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Differential Interaction of Erythromycin with Cytochromes P450 3A1/2 in the
Endoplasmic Reticulum: A CO Flash Photolysis Study
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ABSTRACT. The kinetics of CO binding to cytochromes P450, measured by the flash photolysis technique,
were used to probe the interaction of erythromycin with cytochromes P450 in rat liver microsomes.
Addition of erythromycin generates substrate difference spectra using microsomes from rats treated with
phenobarbital or dexamethasone but not from untreated rats, showing that it binds to P450s induced by
these agents. In contrast, erythromycin and/or a monoclonal antibody to P450 3A1/2 accelerated CO
binding to microsomes from rats treated with phenobarbital but had no effect on microsomes from untreated
or dexamethasone-treated rats. Based on the differential amounts and inducibilities of the P450 3A1 and
3A2 forms in these microsomal samples, these results indicate that erythromycin increased the rate for
P450 3A2 but not P450 3A1. The divergent effects of erythromycin on these P450s, which exhibit 89%
sequence similarity, were consistent with a model of the P450 substrate binding site in which erythromycin
forms a more rigid complex with P450 3A1 than P450 3A2. These results demonstrate the sensitivity of
P450 conformation/dynamics to substrate binding, and show that CO binding kinetics can distinguish
among closely related P450s in a microsomal environment.

Cytochrome P450 is a superfamily of heme protein CO binding to these P450s in rat liver microsomes. The
enzymes that catalyze the oxidation of a wide variety of kinetics reflect the rate of CO diffusion through the protein
lipophilic compounds. P43Gubstrates include exogenous matrix to the heme and are a unique probe of P450
chemicals such as drugs and carcinogens, and endogenousonformation and dynamics. This technique has been applied
compounds such as steroids and prostaglandins (Ryan &to examine mammalian P45@ubstrate interactions using
Levin, 1990; Ortiz de Montellancet al, 1995). The both purified and microsomal-bound P450s [see Kadey
individual forms of P450 exhibit unique catalytic activity al. (1994) and references cited therein]. Owing to the recent
profiles toward various substrates. In particular, the 3A development of a difference method of kinetic analysis, this
subfamily metabolizes an array of structurally diverse approach has also provided valuable details into the interac-
substrates, including many clinically important drugs [see tions of substrates with rat P450s 1A1 and 2B1 in their
Koley et al. (1995a) and references cited therein]. Several microsomal-bound state in the presence of other microsomal
laboratories have identified multiple members of the P450 P450s (Koleyet al., 1994, 1995b), as well as the interaction
3A subfamily (Nelsoret al., 1996), and their regulation has  of drugs with human P450 3A4 expressed in a baculovirus

been extensively studied in the rat (Gonzad¢al., 1986; expression system (Kolest al, 1995a). In this report, we
Hostetleret al.,, 1987; Halpert, 1988; Imaokeat al., 1988; apply this approach to define the interactions between
Nagataet al, 1990; Telhadeet al, 1992; Coopert al, erythromycin and P450s 3A1 and 3A2. The results revealed

1993). The differential regulation of these P450s in responsedifferent modes of erythromycin binding to these two closely
to different inducers is exemplified by two members of this related P450s, and were interpreted via molecular modeling
subfamily, P450s 3A1 and 3A2, which exhibit 89% amino of their substrate binding sites.

acid sequence homology (Gonzatdzl., 1986). P450 3A2

but not 3A1 is constitutively expressed. In addition, while MATERIALS AND METHODS

PB and DEX both induce P450 3A1, only PB significantly Rat Li Mi Male S Dawl 5
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the spectrum was recorded. Erythromycin-induced spectral
changes are presented as the magnitude of the 320 nm

absorbance couple. When MAb 2-13-1 to P450s 3A1/2 00021 3
(Parket al, 1986; Waxmaret al., 1987) was present, the

microsomes were incubated with the antibody (0.082 mg/

mL) prior to addition of erythromycin. 0.000 c

CO Flash Photolysis Reactions were carried out using
0.33 mg/mL microsomes and 20M CO, at 23°C in
deoxygenated 0.1 M sodium phosphate (pH 7.5), 20%
glycerol (w/v), essentially as previously described (Koley 0002 4
et al, 1994). When present, erythromycin (from a 20 mM
stock solution in methanol) or MAb 2-13-1 was added to
yield a final concentration of 0.3 mM for erythromycin or 0,004 L ‘ .
0.082 mg/mL for the antibody, respectively, as initial 380 400 420 440
experiments showed that these concentrations produced Wavelength (nm)
maX|_maI effects on the Co binding k'_net'cs' The MIXtUre  Foure 1: Erythromycin-induced difference spectra of (a) DEX-,
was incubated for 20 min before adding CO and reducing (b) PB-, and (c) control microsomes. Spectra of microsomes (0.33
with dithionite. The instrumentation for photodissociation mg/mL) were measured in the absence and presence of erythro-
Of the P459_CO Complex and mon|tor|ng Of reassoc|at|on myCin (03 mM) as described under Materials and Methods.
kinetics at 450 nm was also previously described (Markowitz ] o ] ] ]
et al, 1992). Static spectral measurements showed that€ythromycin was built with this program’s Builder applica-
neither erythromycin nor MAb 2-13-1 altered the absorbance tion, and its energy was minimized with 1000 steps of
of the P456-CO complex at 450 nm. Flash photolysis did steepest descents using CHARMmM 22.2. _ Replacement of
not destabilize P450, as static spectral measurements befor§amphor by erythromycin was performed via overlay of the
and after photolysis resulted in the same P460 spectra, N atom in erythromycin with the C5 atomin camphor. A_fter
and successive (up to five) flash photolyses of the samedenerating a P450 3A1 model, an additional four residues
sample yielded the same CO binding kinetics. (Table 3) were mutate_d to _yu_ald a P450 3A2 model. Polgr

Kinetic Data Analysis Since microsomes contain a hydrogens were used in building _b(_)th_ models. The energies
multiplicity of P450s, classical multiexponential analysis of ©Of both P450 structures were minimized by 3000 steps of
CO binding kinetics yields parameters for mixtures of Steepest descents followed by 3000 steps of the conjugate
kinetically unresolvable P450s rather than individual P450s. 9radient method. The adopted-basis Newton Raphson
To overcome this problem, we developed a kinetic difference Method was further applied until the energy gradient
method (Koleyet al., 1994). Briefly, kinetic progress curves ~converged to a value of 0.01 kcal mbiA~1,
are obtained in the absence and presence of a substrate
other P450 effector. The difference between these curvesq'IUESLJl‘TS AND DISCUSSION
is computed to generate a kinetic difference curve which is  The binding of erythromycin to microsomal P450s is most
solely dependent on, and can be used to define, the kineticsimply illustrated via the difference spectrum generated by
behavior of the effector-specific P450. Using this approach the substrate-induced shift in the P450 spin state. Spectral
in the case where the effector perturbs a single P450, kineticmeasurements were performed using control microsomes
parameters for individual P450s can be obtained by least-from untreated rats as well as microsomes from rats treated

A Absorbance

squares fitting of the data according to eq 1: with PB and DEX. The resulting difference spectra are
, shown in Figure 1. Erythromycin elicited a larger spectral
AA — AA = ai'efIqt - aie*Iqt 1) change from DEX- than PB-microsomes, and had little effect

on control microsomes. These results show that DEX- and
whereAA; andAA; are the absorbance changes observed atPB-microsomes both contain erythromycin binding P450s,
time t for the reactions in the presence and absence ofand are consistent with the known inducibility of erythromycin-
effector. &' anda are the absorbance changes, &hdnd metabolizing P450s of the 3A subfamily by DEX and PB
ki are the pseudo-first-order rate constants for the effector- (Wrightonet al., 1985a,b). However, such classical differ-
specific P450 in the presence and absence of effector,ence spectroscopy neither distinguishes among the different
respectively. Data were processed and analyzed with RS/Amembers of this subfamily nor provides details concerning
software (BBN Software Products, Cambridge, MA). their modes of binding to erythromycin.

Molecular Modeling of P450s 3A1/2The models were In order to distinguish among erythromycin binding
based on the crystallographic structure of P450cam (Poulosmicrosomal P450s, we employed the kinetics of CO binding
et al, 1987), whose coordinates (2cpp) were obtained from as a probe of the P45@rythromycin interaction, as this
the Brookhaven Protein Database. Active site molecular technique had previously provided insight into substrate
models of P450s 3A1 and 3A2 were generated similarly to interactions with rat P450s 1A1 and 2B1 in their microsomal
that previously reported for P450 3A4 (Ferenezwl., 1989) environment (Koleyet al., 1994, 1995b). We examined the
by replacing residues in the P450cam substrate bindingeffect of erythromycin on the kinetics of CO binding to PB-,
region by those of P450 3A1/2, using previous sequence DEX-, and control microsomes. A typical CO binding curve
alignments (Ouzounis & Melvin, 1991; Lewet al., 1992). for PB-microsomes is shown in panel A of Figure 2 along
These residues were first mutated to those of P450 3A1with the curve obtained in the presence of erythromycin.
(Table 3) using the Protein Design module of the Quanta These data show that erythromycin accelerated CO binding
4.0 program (MSI, Cambridge, MA). The structure of to PB-microsomes. In contrast, erythromycin had no effect
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Table 1: Effect of Erythromycin and MAb 2-13-1 on the Kinetics of CO Binding to P450s in PB-Microsomes

addition a’ ki' (s79) a ki (s
erythromycin 0.0032: 0.0011 425.3t 83.5 0.0029+ 0.0009 9.6+ 1.6
MADb 2-13-1 0.0023+ 0.0010 458.1 67.4 0.0022+ 0.0007 9.9+ 1.2
MADb 2-13-1+ erythromycin 0.003& 0.0011 497.2 54.0 0.003# 0.0012 9.4 1.0

a Parameters were determined according to eckidandk;,’ are the pseudo-first-order rate constants, andnd a,' are the corresponding
absorbances in the absence and presence of effector, respectively. Means and standard deviations are derived from at least three experiments.

A Table 2: Effect of MAb 2-13-1 on Erythromycin Binding Speétra
o 00401 of DEX- and PB-Microsomes
o
E addition DEX-microsomes PB-microsomes
_% 0020 { \" erythromycin 0.0046- 0.0011 0.0036t 0.0005
<<t1 erythromycin+MADb 2-13-1  0.0033t 0.0002  0.0016: 0.0002
b aThe 426-390 nm absorbance differences are presented as the means
000000 o 0-2 0-3 o4 and standard deviations derived from at least three experiments.

0.002

absence and presence of erythromycin, respectively. The
kinetic parameters are presented in Table 1 and reveal that
erythromycin accelerated the rate of its target P450 by 44-
fold (from 9.6 to 425.3 ') while MAb 2-13-1 similarly
accelerated the rate by 46-fold (from 9.9 to 458 %.sWhen
-0.004 | both erythromycin and MAb 2-13-1 were present simulta-
00 01 02 03 04 neously, the rate was similarly increased by 50-fold (from
Time (sec) 9.9t0 497.2s!). The similark; values (9.6-9.9 s%) suggest
FIGURE 2: (A) Effect of erythromycin on the kinetics of CO binding a common target P450 for erythromycin and MAD 2-13-1.
to P450s in PB-microsomes. Progress curves (a) in the absence The data thus far reveal that PB-microsomes, but not
and (b) in the presence of erythromycin, respectively. The CO control or DEX-microsomes, contain a P450 whose kinetics

concentration was 20M; the erythromycin concentration was 0.3 ; : :
mM. Microsomal concentration, 0.33 mg/mL in 0.1 M sodium are accelerated by erythromycin. Since difference spectros-

phosphate buffer (pH 7.5) containing 20% (w/v) glycerol; temper- COPY (Figure 1) showed that erythromycin binds P450s in
ature, 23°C. (B) Kinetic difference curve for the effect of both PB- and DEX-microsomes, the kinetic data point to

erythromycin on CO binding to PB-microsomes. Difference be- differential modes of erythromycin binding to its target P450-
tween traces b and a in panel 2A. The solid line represents the best(s) in these microsomes. The known metabolism of eryth-
fit according to eq 1. romycin by members of the P450 3A subfamily (Wrighton

et al, 1985a,b) as well as recognition of a P450 with similar

- : kinetic properties by MAb 2-13-1 strongly suggests that P450
data not shown). Although these experiments were routinel ! L
[(:)erformed using) 300M er?/thromycin,pthe differential effect y 3A1 and/or 3A2 are responsible for the erythromycin-induced

of this drug on the CO binding kinetics of PB-, DEX-, and rate acceleration in PB-microsomes. Distinguishing between
control microsomes was also observed us,ing m these P450s requires consideration of the relative inducibili-

erythromycin ties of these P450s by PB and DEX: while PB induces both
As an additional P450 effector, we assessed the effect ofl:>450$ 3A1 and 3A2, DEX _mducgs on.Iy 9450 3A1 (Gonzalez
MADb 2-13-1 to P450s 3A1/2. This MAb. as well as a et al, 1986). These considerations indicate that P450 3A2

combination of the MAb and erythromycin, accelerated O 'S the P450 whose rate is accelerated by erythromycin in
binding to PB-microsomes indistinguishably from erythro- PB-microsomes.
mycin (data not shown). In addition, neither of these As an independent probe for erythromycin binding to
effectors changed the CO binding kinetics of DEX- or control P450s 3A1 and 3A2, we assessed the effect of MAb 2-13-1
microsomes (data not shown). This MAb thus behaved on the substrate-induced difference spectra of PB- and DEX-
similarly to erythromycin in its effect on PB-, DEX-, and microsomes, which differ in the relative amounts of these
control microsomes. P450s. The MAD inhibited the spectral changes, albeit to
Interpretation of the above kinetic data in terms of specific different extents (Table 2). While only 28% inhibition was
P450s is not straightforward since multiple microsomal P450s evident with DEX-microsomes, 56% inhibition was observed
contribute to the overall reaction, complicating extraction with PB-microsomes. Addition of the MAb 2-13-1 alone
of kinetic parameters for a specific P450. We therefore had no effect on either microsomal sample. This differential
applied a recently developed kinetic difference method inhibition of erythromycin binding by the MAb again points
(Koley et al., 1994) to these data. This approach evaluates to differences in the interaction between erythromycin and
the difference between the kinetic profiles obtained in the its target P450s: the higher inhibition observed with PB-
presence and absence of an effector and thus effectivelymicrosomes suggests that the MAb more effectively perturbs
cancels out the contributions from P450s that do not bind the substrate-induced shift in spin state of P450 3A2, which
the effector. Figure 2B shows the resultant difference curve is present in these microsomes but not in DEX-microsomes,
for the data in panel A along with the least-squares curve fit than P450 3A1. These results are thus consistent with the
to eq 1. This procedure yields andk;’, which represent ~ CO binding kinetics in demonstrating P450 3A1/2 specific
the CO binding rates for erythromycin-specific P450 in the differences in the interaction with erythromycin.

0.000 A

-0.002 4

Difference in A absorbance

on the CO binding kinetics of control or DEX-microsomes
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Table 3: Residue Replacements in P450cam Used To Generate Molecular Models of the P450 3A1 and P450 3A2 Active Sites
position in P450cam residue in P450cam position in P450 3A1/2 residue in P45(*3A1/2ocation within secondary structure

86 P 107 D B-Bloop
96—-101 YDFIPT 113-118 IMGKAV B’'-C loop
119 \% 137 F helix C
181 T 226 F helix F
184 M 229 L helix F
193 F 238 I helix G
196 A 241 F helix G
200 L 245 S helix G
241-253 MCGLLLVGGLDTV 299-311 QS(/V)IFIFAGYE(P/T)T helix |
295-296 VA 371-372 GN p-sheet 3
322 Q 399 (SIT) p-sheet 3
349 T 435 P before heme peptide
355-360 HLCLGQ 441446 RNCIGM heme peptide
395-396 \Y, 483-484 (L/nL p-sheet 5

aWhen the residues in P450s 3A1 and 3A2 differ, their respective amino acids are presented in parentheses, separated by a slash.

(A) P450 3A1 L2260 (B) P450 3A2 1229 as proline in P450 3A1 bends helix | such that both P-310
and F-305 are positioned closer to the heme iron in P450
3A1 than the corresponding T-310 and F-305 in P450 3A2.
This displaces erythromycin, especially the atoms near the
tertiary amine which most closely contacts the heme iron,
from the region immediately above the heme in P450 3A1.
The net result is closer contact and additional hydrogen

V118
I bonding between erythromycin and the peptide backbone in
o N P450 3A1 but not P450 3A2. The relatively greater
310 flexibility of the erythromycin-P450 3A2 complex is thus
§ V%ﬁé%% consistent with the observed erythromycin enhancement of
heme heme CO binding to the heme in P450 3A2 but not P450 3AL.
Ficure 3: Molecular models of the active sites of the erythromycin We point out that the P450 3A2 referred to in this work

P450 complex for P450s 3A1 (A) and 3A2 (B). Identical views
are presented for both P450s, based upon superimposition of theilr,orresponds to PCN2 (Gonzalezal, 1986), PCNc (Halpert,

heme groups. The heme is at the bottom, while erythromycin is at 1988), and PB-1 (Imaoket al., 1988), which are all induced
the center and represented by thin lines. The tertiary amine in by PB but not by glucocorticoids. On the other hand P450
erythromycin, immediately above the heme, is shown as a filled 3A1 corresponds to PCN1 (Gonzaletz al, 1986), PCNa

circle and denoted by aN. Boldface lines represent the protein
backbone, including a segment of helix I (residues-3850). The (Halpert, 1988), ,and&‘l .(Nagatae.t al, 19,90)_'
side chains of F305 and P310 in P450 3A1, as well as F305 and  1he substrate-induced increase in CO binding to P450 3A2

T310 in P450 3A2, are also shown in boldface. In P450 3A1, extends our previous findings that benzphetamine accelerated
hydrogen bonds between erythromycin and residues V118, L225, CO binding to P450 2B1/2 in PB-microsomes (Kolketyal.,

and L229 are r_epresented by dashed lines; for ease of |_dent|f|cat|on,1994) and polycyclic aromatic hydrocarbons increased the
the Gu atoms in L225 and L229 are shown as filled circles. CO binding rate of P450 1A1 in MC microsomes (Kolety

al., 1995b). This common rate acceleration for P450s in
three different families indicates that these substrates pri-

constructed molecular models of these P450s as detailedN@rily exert their effect via a conformational change that
under Materials and Methods. This approach has proVenenlarges t.he ligand access channel, rather than by steric
successful in explaining the substrate specificity of the related factors which would decrease the rate (Kol 1995b).
P450 3A4 (Ferenczet al, 1989). The residues in the N addition, we have for the first time successfully applied
substrate binding region and their relation to P450cam are €O Pinding kinetics as a probe for distinguishing P450

presented in Table 3. Although P450s 3A1 and 3A2 exhibit substrate interactions for two closely related P450s in a single
amino acid differences at four positions, three of these Microsomal sample. We have thus experimentally demon-

involve conservative substitutions: I/V at position 301, S/T Strated, with the support of molecular modeling, that P450s
at position 399, and L/l at position 483, for P450s 3A1/2, 3Al and 3A2 engage in fundamentally different interactions

respectively. The remaining difference, occurring at position With erythromycin.
310, is a proline in P450 3A1 and threonine in P450 3A2.

This nonconservative substitution would be expected to have
different conformational implications in this region of helix  Cooper, K. O., Reik, L. M., Jayyosi, Z., Bandiera, S., Kelley, M.,
I. Comparison of the P450 3A1 and 3A2 models indeed Ryan, D.E., Daniel, R., McCluskey, S. A., Levin, W., & Thomas,

reveals fundamental differences in the erythromycin interac- _ P- E. (1993)Arch. Biochem. Biophys. 30345-354.
tion with P450 active site residues, of which the most Ferenczy,G.G. &Morris, G. M. (1989) Mol. Graphics 7206~

prominent are differential positioning of erythromycin, and ' i .

hydrogen bonding of the peptide backbone of residues V—118,Gogéilzf’zgégizsé%g_’ B.-J., & Hardwick, J. P. (198 Cell.
L-225, and L-229 with erythromycin in P450_3A1 (Figure Halpert, J. R. (1988Arch. Biochem. Biophys. 2639—68.

3A) but not P450 3A2 (Figure 3B). These differences are Hostetler, K. A., Wrighton, S. A., Kremers, P., & Guzelian, P. S.
most simply explained by the aforementioned P/T difference, (1987)Biochem. J. 24527—33.

In order to gain more insight into the differential modes
of erythromycin binding to P450s 3A1 and 3A2, we
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