furthermore, the curvature of all
of the simulated transients matches the experimental data well;
however, the actual predicted concentrations are higher than
the experimental values. The simulated data may be overpre-
dicting the final steroid production levels because we ignored
the contributions of minor products previously reported by
Hobler et al. (12). Including the contributions of these minor
products would likely decrease the fraction of the final steroid
that exists as 18-OH corticosterone and aldosterone and would
lead to a better match between simulated and experimental
data. It is also likely that including various conformational
states of the enzyme that might help explain differences in the
binding of each substrate and the apparent differences in the
rates of subsequent reactions depending on the initial substrate
used would also decrease the mismatch between simulated and
experimental data; however, we resisted this approach because
we have no data to describe these additional states. Regardless
of this mismatch, adding the nonreactive lactol form of 18-OH

corticosterone to the model, which has definite chemical basis,
allows for a much better match between simulated and experi-
mental data.

The kinetic modeling results (kcat values and total X2)
from the various simulations are summarized in Table 3. The
kcat value for the conversion of 11-deoxycorticosterone was
not very well resolved but must be faster than the other reac-
tions. The kcat values from the nonlinear regression for the
lactol model indicated that the conversion of 18-OH corti-
costerone to aldosterone is actually faster than the conver-
sion of corticosterone to 18-OH corticosterone. This result
was different from what we reported from the steady-state
experiments (Table 1) but may be accurate due to our inabil-
ity to isolate the individual rate constants in the steady-state
experiments when there is a significant processive mecha-
nistic component.

As noted above, the computational modeling results pre-
sented here came from independently fitting the experimental
data sets. For completeness, the result of simultaneous fitting of
the data sets is shown in Fig. S4. Our conclusion is the same
with the simultaneous approach, but the results do not fit the
data as well, which further indicates other features of the P450
11B2 catalysis are not fully captured by the mechanisms
explored here.
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Discussion

The P450 11B2-catalyzed three-step synthesis of aldosterone
is an important physiological process, and this enzyme is also a
target for treatment of hypertension. Several aspects of the
mechanism were still unclear following the published studies
(11, 12, 20), including the rate-limiting step(s) and the extent of
processivity. Searches for pharmacological inhibitors have been
done primarily using simple aldosterone end-point assays (in
cells) (15, 22, 32–36), but a better understanding of the kinetics
of the individual steps of the enzyme could have practical appli-
cations as well as yield insight into the more general mecha-
nisms of P450 catalysis.

Consistent among studies of human P450 11B2, including
the results presented here, is that the subsequent P450 11B-
catalyzed reactions within the overall sequence (Fig. 1) become
slower (lower values of kcat) and less specific (lower kcat/Km).
Our results indicate slower rate values than that of Hobler et al.
(12), but a direct comparison is difficult in that their reported
value was generated from all P450 11B2 reactions studied
simultaneously, i.e. substrate disappearance. The rate value
reported by Strushkevich et al. (11) for the conversion of 11-de-
oxycorticosterone to corticosterone (37.6 min�1) is similar to
our reported value (33 min�1); however, their reported value
for the conversion of corticosterone to 18-OH corticosterone
(0.7 min�1) is much slower than our estimated value (14.9
min�1). Furthermore, each of the previously published studies
reports that P450 11B2 cannot produce aldosterone directly
from 18-OH corticosterone (11, 12, 21). Strushkevich et al. (11)
reported rates of reaction for several steroids, using only 100
�M concentrations and a single time point. Hobler et al. (12)
reported that added 18-OH corticosterone was not converted
to aldosterone, but the assay sensitivity was low. We found this
reaction is actually possible, albeit significantly less favored
than the other reactions (Fig. S1). These differences in actual
catalytic values underscore the importance of repeating these
basic experiments along with more extensive catalytic assays to
better understand how the enzyme functions.

Our initial primary interest was in determining the degree to
which P450 11B2 acts processively. As others have noted (11,
12), the steady-state results strongly imply that aldosterone
must be produced via a processive mechanism. The production
of aldosterone by P450 11B2 is 1000 times more favored (kcat/
Km) when corticosterone is the substrate as compared with
18-OH corticosterone. The influence of the initial substrate,
and possibly processivity, on aldosterone production is also
observed in the pre-steady–state experiments where more

aldosterone is produced more rapidly when 11-deoxycortico-
sterone is the initial substrate as compared with corticosterone.
However, the stronger affinity (lower Kd) for 11-deoxycortico-
sterone for P450 11B2 compared with corticosterone may
explain some of the discrepancy in aldosterone production.

In contrast to the evidence from steady-state and pre-
steady–state experiments, pulse– chase studies indicate that
processivity plays a very limited role in aldosterone production.
In all cases, the yield of radioactive aldosterone after a chase of
nonradioactive intermediate steroid is significantly reduced.
The extent of the reduction in radioactive aldosterone varies by
experiment. The less significant the reduction in radioactive
aldosterone production, the more processive is the reaction
studied. The most processive reaction appears to be when
11-deoxycorticosterone is the initial substrate, and aldosterone
is produced (indicated by 18-OH corticosterone as the chase
compound). The aldosterone production is less processive
when corticosterone is the initial substrate. The production
of 18-OH corticosterone from 11-deoxycorticosterone also
appears not to be strongly processive.

Steady-state assays strongly suggested processivity in aldos-
terone production (Fig. 2) but pulse– chase assays did not (Figs.
4 and 5), and we suggest that the evidence for a distributive
mechanism can be resolved by considering the nature of the
intermediate product 18-OH corticosterone. 18-OH corticos-
terone, like aldosterone, exists primarily in a lactol structure
(Fig. 10) (29). The open keto form of 18-OH corticosterone is
the form that must be produced by the enzyme from corticos-
terone. It is also likely the open form that the enzyme oxidizes
to form aldosterone. If the two forms of 18-OH corticosterone
have varying reactivity as substrates for P450 11B2, it is possible
to resolve the conflict in the kinetic assays.

When 18-OH corticosterone is produced on the enzyme in
the open keto form, it can either be rapidly oxidized in a pro-
cessive mechanism or can unbind from the enzyme, in a distrib-
utive manner, and rapidly isomerize to a lactol. The pulse–
chase data suggest that a distributive mechanism is favored, so
most 18-OH corticosterone will exist in the lactol form. If this
form is a significantly less active substrate, then very little aldos-
terone will be produced. Thus, the great majority of aldosterone
is produced through a processive mechanism as supported by
the steady-state results. Therefore, the consideration of a less-
active lactol form of 18-OH corticosterone is consistent with
aldosterone being produced processively while also being con-
sistent with P450 11B2 acting primarily in a distributive
manner.

Table 3
Summary of kinetic modeling results

Simulation
Initial

substratea
kcat 11-deoxycorticosterone3

corticosterone
kcat corticosterone3
18-OH corticosterone

kcat 18-OH corticosterone3
aldosterone Total �2b

s�1 s�1 s�1

Initial simulations 11-DOC 0.55 0.25 0.050 13,600
Cort 0.25 0.050 9600

Nonlinear regression fit to Fig. 8 model 11-DOC 4000 � 495,000 0.70 � 0.06 0.89 � 0.15 1090
Cort 0.16 � 0.02 0 (error not determined) 11,400

Nonlinear regression fit to Fig. 11 model 11-DOC 8000 � 1,500,000 0.83 � 0.07 13 � 2 855
Cort 0.021 � 0.02 5.4 � 0.8 4978

a 11-DOC � 11-deoxycorticosterone, and Cort � corticosterone.
b X2 � �i � 0

N � 1 ((yi � y(xi))/(�i))2, with the standard deviation of each datum (�i) calculated from a double-exponential analytical fit to the transient for each compound in the
data set as suggested by the software manual.
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A less active form of 18-OH corticosterone could be defined
in various ways. The simplest definition would be that the lactol
form of the steroid cannot bind to the enzyme-active site. The
result of the competitive corticosterone spectral titration with
18-OH corticosterone present (Fig. 6C) indicates that 18-OH
corticosterone binds to P450 11B2 with a Kd of 32 � 6 �M. This
Kd value was calculated by assuming that both forms of 18-OH
corticosterone bind to the enzyme. We believe this is a reason-
able number because it follows the trend of each successive
reaction component being less favored to bind to the enzyme;
human P450 19A1 and 17A1 also follow this trend (25, 37). If we
instead assume that only the open form of 18-OH corticoster-
one binds to the enzyme, we can recalculate the Kd value for this
new assumption. The NMR data presented in Fig. S3 supports a
lower limit for the equilibrium constant between the lactol and
open forms of 18-OH corticosterone of 49 (favoring lactol).
Using this lower limit, the amount of open form 18-OH corti-
costerone present during the competitive titration would be �3
�M and lead to the actual Kd for 18-OH corticosterone being
computed as 0.6 � 0.1 �M. This is a 3.5-fold stronger binding
constant than we measured for corticosterone and therefore
seems unlikely. Furthermore, a more realistic equilibrium con-
stant for lactol formation, based on kinetic simulations, is 2000
(favoring the lactol). This more realistic value for the equilib-
rium constant would mean that the concentration of open form
18-OH corticosterone present during the competitive titration
would be �0.075 �M and lead to the Kd for 18-OH corticoster-
one being computed as 0.016 � 0.002 �M. Whereas this value is
very close to what we measured for 11-deoxycorticosterone, it
seems unlikely that P450 11B2 would bind 18-OH corticoster-
one 100 times more strongly than corticosterone. We conclude
that the lactol form of 18-OH corticosterone must be able to
bind to P450 11B2 to some degree. Attempts to model a non-
binding lactol form using KinTek Explorer were attempted and
could match the experimental data reasonably well (data not
shown), but this model was rejected for the argument above.
We do not have any data that allow us to compare the thermo-
dynamic binding potential of the lactol and open forms. For
simplicity, we proceeded with the assumption that each form is
equally likely to bind to P450 11B2, but we admit that this could
be a caveat in the modeling.

Another way that a less active form of 18-OH corticosterone
could be defined is that the lactol form of the steroid can bind to
the enzyme but not react with the enzyme to form aldosterone.
This is the model we tested with our kinetic modeling work
(Fig. 11). The kinetic modeling results clearly indicate that the
model without an inactive lactol form (Fig. 8) does not match
our pre-steady–state data. However, adding the noncatalyti-
cally active lactol form allows the simulated results to match
our pre-steady–state data much better. Therefore, we believe
incorporating a noncatalytically-active lactol form of the inter-
mediate substrate 18-OH corticosterone into models of P450
11B2 catalysis is essential.

Imai et al. (20) analyzed aspects of the kinetics of deoxycor-
ticosterone oxidation by bovine P450 11B1, which is the only
subfamily 11B P450 in that species and has the function of both
human P450 11B1 and 11B2. The authors concluded that “… the
dissociation of [the] final product, aldosterone, from the

enzyme was the slowest step in the synthesis for deoxycortico-
sterone.” This conclusion was not based on a direct experiment
but apparently on modeling of progress curves (Figs. 3 and 4 of
Ref. 20), but no experiments were done, and their steady-state
results qualitatively resemble our own (Fig. 2). The work in our
Fig. 5 was not designed as a test for burst kinetics, which would
be expected for a mechanism where a step following aldoster-
one formation was rate-limiting. A burst experiment could not
be done with 18-OH corticosterone for the equilibrium reasons
explained here. However, in Fig. 5 the plot of formation of
aldosterone from corticosterone (without chase of intermedi-
ate) extrapolates to zero product and not to the 0.43 �M value
expected (P450 concentration) if a first-step burst were
observed due to a rate-limiting step following aldosterone
formation.

The rate of aldosterone release from bovine P450 11B1 was
modeled to be 0.03 s�1 by Imai et al. (20). If the association rate
were a typical 1– 4 � 106 M�1 s�1 (see above), then the Kd would
be 0.03 �M for aldosterone, which is extremely low compared
with what we estimate for human P450 11B2 using our compet-
itive binding approach (�70 �M (Fig. 6E)).

This updated understanding of the P450 11B2 kinetic mech-
anism has ramifications for future studies of the enzyme. First,
human P450 11B2 may be difficult to target with drugs while
also limiting off-target effects. The major goal of targeting
human P450 11B2 would likely be to reduce aldosterone levels;
however, because aldosterone is certainly produced in a pro-
cessive manner, active-site inhibitors of P450 11B2 would also
decrease the production of 18-OH corticosterone. This could
lead to off-target effects if 18-OH corticosterone is vital to pro-
cesses other than mineralocorticoid receptor activation. A sim-
ilar problem has occurred with the development of inhibitors
for human P450 17A1 as a therapy for prostate cancer (37).
Inhibitors that are specific to P450 11B2 over P450 11B1 would
not be expected to decrease corticosterone levels significantly
because P450 11B1 is similarly effective at producing this prod-
uct. Isolating the effects of diminishing 18-OH corticosterone
levels would be difficult due to its interconnectedness with
aldosterone, and it may only be possible to study these affects in
tandem with aldosterone inhibition.

A second ramification of our revised understanding of P450
11B2 is an explanation to the observation among multiple stud-
ies that serum levels of 18-OH corticosterone are several times
higher than aldosterone (38 –40). P450 11B2 mechanistically
favors the distributive result of forming 18-OH corticosterone
over the processive result of forming aldosterone. Because the
equilibrium to the lactol form greatly retards the rate of further
oxidation of 18-OH corticosterone by P450 11B2, the steroid is
more likely to leave the P450 11B2– containing adrenal glands
before it becomes aldosterone. The ratio of 18-OH corticoster-
one to aldosterone that is observed in the serum varies greatly
(38 –40), ranging from 1.7 (40) to 23.6 (39); one subject has been
reported to be an outlier with a ratio of 104 (39). Our pre-
steady–state results do not cover this whole range of results but
do indicate a higher ratio when corticosterone is supplied as the
substrate as compared with 11-deoxycorticosterone.

A final ramification of our work on human P450 11B2 is the
impact on future studies of the enzyme. Although we have been
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able to explain the role of processivity in P450 11B2 catalysis,
several questions still remain. We contend that the open form
of 18-OH corticosterone is the form required for the produc-
tion of aldosterone. Could the active site be natively structured
in a way to stabilize the open form or slow its egress from the
active site where it presumably forms the lactol? These may be
mechanisms to explain differences in P450 11B1 and P450 11B2
aldosterone production. A related question would be whether
the active site of P450 11B2 could be intentionally altered to
stabilize the open form of 18-OH corticosterone. Such a mod-
ification could allow for a catalyst that can more effectively
produce aldosterone for commercial or research purposes.
Finally, we have seen a difference in the final ratio of 18-OH
corticosterone to aldosterone and in the rates of catalytic activ-
ity depending on the initial substrate used for studies. How does
the initial substrate cause these changes in ratios and rates? We
suggest that enzyme conformational changes could play a role.
There is no data to suggest this but biophysical studies of pro-
tein structure or molecular dynamics simulations may be able
to address this hypothesis. Answering these questions and oth-
ers regarding human P450 11B2 can lead to greater insights into
how this enzyme and other P450 enzymes perform sequential
reactions. These insights will be important to aid in the better
understanding of metabolism of endogenous compounds by
P450 enzymes and how to best engage these enzymes for
advancing human health.

Experimental procedures

Reagents

Nonradioactive steroids were purchased from Millipore-
Sigma (Burlington, MA), and radioactive steroids were pur-
chased from American Radiolabeled Chemicals (St. Louis,
MO). Solvents, buffer components, and other components
used for reactions or protein preparation were obtained from
MilliporeSigma or Thermo Fisher Scientific (Hampton, NH)
unless otherwise noted.

Recombinant protein

Bovine Adx and AdR were expressed in Escherichia coli
DH5� cells (Invitrogen) and purified as described previously
(41).

P450 11B2 plasmid—An E. coli codon-optimized sequence
(provided in Table S1) was loaded into the pCWOri	 plasmid
(42) by GenScript (Piscataway, NJ) using NdeI and HindIII re-
striction sites. The amino acid sequence used as the basis for the
sequence (Table S2) followed the approach for Hobler et al.
(12). Briefly, the amino acid sequence is the same as reported as
NCBI Reference Sequence NM_000498.3 with modifications to
the N terminus to mimic the natural cleavage of the mitochon-
drial targeting N-terminal peptide and modifications to the N
and C termini to facilitate recombinant expression and purifi-
cation. Specifically, the first 24 N-terminal amino acids were
removed, and the following six amino acids were changed from
GTRAAR to MATKAAR. A His9 sequence was appended to the
C terminus as well.

P450 11B2 expression—E. coli DH5� cells were co-trans-
formed with the P450 11B2 plasmid (ampicillin resistance) and
another plasmid containing the E. coli molecular chaperone

GroEL/ES (kanamycin resistance) and grown on Difco Luria-
Bertani (LB) agar plates containing ampicillin at 50 �g/ml and
kanamycin at 20 �g/ml. An individual colony was used to inoc-
ulate 100 ml of LB broth containing 100 �g/ml ampicillin and
50 �g/ml kanamycin in a 500-ml Erlenmeyer flask. The solution
was incubated overnight at 37 °C and 220 rpm. This overnight
culture (5 ml) was then used to inoculate each 2.8-liter Fern-
bach flask containing 500 ml of Difco Terrific Broth (TB) with
100 �g/ml ampicillin and 50 �g/ml kanamycin. Bulk TB cul-
tures were incubated at 37 °C and 220 rpm. When the bulk
culture reached an OD600 � 0.50, expression of P450 11B2 was
induced by the addition of isopropyl �-D-1-thiogalactopyrano-
side (Anatrace Products, Maumee, OH) to a final concentration
of 0.5 mM. Expression of GroEL/ES was induced by the addition
of solid L-(	)-arabinose to a final concentration of 4 g/liter.
Additionally, �-aminolevulinic acid hydrochloride (Frontier
Scientific, Logan, UT) was added to a final concentration of 0.5
mM to induce the expression of heme to support P450 growth.
Flasks were incubated at 27.5 °C and 180 rpm for 19 h.

P450 11B2 purification—All purification steps were carried
out at 4 °C. The cells from the bulk cultures were pelleted (20
min, 5000 � g), decanted, and then resuspended in 200 ml of
Buffer A/liter of bulk culture (Buffer A: 75 mM Tris-HCl (pH
8.0) containing 0.05 mM EDTA and 250 mM sucrose). Chicken
egg white lysozyme was added to the resuspended pellets at 75
�g/ml. Resuspended pellets were stirred with lysozyme for 30
min. Solutions were then pelleted (20 min, 5000 � g), decanted,
and then resuspended in 17 ml of Buffer B/liter of bulk culture
(Buffer B: 50 mM potassium phosphate (pH 7.4) containing 20%
glycerol (v/v), 500 mM NaCl, 2% CHAPS detergent (w/v), 1 mM

phenylmethanesulfonyl fluoride, and 0.1 mM DTT). The resus-
pended pellets were sonicated using a 3/8-inch tip on a Branson
Digital Sonifier Model 450 (VWR, Radnor, PA) set at 80%
power. The solution was kept on ice for the 1-min rounds with
1-min intermissions (5–7 times). The sonicated solution was
then centrifuged at 10,000 � g for 25 min. The supernatant was
transferred to other tubes and then centrifuged again at
100,000 � g for 1 h. The expressed P450 11B2 was located in the
supernatant from the final centrifugation spin.

Approximately 7 ml of Ni-NTA–agarose resin (Qiagen,
Hilden, Germany) was prepared in a 2.5-cm diameter open-bed
glass column (Bio-Rad). A flow rate of 1 ml/min was maintained
with a peristaltic pump. The resin was washed with 10 column
volumes of Buffer C (Buffer C: 50 mM potassium phosphate (pH
8.0) containing 20% glycerol (v/v), 500 mM NaCl, 1% sodium
cholate (w/v), 1 mM phenylmethanesulfonyl fluoride, and 0.1
mM DTT). The P450 11B2-containing supernatant was then
loaded onto the column, washed with Buffer C with 25 mM

imidazole added, and then eluted with Buffer C with 200 mM

imidazole added. The eluted protein solution was then dialyzed
at least twice against 10 volumes of Buffer D for 2 h to reduce
the concentrations of potassium phosphate, NaCl, and imidaz-
ole (Buffer D: 20 mM potassium phosphate (pH 7.4) containing
20% glycerol (v/v), 1% sodium cholate (w/v), 1 mM phenylmeth-
anesulfonyl fluoride, and 0.1 mM DTT).

Approximately 4 ml of SP-Sepharose Fast Flow resin (GE
Healthcare, Uppsala, Sweden) was prepared in a 2.5-cm diam-
eter open-bed glass column. A flow rate of 1 ml/min was main-
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tained with a peristaltic pump. The resin was washed with 10
column volumes of Buffer D. The dialyzed P450 solution was
loaded onto the column, washed with Buffer D with 10 mM

NaCl added, and then eluted with Buffer D with 250 mM NaCl
added. The concentration of potassium phosphate in the elu-
tion volume was increased to 500 mM (pH 7.4) to help stabilize
the P450. The P450 was then buffer-exchanged into Buffer E
and concentrated using Amicon Ultra-15 centrifugal filters
with a 10,000-Da molecular mass cutoff (MilliporeSigma)
(Buffer E: 500 mM potassium phosphate (pH 7.4) containing
20% glycerol (v/v), 0.1 mM EDTA, and 0.1 mM DTT). It is impor-
tant to remove the sodium cholate used to stabilize the protein
throughout the purification because sodium cholate as low as
0.1% (w/v) can significantly reduce the amount of aldosterone
produced (data not shown). We found that P450 11B2 tends to
become unstable after elution from the Ni-NTA column. A
significant amount of protein (as high as 90%) could precipitate
and be removed as a centrifugal pellet. To decrease the loss due
to precipitation, the purification should be completed as
quickly as possible. The final P450 concentration was deter-
mined by measuring the reduced carbon monoxide– binding
spectrum using the method of Omura and Sato with the extinc-
tion coefficient of �450 nm � 0.091 �M�1 cm�1 (43). The P450
yield ranged from 16 to 55 nmol/liter of bulk culture after the
ultracentrifugation spin. After purification and pelleting off the
precipitated protein, the overall P450 yield was 1–10 nmol/liter
of bulk culture. An example of a gel indicating the purification is
shown in Fig. S5. Aliquots of P450 11B2 were stored at �80 °C
in small vials.

Catalytic assays

Steady-state conditions—The steady-state assays exemplified
in Fig. 2, A–C, were performed using a reconstituted enzyme
system with a final reaction volume of 1.0 ml. The reaction
mixture contained 0.7 nM P450 11B2 (with 11-deoxycorticoste-
rone as substrate) or 200 nM P450 11B2 (with corticosterone as
substrate), 0.5 �M AdR, 1.0 �M Adx, 50 �M DLPC (added as
lipid vesicles after sonication of a 1 mg/ml aqueous stock, Enzo
Life Sciences, Farmingdale, NY), and 50 mM potassium phos-
phate buffer (pH 7.4). Substrate concentrations in assays
ranged from 0.5 to 150 �M. Substrates were added from stock
solutions in 95% ethanol so that the final concentration of eth-
anol was 
1% (v/v). Duplicate samples were preincubated at
37 °C for 5 min (shaking water bath) prior to the addition of an
NADPH-generating system to initiate the reaction (10 mM glu-
cose 6-phosphate, 0.5 mM NADP	, and 2 �g/ml yeast glucose-
6-phosphate dehydrogenase) (44). Reactions were quenched
after a 7.5-min incubation at 37 °C by the addition of 4 ml of
CH2Cl2, mixing with a vortex device, and chilling on ice. Sam-
ples were then centrifuged at 2000 � g for 2 min to separate the
aqueous and organic layers. A 3.8-ml aliquot of the organic
layer from each sample was transferred to a new vessel. The
organic layers were dried under a nitrogen stream. Dried sam-
ples were resuspended in 150 �l of a 9:1 mixture of UHPLC
mobile phases A:B described below (v/v) and then transferred
to vials for UHPLC injection.

The chromatography system used was a Waters (Milford,
MA) Acquity UPLC system with a photodiode array detector

for absorbance measurements. Aliquots of the samples (20 �l)
were injected on an Acquity BEH C18 UPLC octadecylsilane
column (2.1 � 100 mm, 1.7 �m). Mobile phase A was 95% H2O,
5% CH3CN, and 0.1% HCO2H (v/v). Mobile phase B was 99%
CH3CN, 1% H2O, and 0.1% HCO2H (v/v). The mobile phase
linear gradient ran at 0.35 ml/min as follows: 0 min, 0% B; 7.5
min, 62.5% B; 8.0 min, 62.5% B; 8.25 min, 0% B; 10 min, 0% B (all
v/v). The column temperature was maintained at 35 °C. The
steroid components were identified by absorbance at 245 nm,
compared with commercial standards. An example chromato-
gram is shown in Fig. S6. Integration of chromatogram peak
areas was performed using the Waters MassLynx software.
Peak areas were transformed to moles using a set of external
standards of various concentrations made of corticosterone
based on the assumption that the extinction coefficient of the
steroids would change only negligibly between steroids be-
cause the A-ring chromophore is unaltered by P450 11B2. Data
were then analyzed by nonlinear regression of hyperbolic fits in
Prism software (GraphPad, San Diego). Hyperbolic fits were
done to solve for kcat and kcat/Km (ksp) directly instead of Km
(see Equation 1). For a discussion of the advantages of this
approach, see Ref. 45.

v0 	
ksp � �S�initial

1 
 ksp � �S�initial/kcat�
(Eq. 1)

ksp 	 kcat/Km

The steady-state assay shown in Fig. 2D was performed sim-
ilar to the above steady-state assays. Samples of various concen-
trations of 18-OH corticosterone (180, 350, or 700 �M) were
made up in total volumes of 450 �l. The samples contained 2.15
�M P450 11B2, 1.5 �M AdR, 7.5 �M Adx, 50 �M DLPC, 0.1
mg/ml catalase (to reduce H2O2 buildup in the longer assays),
and 50 mM potassium phosphate buffer (pH 7.4). Reactions
were initiated by addition of the same NADPH-generating sys-
tem as above and then incubated at 37 °C in a shaking water
bath. Aliquots (100 �l) from these 450-�l samples were
removed at 0, 10, 20, and 30 min after reaction initiation,
quenched by the addition of 100 �l of 1 M HCl, mixed with a
vortex device, and placed on ice. Samples were centrifuged at
15,000 � g for 10 min to pellet acid-precipitated protein. A
measured aliquot (125 �l) of the supernatant of each sample
was transferred to a new vial and analyzed as described above
for the other steady-state assays. The four time points from
each concentration of initial substrate were fit by linear regres-
sion to produce a value for the rate of aldosterone production at
each concentration. These rates were then plotted against ini-
tial substrate concentration (Fig. 2D) and fit again by linear
regression to estimate the value of kcat/Km because the rate of
the reaction did not saturate. The 18-OH corticosterone used
as substrate (MilliporeSigma) contained some contaminant
that gave a background signal at the same retention time as
aldosterone. This problem was compensated for by preparing a
sample the same way as above but with no NADPH-generating
system. The background integration of the no NADPH sample
was subtracted from the other sample prior to any data fitting.

Pre-steady–state conditions—Pre-steady–state experiments
were performed with a KinTek RQF-3 quench-flow instrument
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(KinTek, Snow Shoe, PA). The instrument rapidly mixes two
small volumes of different solutions and holds them in a reser-
voir for input amount of time before rapidly mixing them with
a reaction quenching solution. Prior to and during mixing, solu-
tions were kept at 37 °C. Mixing solution 1 contained 4 �M P450
11B2, 12 �M AdR, 60 �M Adx, 100 �M DLPC, 50 mM potassium
phosphate buffer (pH 7.4), and either 4 �M (20 Ci/mmol) 11-de-
oxy-[1,2-3H]corticosterone or [1,2,6,7-3H]corticosterone. Mix-
ing solution 2 contained 10 mM NADPH in the same buffer.
These two solutions were mixed in equal volumes (19 �l each);
therefore, the reaction concentrations were half that of those
listed above. The reaction mixture was quenched with �160 �l
(5� dilution) of 1 M HCl and collected in an Eppendorf tube.
Reaction times of 0 –120 s were collected from the same mixing
solutions on the same day. Fresh mixing solutions were made
each day data were collected. Replicate experiments were con-
sistent from day to day. Quenched reaction solutions were cen-
trifuged at 25,000 � g for 5 min to pellet acid-precipitated pro-
tein. The supernatant was transferred to vials for analysis by
HPLC-UV in-line liquid scintillation counting. Samples (50-�l
injections) were resolved on a Beckman Ultrasphere-C18 octa-
decylsilane column (4.6 � 250 mm, 5 �m) with the same mobile
phases described for steady-state reactions. The mobile phase
linear gradient ran at 1.0 ml/min as follows: 0 min, 20% B; 2 min,
20% B; 23.25 min, 50% B; 23.5 min, 20% B; 31.5 min, 20% B (all
v/v). The column temperature was maintained at 25 °C. After
UV detection, the fluid was mixed with Liquiscint scintillation
fluid (National Diagnostic, Atlanta, GA) flowing at a rate of 3
ml/min. The mixture was measured with an INSUS Systems
�-RAM detector, and the resulting radiochromatograms were
analyzed with LabLogic Systems Laura software (Tampa, FL).
Product retention times were compared with commercial stan-
dards. Integrated radioactivity peak areas were converted to
concentration based on the fraction of total radioactive signal.

Pulse– chase assays—The pulse– chase assays were done
under steady-state conditions. P450 11B2 (215 nM for 11-de-
oxycorticosterone as substrate or 430 nM for corticosterone as
substrate), 1 �M AdR, 2 �M Adx, 50 �M DLPC, radioactive sub-
strate (10 �M, 2 Ci/mmol 11-deoxy-[1,2-3H]corticosterone, or
20 �M, 2 Ci/mmol [1,2,6,7-3H]corticosterone), and 50 mM

potassium phosphate buffer (pH 7.4) were incubated for 5 min
at 37 °C in a shaking water bath (final concentrations listed
following addition of NADPH). An NADPH-generating system
was added to initiate the reaction with final concentrations
of 10 mM glucose 6-phosphate, 0.5 mM NADP	, and 2 �g/ml
yeast glucose-6-phosphate dehydrogenase. The reactions were
allowed to incubate at 37 °C in a shaking water bath for 1.5 min
before the addition of chase intermediate sample, either 750 �M

(unlabeled) corticosterone, 750 �M (unlabeled) 18-OH corti-
costerone, or ethanol vehicle. Aliquots (100 �l) of the reaction
mixtures were taken at 0, 2, 4, 6, 8, and 10 min after the addition
of the NADPH-generating system. Aliquots were immediately
quenched by the addition of 100 �l of 1 M HCl, mixing with a
vortex device, and storage on ice. Aliquots were centrifuged for
10,000 � g for 10 min to pellet acid-precipitated protein. A
measured aliquot (125 �l) of the sample supernatant was trans-
ferred to a new vial for HPLC analysis. Radiochromatographic
measurement and analysis were done in the same way as

described for pre-steady–state assays. Duplicate samples were
used.

Binding studies

Equilibrium-binding titrations—Spectral binding titrations
were performed in two different ways. For titrations with
11-deoxycorticosterone as the titrant, a 10-cm cell (Starna
Cells, Atascadero, CA, catalogue no. 34Q-100, 25 ml) was used
with an OLIS-Cary 14 spectrophotometer (On-Line Instru-
ment Systems, Bogart, GA). A 25-ml solution of 0.09 �M P450
11B2 with 2 �M Adx, 50 �M DLPC, and 50 mM potassium phos-
phate buffer (pH 7.4) was prepared and used to generate the
reference absorbance spectrum, scanning from 350 to 500 nm.
Small volumes of 11-deoxycorticosterone stock solutions in
95% ethanol (0.50 – 4 mM) were then titrated into the 10-cm
cell, final ethanol concentrations 
0.1% (v/v). The cell was then
rocked gently to mix the solution prior to the absorbance spec-
trum being taken. The reference spectrum was subtracted from
each titrant point spectrum to generate a difference spectrum.
The difference between the maximum (390 nm) and minimum
(420 nm) of the difference spectra was calculated and plotted
against total titrant concentration.

For titrations with corticosterone as the titrant, 1-cm semi-
microvolume disposable cuvettes (Bio-Rad, 1.5 ml) were used
with an Aminco DW2/OLIS spectrophotometer (On-Line
Instrument Systems). A 2-ml solution of 1 �M P450 11B2 with
15 �M Adx, 50 �M DLPC, and 50 mM potassium phosphate
buffer (pH 7.4) was prepared and split between two cuvettes,
one reference and one sample. The difference between these
cuvettes was recorded as the difference absorbance spectrum
from 350 to 500 nm. Small volumes of corticosterone stock
solutions in 95% ethanol (1.0 –20 mM) were then titrated into
the 1-cm cell, final ethanol concentration of 
1.1% (v/v). The
cell was mixed with a cuvette plumper prior to the difference
spectrum being recorded. The difference between the maxi-
mum (395 nm) and minimum (430 nm) of the difference spec-
tra was calculated and plotted against total titrant concentra-
tion. Competition titrations were done to determine the
binding constant for 18-OH corticosterone and aldosterone.
The competition titrations were performed as described for the
corticosterone titrations except either 150 �M 18-OH corticos-
terone or 200 �M aldosterone was added to the P450 solution
before the titration and allowed to mix for at least 5 min. All
plots of absorbance difference against total titrant concentra-
tion were fit via nonlinear regression to a quadratic binding
equation using GraphPad Prism software (GraphPad, San
Diego). Equation 2 is presented below, where y is the spectral
difference; y0 is background signal; A is a spectral coefficient; E
is the total enzyme concentration; Kapp is the apparent Kd, and
x is the total titrant concentration.

y 	 y0 
 � A

2 � E� � � Kapp 
 E 
 x�

� �Kapp 
 E 
 x�2 � 4 � E � x�� (Eq. 2)

Competition experiments were further analyzed by compar-
ison with the corticosterone-only titration result (Kd, cort) to
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transform the apparent Kd (Kapp) from the quadratic fit of the
competition experiment into the actual Kd (Kreal) at a given
concentration of the competing ligand ([A], 18-OH corticoster-
one, or aldosterone). The form of Equation 3 below assumes
direct competition for the two ligands and no allosteric binding
(46).

Kreal 	
�A�

Kapp/Kd, cort� � 1
(Eq. 3)

Stopped-flow binding studies—Substrate-binding rates to
P450 11B2 were determined for 11-deoxycorticosterone and
corticosterone using an OLIS RSM-1000 stopped-flow instru-
ment. This instrument gives full absorbance spectra (300 –535
nm) with a temporal resolution of 1 ms after rapid mixing of
two solutions by a stopped-flow apparatus. Slit widths were
1.24 mm; the pathlength was 20 mm; and 600 line/500 nm grat-
ings were used (at 23 °C). The total recorded time after mixing
was 4 s with a dead time of �2 ms. Solution 1 in both experi-
ments contained 2 �M P450, 30 �M Adx, 100 �M DLPC, and 50
mM potassium phosphate buffer (pH 7.4). Solution 2 was 2 �M

11-deoxycorticosterone or corticosterone in 50 mM potassium
phosphate buffer (pH 7.4). The two solutions were mixed in
equal volumes, so that the final concentration during the reac-
tion was half what is listed above. The absorbance difference
between 390 and 420 nm was found at each time point and
exported to generate mixing transients. These transients were
then fit by nonlinear regression in GraphPad Prism to avoid the
heteroskedasticity that occurs with linear fits (47). The fitting
Equation 4 assumes that the enzyme and substrate are initially
at the same equation and is shown below. y is the observed
spectroscopic signal; A is a spectroscopic scaling constant; C0 is
the initial concentration of enzyme or substrate, which must be
the same; k is the binding rate constant; x is the time since
mixing the two solutions, and y0 is the background spectro-
scopic signal.

y 	 A � � �C0

C0 � k � x 
 1

 C0� 
 y0 (Eq. 4)

Computational modeling

Computational modeling of the human P450 11B2 catalytic
system was performed using KinTek Explorer software (version
8.0, KinTek Corp., Snow Shoe, PA) (48, 49). The data shown in
Fig. 3 were used as input data. Because the measured rates of
binding for 11-deoxycorticosterone and corticosterone were
1.6 – 4.2 �M�1 s�1, a consistent approximation for the binding
rate of all the steroids of 1 �M�1 s�1 was used and set so as to be
unchangeable during global fitting. The value of the unbinding
rate for each steroid was determined by the formula koff �
Kd�kon. The Kd values used for these calculations are taken from
Table 2. Therefore, because kon was set to 1 �M�1 s�1, the value
of koff is equal to the value of Kd except with different units.
These koff values were also set to be unchangeable during fit-
ting. The values of kcat from Table 1 were used as initial esti-
mates for the reaction rate constants. Analysis of the data pro-
ceeded in three steps. Step 1 was to analyze how well a simple
model for P450 11B2 catalysis (Fig. 8) and the initial predictions

for kcat led to a simulation that matched the experimental data.
Step 2 was to have the KinTek Explorer software to attempt to
minimize the differences in the simulated and experimental
data by adjusting the three values for kcat. When step 2 failed to
give acceptable results, an adjusted kinetic scheme that
included 18-OH corticosterone lactol formation was developed
(Fig. 10). The rate of the lactol form opening to form the alde-
hyde form of the steroid was set to 1 s�1 based on experimental
results for fructofuranose opening to fructose presented else-
where and adjusted to pH 7.4 (31). The lactol formation rate
was adjusted manually until the lowest possible value was that
forced the simulated production of 18-OH corticosterone and
aldosterone to level off like the experimental data. This rate of
formation was 2000 s�1. This is significantly higher than the
reported values for fructose (7.4 or 41 s�1 for the � and � ano-
mers, respectively), but it is hard to predict how the more rigid
steroid structure contributes to the rate of lactol formation
compared with the flexible fructose structure (31). Therefore,
we decided this value could be reasonable and consistent with
the strong preference for lactol formation. Both the lactol for-
mation and lactol opening rates were set as unchangeable for
step 3. Step 3 was to use this adjusted model and allow the
KinTek Explorer software to again try and minimize differences
by adjusting the kcat values. In rate optimization of steps 2 and 3,
the data sets starting with 11-deoxycorticosterone and corti-
costerone were treated independently. This choice was made
because we had already found different behavior depending on
the starting substrate, and we wanted to emphasize the contri-
bution of the lactol to the simulations.
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