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ABSTRACT. A topological model of prostaglandin $ynthase (PGIS) was created by homology modeling.

This model, along with site-specific antibodies and other topology studies, has suggested that the resi-
due(s) within helix F/G loop of PGIS may be involved in forming the substrate access channel and located
in a position that influences the membrane-bound PGIS catalytic fundtjofid test this hypothesis, we

have explored an approach to identify the residues of the helix F/G loop important to enzyme activity of
the membrane-bound PGIS by a combination of 2-D NMR experiment and mutagenesis methods. Using
the distance measured from the model as a guide, the helix F/G loop was mimicked in a synthetic peptide
by introducing a spacer to maintain a distance of abé between the N- and the C-termini (PGIS
residues 208 and 230). The peptide was used to interact with the enzyme substrate analogue, U46619.
High-resolution 2-D NMR experiments were performed to determine the contacts between the peptide
and U46619. The interaction between the constrained F/G loop peptide and U46619 was confirmed by
the observation of the conformational changes of the peptide and U46619 using the comparison of the
cross-peaks between the NOESY spectra of U46619 with the peptide, without the peptide, and the peptide
alone. Through the combination of the 2-D NMR experiments, compliedMR assignments of the

F/IG loop segment in the presence and absence of U46619 were obtained, and these data were used to
predict the contact residues (Leu214 and Pro215) of the F/G loop with PGIS substrate. The predicted
influence of residues on enzyme catalytic activity in membrane-bound environments was confirmed by
the mutagenesis of the F/G loop residues of human PGIS. These observations support that the F/G loop
is involved in forming the substrate access channel for membrane-bound PGIS and suggests that the
NMR experiment-based mutagenesis approach may be applied to study structure and function relationships
for other proteins.

Prostaglandinysynthase (PGIS)pne of the eicosanoids- anchor domain is similar to other microsomal P450s (
synthesizing P450s, is located in the endoplasmic reticulum Current studies using modeling-guided site-specific antibod-
(ER) membrane where prostaglandin(RGH,) is converted ies have indicated that peptide segments in different surface
to prostaglandin sl (PGL), a potent inhibitor of platelet  regions of PGIS are exposed on the cytoplasmic side of the
aggregation, vasoconstriction, and leukocyte interactions with ER membrane8). The data support a topological arrange-
endothelium 2, 3). In the ER membrane, P&biosynthesis ~ ment of PGIS, in which the bulk of the eicosanoid-
requires efficient coordination between PGIS and prosta- synthesizing P450 protein lies on the outside of the ER
glandin K synthase (PGHS) to produce PGIS substrate, bilayer and is anchored to the ER membrane by its
PGH. Results from crystallography and topology studies hydrophobic NH-terminal domain. The PGIS substrate,
have indicated that the catalytic domain of PGHS is located pGH,, thus needs to be delivered from the ER lumen to the
on the luminal side of the ER4¢6). The PGHS lipid  substrate binding site of PGIS on the cytoplasmic side
substrate, arachidonic acid (AA), thus appears to be deliveredihrough the substrate access channel via the ER lipid bilayer.
to its cyclooxygenase channel via the ER lipid bilayer. Our Tq test whether the PGIS substrate access opening is near
peptidoliposome reconstitution and circular dichroism (CD) the ER membrane, our very current studies prepared a series
spectroscopy studies of the PGIS Ntérminal membrane  qf site-specific antibodies against peptide segments predicted
domain concluded that the PGIS bikérminal membrane g pe near the surface of the substrate access channel. The
results indicated that peptide segments in the surrounding

:This work was supported by NIH Grants HL56712 and NS 23327. syrface could be accessed by their antibodies with the protein
676;0':";2?”(172%?2%%‘_’23;’8f:gﬂgi‘ﬂ'dk?fai‘gLetﬁ_stﬁfé.ggl'jf (713) 500- g anchored in the membrane. However, surface peptide

L Abbreviations: PGIS, prostaglandindynthase; ER, endoplasmic ~ Segments immediately on the mouth of the substrate channel
reticulum; NMR, nuclear magnetic resonance; 2-D, two-dimensional; were accessible only after the membrane was solubilized with

NOESY, nuclear Overhauser effect spectroscopy; TOCSY, total cor-
relation spectroscopy; DQF-COSY, double-quantum filtered correlation detergent 1). These data suggest that the PGIS substrate

spectroscopy; PGHS, prostaglandinssinthase; CD, circular dichroism; ~ 2CCess channel opening is close to, and shielded by, the ER
HPLC, high performance liquid chromatography. membrane. With this information, we have built a membrane
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Ficure 2: (A) Detailed view of the F/G loop of the PGIS working
model. The measurement of N- and C-termini of the loop was
shown by the dotted line, and the distance was indicated. The amino
acid sequence of the synthetic peptide corresponding to the F/G

: : : h : loop was shown in cyclic form, which had a connection between
into the ER membrane with the NHerminal hydrophobic residues the N- and the C-termini using a disulfide bound by additional

\(/\%sngelr:;j“)\(/vifﬁelt?grg contacted with the membrane proposed cysteine residues at the termini. (B) Sequence alignment of the F/G
' loops of PGIS and P450BM33. The identical residues in the F/G
loops were underlined.

topological arrangement model for PGIS, suggesting that the
helix F/G loop may also contact the ER membrane and be x NOESY spectra were recorded with mixing time of 150,
involved in forming the substrate access channel (Figure 1). 250 and 350 ms, and TOCSY spectra were carried out using
_Inthe membrane-bound PGIS model, the helix F/G 100p 5 M EV-16 spin-lock sequence with a total mixing time of
is in a position that influences the orientation of the substrate gg ms, The DQF-COSY spectrum was composed of 4096
access channel in respect to the ER membrane (Figure 1)complex points in F2. The TOCSY and NOESY spectra were
Thus, characterization of the helix F/G loop has become acomposed of 2048 complex points with 64 scans per tl
key step in further defining the PGIS substrate channel j,crement of a total of 512 t1 increments were used.
orientation and the influences of the F/G loop on the enzyme qyadrature detection in F1 was achieved by the TPPI
catalytic activity. In this paper, we have identified several method. The water peaks defined as 4.72 ppm were used as
residues within the helix F/G loop that are important to the 3 yeference for chemical shifts. The NMR data was processed
catalytic activity of membrane-bound PGIS by an approach sing the Felix program (Molecular Simulation, Inc., San
of 2-D NMR experiment-guided mutagenesis, and this paper Diego, CA). All FIDs were zero-filled to 2048 2048 before
also suggests that the residues are involved in forming the gy rier transformation, and @for DQF-COSY) or 60 (for
PGIS substrate access channel. TOCSY and NOESY) shifted sinbell window functions were
MATERIALS AND METHODS useo! in both dim_ensions. The resonance assignmen_t of the
peptide was obtained using a standard sequential assignment
Peptide Synthesi#\ peptide corresponding to the F/G loop strategy 9). For the NMR experiments of the F/G loop
of PGIS (residues 208230) with an additional cysteine peptide in the presence of U46619, 1 mg of U46619 was
residue added at both ends of the loop was synthesized usingdded in the above peptide solution.
fluorenylmethoxycarbonyl-polyamide solid-phase method.  Cell Culture COS-1 cells were cultured in the 100 mm
After cleavage with TFA, the peptide was purified to cell culture dish with high glucose Dulbecoo’s modified
homogeneity by HPLC on a Vydac C4 reversed phase Eagle’s medium (DMEM) containing 10% fetal bovine
column with a gradient from 2680% acetonitrile in 0.1%  serum and grown at 3T in a humidified 5% C@incubator.
TFA. The purified peptide was dissolved in water at a final The transfection experiment was carried out by applying 15
concentration of 0.02 mg/mL. The solution was adjusted to ug of human PGIS cDNA with 8 mg of DEAE-Dextran in
pH 8.5 using triethylamine and stirred overnight at room 2.5 mL of DMEM to 60-70% confluent COS-1 cell. After
temperature for cyclization of the peptide. The cyclic peptide 1-h incubation at 37C, 7 mL of DMEM containing 10%
was then lyophilized and purified on Sephadex G-25 column. fetal bovine serum and 3Q@g of chloroquine were added.
The sequence of the synthesized PGIS F/G loop peptide isFive hours later, the medium was changed to DMEM
shown in Figure 2A. containing 10% fetal bovine serum with antibiotic and
NMR ExperimentsThe cyclic PGIS F/G loop peptide was antimycotic for another 48-h culture.
dissolved in 20 mM, pH 5.5 sodium phosphate buffer at a Western BlatThe transfected COS-1 cells were scraped
final concentration of 4 mM (10% D for H,O experiments ~ from the plates into ice-cold PBS buffer, pH 7.4, and
and 100% DO for D,O experiments) and used for the NMR  collected by centrifugation. After washing three times, the
experiments. DQF-COSY, TOCSY, and NOESY spectra pellet was resuspended in a small volume of the same buffer.
were acquired on a Bruker AMXII-600 spectrometer at 293 The protein was separated by 10% polyacrylamide gel

Ficure 1: Putative overall topology of PGIS with respect to the
ER membrane. NMR 3-D structure of the Mtérminal membrane
anchor domain of human PGIS (residues2b) was grafted on to
the PGIS 3-D structural working model constructed by homology
modeling using P450BM3 as a templale §). It was then inserted
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electrophoresis under denaturing conditions and then trans-_p1c 1 proton Chemical Shifts for U46619
ferred to a nitrocellulose membrane. A band recognized by
particular primary antibodies was visualized with horseradish

U46619 only U46619+ PGIS F/G loop

; ) . (ppm) (ppm)
peroxidase substrate as described previouBly ( oo 17
Site-Directed Mutagenesi$he full-length PGIS mutants H3 1.59 1.55
were amplified by a one step polymerase chain reaction H4 2.07 211
(PCR). The basic procedure utilized an expression vector H> 5.44 5.42
: . H6 5.45 5.42
pcDNA3.1, with wild-type PGIS as the template and two 77 296/2.17 > 28/2.37
synthetic oligonucleotide primers containing the desired Hs 1.73 1.70
mutation for each reaction. The primers, each complementary H9 2.53 2.52
to opposite strands of the template, extended during tem- H10a/H10b 1.60/1.74 1.68/1.74
. o : H11 411 411
perature cycling of 95C for 30 s, 52°C for 1 min 30 s, H12 1.99 199
and 68°C for 13 min for a total of 20 cycles with an H13 5.43 5.41
additional extension cycle of 6& for 10 min by using Pfu H14 5.43 5.41
Turbo DNA polymerase (Stratagene). Following temperature :ig i-gg 139 41-%05
cycling, the product was treated with Dpnl endonuclease 77 154/1.44 143
(Stratagene), which was used to digest the parental DNA Hig 1.24/1.23 1.25
template and to select the mutation containing synthesized H19 1.26
cDNA. The oligonucleotide primers used for the mutations ~ H20 0.86
. o . ; T HC 3.54 3.55
were (in 3 to 3 direction with mutated bases underlined): ;< 387 387

LDR210-212MNK, CACCTTTCGCCAGATGAACAA-
GCTGCTCCCC; LP214215QR, CGACCGGCTGCAACG-
CAAACTGGCCC; KLA216-218ANP, GCTGCTCCCCG-
CAAATCCCCGTGGCTC; RGS219221DDP, CCAAACT-
GGCCGATGACCCCCTGTCAGTG; LSVG222225AY- RESULTS
DE, cccgTGGCTCCGCGTATGATGAGGACAAGGACC-

AC; L210M, CCTTTCGCCAGATGGACCGGCTGCTCC; Design and Synthesis of a Peptide Mimicking the PGIS
D211N, CTTTCGCCAGCTCAACCGGCTGCTCC; R212K,  F/G Loop Domain One of the key factors in mimicking a
CCAGCTCGACAAGCTGCTCCCC; L214Q, CGACCG- native protein’s functional segment is to design a peptide
GCTGCAACCCAAACTGGC; P215R, CGGCTGCTCCG-  fragment having similar secondary and 3-D structures to the
CAAACTGGCCC; K216A, GCTGCTCCCCGCACTGGC-  targeted portion of the protein. On the basis of our 3-D
CCGTG; L217N, CTGCTCCCCAAAAACGCCCGTGGCT-  working model of PGIS (Figure 1), the putative membrane
CC; A218P, CCCCAAACTGCCCCGTTGGCTC; R219D, contact region of the helix F/G loop was mimicked in a
CCAAACTGGCCGATGGCTCCCTGTC; G220D, CTG- peptide by introducing a spacer (a disulfide bound) to
GCCCGTGACTCCCTGTCAGT; and S221P, GCCCGTG- maintain the distance of abbd A between the N- and
GCCCCCTGTCAGT. The mutants were verified by DNA  C-termini (residues 208 and 230 for PGIS), matching the
sequencing. The plasmids for transfection were prepareddistance measured from the model (Figure 2A). The con-
using a Qiagen Midiprep Kkit. strained peptide corresponding to the F/G loop region was

Thin-Layer Chromatography (TLC) for Enzymatic Assay HPLC-purified to homogeneity, and the correct mass of the
PGIS activity was assayed by mixing 86y of whole peptide was confirmed by mass spectrometry analysis (data
transfected or untransfected COS-1 cell pellet in PBS, 5.5 not shown).
ug of purified PGH synthase (provided from Dr. A.-L. Tsai), NMR Assignment of U46619 and the F/G Loop Peptide.
and 0.25 mM heme.}{C]-Arachidonic acid (1Q«M) was The proton resonance assignments for the P&thlogue,
added in the mixture with a total reaction volume of 100 U46619, in the absence and presence of the constrained F/G
uL. After 1 min, the reaction was stopped by adding:40 loop peptide were accomplished using the standard sequential
of methanol ad 1 M of citric acid (4:1 v/v). Organic products  assignment technique based on the proton chemical shifts
generated were extracted with 4@0 of diethyl ether twice, (9—13). The assignment procedures involved the identifica-
and 500uL of the extract was transferred into a collection tion of spin systems using TOCSY spectra (data not shown)
tube containing a thin layer of anhydrous sodium sulfate on (13—15) and sequential assignment using NOESY spectra
the bottom. A total of 86100 4L of the organic products (13, 16). The complete proton resonance assignments for
were applied to a TLC plate that was chilled on ice before U46619 with and without the peptide were summarized in
being placed in a developing tank. The tank was equilibrated Table 1. The identification of the interproton NOE cross-
with an organic phase of ethyl acetate/2,2,4-trimethylpentane/peaks was used to further construct the 3-D structures and
acetic acid/water (110:50:20 v/v/v upper phases) that hadshowed the detailed structural differences of the analogue
been presaturated with water. After development, the radio-in the absence and presence of the F/G loop peptide. The
active signal of }*C]6-keto-PGIr,, which reflects the amount  assignment for the constrained F/G loop peptide in the
of PGL converted from PGH on the TLC plate, was presence of the U46619 (bound form) was performed by the
autoradiographed and quantitatively identified by using a same assignment strategy for the free constrained F/G loop
scanner with photoshop and Scion Image program. The peptide (free form) and other synthetic peptides as described
position of 6-keto-PGf on the TLC plate was located by (17—20). The chemical shifts assigned from the TOCSY
comigration of the sample and the nonlabeled 6-keto-RGF spectrum (not shown) and the NOESY walk in the NH/

which was combined with iodine vapor and revealed the
stained areas.
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A B These obtained NOE constraints were then used for the
== o _Po25 _ —_—e_ | SR = structural calculation. Nineteen NOE constraints from the
- - g NOESY spectrum of U44069 alone and 16 NOE constraints
= > = - © for U46619 in the presence of the F/G loop peptide, including
o N S = £ = |s two inter-side chain NOEs (H4/H15 and H5/H13), were used

£ as distance restraints for the structural calculation based on
> the initial structures created by the Biopolymer program
o within the Insight Il packagel@). The calculation included
: energy minimization that was carried out using NOE
- < =+ = o constraints with the distance range and the force set to 0.1
= - A and 800, respectively. The constructed 3-D structural
models of U46619 in the absence and presence of the F/G
- — loop peptide were then used to run dynamics, which provided
R h o the simulation of the motion of atoms at the temperature of
Ficure 3: Expanded region of the NOESY spectra of the PGIS .300 K (room temperature) and the force of 80. After 20(.)0
FIG loop without (A) and with (B) U46619. The intensities of the Iterations, 10 3-D structural models of U46619 were built
cross-peaks from the side chains of Pro215 were increased adFigure 4). The 10 conformations of U46619 in free (Figure
indicated upon the addition of U46619. 4A) and bound (Figure 4B) forms were superimposed for

region (not shown) of the NOESY spectrum for the bound comparison (Figure 4C).
form of the F/G loop peptide was similar to the free form of ~ 3-D Solution Structure of the Bound Form of the Con-
the peptide 17). The quantitative differences of the cross- strained F/G Loop PeptideThe NOE cross-peak volumes
peaks on the NOESY spectrum that affected the structural@ssigned from the NOESY spectra of the bound form of the
calculations were mainly found for the side chain of Pro215 constrained F/G loop peptide described above were converted
(Figure 3). After completing the manual assignment, the into upper bounds of the interproton distances as NOE
accuracy of the assignment was double checked and revisedgonstraints by the Auto-assignment program within the Felix
if needed, by an auto-assignment strategy using the Felix2000 package. By comparison of the constraint files of the
Auto-assign programl@—20). bound form with the free forml(/) of the F/G loop peptides,
3-D Solution Structure of U46613he NOE cross-peak the main differences of the constraints were observed within
volumes assigned from the NOESY spectra of U46619 the side chains of the Pro215. The differences are expected
described above were converted using restricted distance oto change the conformation of the bound form of the peptide
H2 and H3 of the analogues as a standaR) into the upper in the region as compared to the free form of the peptide.
bound of the interproton distances as NOE constraints by The 3-D structure of the bound form of the F/G loop peptide
the Auto-assignment program within the Felix 2000 package. was constructed by DGII and dynamic calculations using

)
U\
f
)
\\\
|

U]

o
=

(il

A

Ficure 4: Ten 3-D structures of U46619 in the absence (A) and presence (B) of the PGIS F/G loop were obtained by dynamic studies
using the corresponding cross-peak constraints from the NOESY spectra. (C) Superimposition of the 3-D structures of U46619 in the
presence (dark) and absence (light})(of the PGIS F/G loop peptide. The distance between H4 and H16 was changed from 6.8 to 4.02

A after the addition of the peptide.
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N-terminal

Table 2: Comparison of the Activity of PGIS Mutants Expressed in
COS-1 Cells Determined by TLC

C-terminal Multiple mutation Single mutation
U46619 PGIS activity PGIS activity
/ relative to relative to
mutation site wild type (%)} mutation site wild type (%}
L210M 120
LDR210-212MNK 30 D211N 50
R212K 110
LP214-215QR 0 IﬁzzjiéQR 2%
PGIS F/G loo Pro215
p N5 K216A 110
HaCo1 KLA216—218ANP 0 L217N 60
2 A218P 30
HE R219D 40
RGS219-221DDP 20 G220D 100

Ficure 5: 3-D structure of the PGIS F/G loop in the presence of

U46619 obtained by DGII and dynamic calculations. The molecule LSVG222-225AYDE 100

displayed only thex-carbons. The side chains of the particular — . _ — —

residues of the peptide that interacted with U46619 were indicated. 2 The activity of wild-type PGIS in the estimation of densities of
6-keto-PGF# bands on TLC was set as 100%.

S221P 120

A ﬁc1 aH/pHI B/ """"'_:_-‘:."c IaH/BHI
) 7 = identified as the intermolecular NOE between the peptide
Casanpi2 Bz £ and U46619 (Figure 7). On the basis of their D1 and D2
ol f - chemical shifts, peak 1 arose from the short distance between
TaH/pH2 . H5 or H6 of U46619 (D1) and,H; of Leu214 of the F/G
2 T loop peptide (D2); peak 2 arose from the short distance
& between CHof U46619 (D1) angH of Pro215 of the F/G
B loop peptide (D2). These results indicated that residues
L8an/POBH1 LSal/PIGH1 ¥ Leu214 and Pro215 within the F/G loop of PGIS interacted
i@ (© 1 o with U46619 (Figure 5). Thus, the residues in the PGIS F/IG
’ loop may be involved in forming the substrate access channel
L8aH/POSH2 LEat/PSBH2 / 5 via the ER membrane and play an important role in the
e £ sapn (@Y . catalytic function of the membrane-bound PGIS.
c._:”‘"?f‘:“"a e — 4.5:”"“?:';@' o LI Localization of the Helix F/G Loop Residue(s) Important
T M T to Catalytic Function of the Membrane-Bound PGIS Using

FiGURE 6: Expanded region of the NOESY spectra of the PGIS Site-Directed Mutagenesio test whether the 2-D NMR

F/G loop without (A) and with (B) U46619. The assigned additional €xperimental approach used to identify the residues that
cross-peaks upon the addition of U46619 were indicated as ProQinteracted with U46619 is feasible, we have designed a set
(PGIS Pro216H/0,H) (1) and Arg13 (PGIS Arg2keH/d:H) (2). of recombinant mutant PGIS proteins to scan the F/G loop

i ) region for identification of the residues important for the
all the NOE constraints obtained from the NOESY spectrum enzyme activity.

as described above (Figure 5). The corresponding residues in the F/G loop of PGIS were
Investigation of the Interaction between the F/_G loop of changed to the residues of cytochrome P450BM3 based on
PGIS and the Substrate Analogue, U46619, Using a 2-D the 3-D structural alignment (Figure 2B) using mutation
NMR TechniqueThe first evidence is the conformational approaches. To quickly scan the F/G loop region important
change of U46619 upon the interaction with the PGIS helix tg the enzyme activity, the first set of recombinant PGIS
F/G loop. The distance between H4 and H16 of U46619 was (Taple 2) was created with multiple residue replacements
changed from 6.8 to 4.02 A after the addition of the PGIS (sing the PCR mutation approach described in the Materials
F/G loop peptide (Figure 4C). This result clearly indicated znd Methods. The recombinant PGIS proteins were expressed
that U46619 was able to interact with the F/G loop peptide i, cos-1 cells, and the molecular weight and similar
in th(_a give_n conditions. Next, the interaction of the F/G. loop expression levels were confirmed by Western blot (Figure
peptide with U46619 was supported by the observation of g) except for one recombinant PGIS with replaced residues
the changes in the cross-peaks from the side chains of Pro%f k| A216—218ANP that had a low expression level (Figure
(PGIS Pro215) and Arg13 (PGIS Arg219) of the peptide g) The catalytic activities of the recombinant PGIS were
(Figure 6). evaluated by the enzyme assay starting with an addition of
Finally, the details of the docking of U46619 with the helix ['“C]-AA into the mixture of PGHS and cell homogenates
F/G loop peptide were confirmed by the observation of the containing recombinant PGIS. The productid]6-keto-
cross-peaks resulting from the interaction of U46619 with PGhR,, was extracted and separated by TLC. The recombi-
the particular individual residues of the peptide in the nant PGIS with the alteration of LP23215QR correspond-
NOESY spectrum (Figure 7A). Comparing the NOESY ing to the residues on P450BM3 resulted in a significantly
spectra of the mixture of the F/G loop peptide and U46619 low level of production of 6-keto-PGi-that hydrolyzed from
to that of only U46619 or the F/G loop peptide, two cross- PG, reflecting the amount of PGktonverted from PGH
peaks that only appeared in the spectrum of the mixture were(Figure 9). The catalytic activities of the LDR23@12MNK
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Ficure 7: Expanded region of the NOESY spectra of the F/G loop with U46619 (A), without U46619 (B), and U46619 only (C). The extra
cross-peaks were identified as the interaction of the F/G loop peptide with U46619: (1) H5 or H6 of U4664#Hawnd Leu214 of the
F/G loop and (2) Chlof U46619 and3H of Pro215 of the F/G loop.

F/G loop, which showed that activity changes significantly
or ambiguously by the multiple residues replacement muta-
tion, were selected for point mutation to further localize the
individual residue important to the enzyme activity. The
recombinant PGIS proteins with point mutations at residues

LVSG222-225AYDE
L210M

COS-1 Cell
Wild type PGIS
LDR210-212MNK
LP214-215QR
KLA216-218BANP
RGS219-221DDP
D21IN

R212K

57kDa —»

(PGIS)

COS-1 Cell

— 107kDa
— 90kDa

. — 49.6kDa

—— 35kDa

—— 27.8kDa

— 20.2kDa

Wild type PGIS
L214Q
P215R
K216A
L217N
A218P

R219D
G220D
§221P

57kDa
(PGIS)

—— 107kDa
—— 90kDa

—49.6kDa

—— 35kDa

—— 27.8kDa

——20.2kDa

Ficure 8: Western blotting analysis of expression of PGIS wild-
type and mutants in COS-1 cells. A 6§ sample of transfected or

nontransfected COS-1 cell protein, separated by SDS 10%-(w/v)-
PAGE, was transferred on to a nitrocellulose membrane. The

L210M, D221N, R212K, L214Q, P215R, K216A, L217N,
A218P, R219D, G220D, and S221P were constructed,
expressed, and assayed as described above (Table 2, Figure
9). The catalytic activity of the recombinant PGIS was
significantly diminished by the point mutation at L214Q and
P215R when compared to the wild type PGIS (Figure 9).
The conclusion of the localization of the key residues
important to the membrane-bound PGIS activity in the F/G
loop region are the same as the observations from the 2-D
NMR experiment using the synthetic peptide to interact with
U46619. This result indicated that the 2-D NMR experiment
could be used as a guide for point mutagenesis to quickly
localize the residues important to the biological function of
the enzyme. This 2-D NMR experiment-guided mutagenesis
approach will be useful for structural and functional studies
for other proteins.

DISCUSSION

Our studies of the topology of the NHerminal solution
structure and the overall structure of PGIS using site-specific
peptide antibodies, CD, 2-D NMR experiments, and molec-
ular modeling &, 7, 8, 21) have allowed us to hypothesize
a membrane-bound topological arrangement for PGIS. In this
arrangement, the large cytoplasmic domains are anchored
to the ER membrane by the NHeerminal membrane anchor

membrane was probed with rabbit polyclonal anti PGIS peptide domain and a putative membrane contact region located in
(residues 472482) antibody {). The positions of molecular-mass

standard were shown on the right side. The arrow on the left side flyorescence energy transfer studies, which indicate the
shows the position of PGIS protein.

the helix F/G loop (Figure 1). This model is consistent with

distance between the heme of P450 and the membrane

and RGS219221DDP mutations were diminished ambigu- surface is about 50 A2@). Our hypothesis for the involve-
ously. In contrast, the LSVG22225AYDE mutants re-
tained a significant fraction of the wild-type enzymatic been indirectly supported by recent protein engineering and
activity (Figure 9). Furthermore, the residues in the PGIS crystallographic studies for a recombinant mutant microsomal

ment of the PGIS helix F/G loop in membrane contact has
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Ficure 9: Autoradiogram of PGIS activity assay using the TLC method. The enzyme activity assay and the TLC procedure were described
in the Materials and Methods. The bands ¥ labeled 6-keto-PGE produced from J*C]-AA by PGIS or PGIS mutants were shown
under the autoradiograph (top) and plotted (bottom) depending on the density of each band.

P450 2C5, in which the membrane-bound P450 becameraises an important question of whether the presentation of
soluble after deletion of the NlHerminal membrane anchor PGH, to the active sites of PGIS is affected by the PGIS
domain and modification of the F/G loop residu@8,(24. helix F/G loop residues that surround the substrate access
Crystallographic studies of detergent-solubilized PGHS-1 and channel in the membrane-bound enzyme. Thus, identification
-2 suggest that the catalytic domains of the proteins lie on of PGIS F/G loop residues important to the interaction with
the luminal side of the ER, anchored to the ER membrane PGIS substrate is critical to the understanding of the structural
by hydrophobic side chains of amphipathic helices[A and functional relationships in the coordination between
These hydrophobic side chains of the putative membranePGHS and PGIS in the native membrane environment.
anchor domains also form an entrance to the substrate- Synthetic peptides have emerged as important tools in
binding channel and potentially form an initial docking site characterizing the functional domains of proteins including
for the lipid substrate, AAZ5, 26). The topology models  PGIS @7—31). Synthetic peptides mimicking the portion of
developed for PGIS described above have their catalytic the native proteins determined by NMR spectroscopy
domains on the cytoplasmic site of the ER, opposite to the technique have become a useful approach to understanding
orientation for PGHS. The substrate channels of the two the protein function at the 3-D structural lev82(-36). A
enzymes open at or near the ER membrane surface. Thidoop peptide approach whose peptide termini are constrained
suggests that the coordination between PGHS and PGIS into a limited separation distance is presumably more likely
the biosynthesis of PGlis facilitated by the enzyme’s to mimic the native loop structure than the corresponding
anchoring to the lipid membrane. The coordination model peptide with unrestricted ends. This approach has been
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successfully tested with a cyclic peptide corresponding to
the second extracellular loop (residues +133) of the
thromboxane Areceptor (TP) in which the N- and C-termini
are connected by a homocysteine disulfide bob@).(The
constrained TP peptide showed biological activity binding
to the receptor ligand and displayed a defined 3-D structure
by 2-D NMR experiments19). The distance between the
N- and C-termini of the receptor peptide shown in NMR
structure is 14.23 A, which matched the distance (14.51 A)
between the two transmembrane helices that connected thg
second extracellular loop in the TP receptor model. This
suggests that the approach using cyclic peptides greatl
increases the ability to mimic the functional domain of
proteins and the likelihood of solving the 3-D structure of
the functional domain of protein. This approach was used
to design and synthesize the PGIS F/G loop peptide (Figure
2A). The binding of the peptide to the PGIS substrate
analogue, U46619, has been observed by 2-D NMR experi-
ments (Figure 7), which further supports the use of the
constrained peptide approach to mimic a protein segmentl I IIEIERE

for functional and structural studies.
. . . . Ficure 10: Refined topological model of the native PGIS (yellow)
The describedH 2-D NMR experiments for the interaction in respect to the ER membrane with the NMR structures of the

of the constrained F/G loop peptide in the presence of pound form of F/G loop (magenta) and the Ntérminal segment
U46619 provided detailed information about the analogue (orange) connected. The identified residues (Leu214 and Pro215)
contacted with the residues in the peptide. Whether the that contacted with U46619 as described in Figure 5 were displayed.

; : ; s U46619 (blue) was placed in the position of the substrate access
reS|du_es contacted with U46619 _|dent|f|ed by the NM.R channel based on the orientation shown in Figure 5. Red denotes
experiment can apply to the native PGIS protein, point peme.

mutation for the residues in the native PGIS shall give an

answer. The recombinant PGIS proteins with point or jn ER membrane, it can enter the active site of the membrane-
multiple mutation approach within the F/G loop region were pound PGIS efficiently without having to contact the solvent.
used to confirm the observation from the 2-D NMR experi- Thijs predicts that the efficiency of eicosanoid biosynthesis
ments using the constrained F/G loop peptide. Localization || be different in the soluble and the membrane-bound
of the residues in the F/G loop important to PGIS catalytic enzymes. One indication of such a difference was reported
function using the 2-D NMR experiments and the mutation fom Eling et al. 87), who found channeling of AA through
scanning method showed identical results. This finding pGG, to PGH, in microsomal PGHS but not in detergent-
supported the observation of the interaction between the F/Ggg|ypilized PGHS. Other observations, which support the
loop peptide and U46619 using 2-D NMR experiments. Thus, hypothesis, are that PGHas a longer half-life in lipid than
the info.rmation optained from the NMR stgdies using the' in a solvent environment and that cyclooxygenase side
constrained peptide could be used to guide mutagenesisyroducts are much less plentiful in biosynthesis of A@th
studies for the protein. In this case, the time-consuming intact membrane-bound systems than solubilized enzymes.
scanning mutation can be avoided. We call this combined This suggests that the lipid substrate, BGHas higher-
2-D NMR experiment and mutagenesis approach as a 2-Defficiency access to the active sites and is less likely to
NMR experiment-guided mutagenesis method. This method gegrade in the membrane-bound systems.

can be applied to the identification of functional residues Overall, the findings from these studies are important for

for othe.r. P4.505 and protgns. . . understanding the structure/function relationship of PGIS in
Identification of the residues in the F/G loop importantto e biosynthesis of PGland its coordination with PGHS

the catalytic function of the membrane-bound PGIS by qyring prostanoid biosynthesis in the native ER membrane

combination of 2-D NMR experiments and recombinant enyironment. The information described 2-D NMR-experi-

proteins was first reported here, which allowed us to refine ment-guided mutagenesis method is also useful for structure/
the topological model of the native PGIS in respect to the f nction relationship studies of other proteins.

ER membrane and the substrate access channel (Figure 10).
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