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Abstract. High resolution Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful tool for determining the solution
structures of peptides and small proteins, and their ligand binding functions. Molecular biology mutagenesis is a widely used
and powerful approach for identification of the protein functions. We have developed a strategy integrating NMR experiments
with mutagenesis studies to advance and extend the approaches used for structure/function relationship studies of proteins,
especially for membrane-bound proteins, which play important roles in physiopathological processes. The procedures include
the design of the functional protein domain, identification of the solution structure and intermolecular contacts between the
protein segment and its ligand. These determinations are resolved by high-resolution 2D NMR spectroscopy, and followed by
site-directed mutagenesis of the residues suggested from the NMR experiment for the membrane-bound proteins. The residues
important to the protein functions, identified by the mutagenesis, were further used to re-assign the NMR spectra and finalize
the docking of the protein with its ligand. A structural model of the protein/ligand interaction can be constructed at an atomic
level based on the NMR spectroscopy and mutagenesis results. As an application, the strategy has enhanced our knowledge in
the understanding of the structure/function relationship for a membrane-bound G protein coupling receptor, the thromboxane
A2 receptor (TP receptor), interacting with its ligand, and a microsomal P450, prostacyclin synthase (PGIS), docking with its
substrate in the endoplasmic reticulum (ER) membrane. In this review, we have summarized the principles and applications for
this newly developed technique.
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The abbreviations used are: TXA2, thromboxane A2; TXAS, thromboxane A2 synthase; PGIS, prosta-

cyclin synthase; TP receptor, thromboxane A2 receptor; HPLC, high performance liquid chromatogra-
phy; NOESY, nuclear Overhauser effect spectroscopy; TOCSY, total correlation spectroscopy; DQF-
COSY, double-quantum filtered correlation spectroscopy.
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1. Introduction

Biological functions of proteins are reflected in binding activities, such as an enzyme binding to its
substrate and a receptor binding to its ligand. The knowledge of the precise interaction of the protein
and ligand at molecular and atomic levels is crucial for the understanding of the action mechanism of
the proteins related to the physiopathological processes and structure-based drug designs. Crystallogra-
phy offers the precise structural determination for crystallized proteins. However, large amounts of active
proteins, especially for the membrane bound proteins, could not be crystallized due to hydrophobic prop-
erties. NMR spectroscopy offers an alternative way to solve the peptide and protein structures in solution.
But the high-resolution NMR technique deals with the normal size of proteins (50 kD and up), which
can be difficult because of the slow tumbling of the larger molecules. In addition, the factors included
the difficulty of the large-scale expression of the isotope labeled proteins and incorporation of membrane
proteins into micelles created a larger sized protein molecule, and therefore limits the high resolution
NMR technique for the structural characterization of the membrane proteins. Recently, several novel
NMR spectroscopic techniques have been developed to determine the interaction of proteins and ligands
[1–13], which include the transferred NOE effect [14–20] and chemical-shift changes [21–25] used to
observe the ligand conformation changes upon binding to the protein. However, to identify the residues
important to the ligand binding on the membrane proteins in structural terms is still a big challenge for
the high resolution NMR spectroscopy. Usually, site-directed mutagenesis is used for screening the func-
tional residues of the protein. But, without structural support, the one by one mutagenesis is not efficient
for time frames or resources. In addition, the mutation result might not directly apply to the under-
standing of the structure/function relationship at molecular and atomic levels because the mutation may
result from post-translation changes of the proteins, such as protein folding, glycosylation, membrane
incorporation and signaling. To take the advantages of the high resolution NMR spectroscopy, for the de-
termination of the solution structure of the peptide, and site-directed mutagenesis, for the identification
of the protein function at a single residue level, and combine the two approaches in a single system might
enable the enlargement of the scope and enhancement of the powers of either approach individually. In
this review, I introduce a way in my laboratory characterized by the structure/function relationship of
membrane proteins using a system connecting the several approaches in one, which includes molecular
modeling, constrained peptide synthesis, NMR structural determination, and site-directed mutagenesis.
The general experimental designs and applications are summarized below.

2. General experimental designs

The concept of high resolution NMR spectroscopy-guided mutagenesis is to combine the advantages
of the NMR technique, in understanding the detailed molecular structure of the peptide and the site-
directed mutagenesis, in understanding the detailed molecular function of the protein. The general steps
involved in the experimental designs are summarized in Fig. 1. As a brief description, the portion of the
membrane protein of interest shall be synthesized in an appropriate size for NMR spectroscopic studies
and a conformation mimicking the portion of the native protein, based on the molecular modeling, should
be constrained using spacers. After the biological test for activity of the constrained peptide mimicking
the membrane protein function, high-resolution 2D NMR spectroscopy shall be used to determine the
solution structure of the peptide. Then, the function of the peptide interacted with other molecules, such
as its ligand, should be investigated by analysis of the 2D spectra for the peptide in the presence of its
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Fig. 1. The general steps involved in the experimental designs for the high resolution NMR spectroscopy-guided mutagenesis.

ligand. The next step is to localize the ligand contacted residues on the native membrane-bound proteins
by the site-directed mutagenesis approach, based on the NMR experiments-suggested residues. And then
the mutation results can be used to revise and refine the NMR assignment. Finally, the protein ligand
interaction site can be constructed in 3D structural terms by structural calculations using the mutation
results and NMR constraints.

2.1. Molecular modeling

In order to design an appropriate conformation for a targeted portion of the protein, in which 3D
structure is not available, molecular modeling is used as a way to help understand the backbone of the
targeted fragment. The Insight II protein modeling package is suitable software for molecular modeling
on a Silicon Graphics (SGI) workstation. The detailed approaches used for our successful protein mod-
eling of thromboxane A2 synthase (TXAS) [26,27], prostaglandin H2 synthase (PGHS) [28], PGIS [29],
and the TP receptor [30] can be used as references.

2.2. Computation-guided constrained peptide synthesis

3D crystal structures or NMR solution structures of the proteins are ideal models for designing the
portion of interest from the protein with similar configurations in the native protein. However, most of
the membrane proteins do not have 3D structures at this time. In this case, the working model created
by homology modeling, using existing 3D structures of other similar molecules as a template, can be
used as a initial experimental design. A peptide mimicking the target domain of the membrane protein
with secondary structural configuration can be synthesized. The size of the peptide is based on the
feasibility of the NMR experiments. Expression of the peptide using a molecular biology approach is
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Fig. 2. Constrained peptide designs. A synthetic peptide mimicking a portion of a protein can be constrained to a loop pep-
tide with different distances between the N- and C-termini by introducing different linkers, such as a disulfide bond using
cysteine (A), homocysteine (B), or a maleimide compound (C) of different sizes (shown as∗R).

also feasible. To constrain the peptide into an active form with a certain configuration, a spacer with
a defined distance, matching the distance predicted from the structural model, can be used to connect
the termini. For example, for a loop configuration of the peptide, Cys or homoCys disulfide bonds can
be introduced to the peptide termini to give a 5–12 Å separation of the termini (Fig. 2). For a longer
separation, maleimide directives can be introduced to connect the peptide termini. In the later case,
the NH-group of the side chain should be used for the melaimide group coupling. Special attention is
required for this type of peptide synthesis.

2.3. Configuration of the peptide into active form

Two general methods used in my lab to configure the synthetic peptides are described here.

2.3.1. Cyclization of the synthetic peptide by disulfide bond formation
The synthetic peptides, with Cys or homoCys added at the peptide termini, were purified to homoge-

niousity. The formation of the disulfide bond to bring the peptide into the designed configuration can
be achieved by oxidation of the peptide in a standard method [31]. The peptide monomer needed to be
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dissolved in 1 ml DMSO, and added into H2O at a final concentration of 0.02 mg/ml. The solution was
adjusted to pH 8.5 using trifluoroethylamine dimethyphamarmide, and stirred at room temperature for
24–48 hours. The constrained peptide by the oxidation was lyophilized and purified by HPLC on the C4
column [32].

2.3.2. Maleimide–Cys coupling
In general, different lengths of maleimide compounds, introduced to the side chain of the N-terminal

amino acid during peptide synthesis, are used for coupling to Cys located in the C-terminal position.
After cleavage of the peptide from resin, and removal of the protection group from the thiol group of
Cys, the maleimide–Cys coupling can be completed by bringing the pH to 6–7 for 24 hours [33–40].

2.4. Biological activity of the engineered peptides

Before performing time-consuming high-resolution NMR spectroscopic experiments, the biological
activity of the protein fragment should be tested. The suitable approaches for the activity identification
can be spectroscopic studies, such as circular dichroism (CD), fluorescence spectroscopes, and peptide
binding assays, and signaling assays. CD and fluorescence experiments are especially useful because the
approach is easy and the experimental conditions can be adopted for further NMR spectroscopic studies,
and secondary structural observations in CD spectroscopy can be used as a structural reference for the
NMR experiments.

2.5. NMR measurements

In my laboratories, NMR measurements for the constrained peptides were done in H2O or in D2O
(10%). 2D1H NMR spectra, double-quantum-filtered correlation spectroscopy (DQF-COSY), total cor-
relation spectroscopy (TOCSY) and nuclear Overhauser effect correlation spectroscopy (NOESY) with
various mixing times, were obtained at 10–30◦C in a 1 mM phosphate buffer pH 6.0–6.5. All spectra
were accumulated in a phase sensitive manner using time-proportional phase incrementation for quadra-
ture detection in the F1 [41]. Bruker Avance 600 or 800 MHz spectrometer was used to obtain these
spectra. The successful NMR experiments used for the determination of the synthetic peptides of TXAS
[41], PGIS [42,43], and the TP receptor [30,31,44] can be adopted for most of the constrained peptide
studies.

2.6. NMR spectra analysis

The approaches used for the NMR spectrum analysis and assignments have been described [30,31,
45]. In brief, NMR data processing and proton resonance assignments for the peptides were carried out
using the Felix 2000 and up programs, which are installed in SGI workstations. Assignments were ac-
complished by the combined analysis of the various 2D1H NMR spectra data sets using the standard
sequential assignment techniques [45] and the automatic assignment program using the Felix 2000 pro-
gram [41,45]. Concisely, the proton assignment procedure is based on initial identification of individual
spin systems, followed by the correlation of adjacent spin systems along the peptide backbone. 2D DQF-
COSY experiments in H2O solution established NH–CαH coupling connectivities, while the COSY in
D2O solution established CαH–CβH and CβH–CγH coupling connectivities of individual spin systems.
2D NOESY experiments in H2O established space connectivities between the NH proton of residuei+1
and NH, CαH and CβH protons of residuei. It was thus possible to “walk” down the peptide from the
N-terminus to the C-terminus, assigning the NH, CαH, CβH, and CγH proton resonances to specific
amino acid residues in the sequence [41,45].
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2.7. NMR structure reconstruction

Computational and graphic programs required for the proposed structural reconstruction, such as
QUANTA-CHARMm/XPLOR/NMR and Insight II, were used in my laboratory. Quantitative analy-
sis of the NMR data provides structural information that can be used as input restraints for structure
reconstruction algorithms of distance geometry or molecular dynamics [30,31,41–44,46–49]. The initial
structure can be generated via protein modeling and distance geometry approaches based on the qual-
itative NMR data. The steps involved in the 3D structure construction and refinement can follow the
methods described [30,31,46].

2.8. Site-directed mutagenesis

We have established standard mutagenesis methods for our membrane proteins of interest, such as
PGIS (one of the microsomal P450 enzymes), and the TP receptor (one of the G protein coupling recep-
tors). The mutants were constructed using the standard PCR method [46,50,51]. The pcDNA3.1 vector
containing either wild type PGIS or TP receptor cDNA was used as a template for the PCR amplifica-
tion. Two synthetic oligonucleotide primers containing the desired mutation for the receptor were com-
plementary to opposite strands of the template, and extended during the temperature cycling of 95◦C for
0.5 min, 53–62◦C for 1.5 min, and 68◦C for 13 min with a total of 25 cycles usingPfu DNA polymerase.
The products were then digested with the restriction enzymeDpnI for 1 hour to remove native wild-type
strands, leaving only the synthesized mutant strands. The PCR products were then used to transform
competent XL1-blue cells, followed by DNA extraction from the selected clones. All mutant constructs
were confirmed through DNA sequencing. The plasmid was then prepared using the Midiprep kit for
transfection into COS-7 or COS-1 cells.

2.9. Expression of PGIS and the TP receptor

The recombinant PGIS or TP receptor protein was expressed in COS-7 or COS-1 cells as described
[50,52–55], with some modifications. In brief, COS-7 or COS-1 cells were cultured in high glucose
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum and antibiotics. The cells were
placed on 100-mm dishes at a density of 1.0 × 106 and were cultured overnight, and then transfected
with the plasmid vectors (pcDNA3.1) constructed with the PGIS or TP receptor cDNA (10–16µg/dish)
by the DEAE-Dextran plus chloroquine method [46,55] or by the Lipofectamine method [54] following
the manufacture instructions. Approximately 48 hours after transfection, the cells were harvested for
further protein purification.

2.10. Protein activity assay

2.10.1. Ligand binding assay for the TP receptor
Ligand binding assays for the wild type and mutants of the TP receptors were performed using the

methods described [50,52,56–59]. Briefly, the cell membrane (0.1 mg) in binding buffer was incubated
with 1–3 nM of an isotope-labeled TP receptor ligand, [3H]-SQ29,548, at room temperature for 40 min.
The reaction was terminated by the addition of 5 ml of ice-cold washing buffer (0.025 M Tris-HCl,
pH 7.4). The unbound ligand was then filtered through a Whatman GF/B glass filter under a vacuum.
The radioactivity of the receptor-bound [3H]-SQ29,548 remaining on the filter was counted in 10 ml of
scintillation cocktail using a Beckmanβ Counter. The radio-binding assay is suitable for other receptor
studies.
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2.10.2. Enzyme activity determination for PGIS
The PGIS and TXAS activity assays were started by the addition of14C-arachidonic acid (AA)

(10µM) into a mixture of cell homogenates containing TXAS or PGIS in PBS (100µl of total volume),
and then stopped with 0.5 ml methanol and 1 M citric acid (4 : 1, v/v). The products, 6-keto-PGF1α (de-
graded PGI2) or TXB2(degraded TXA2) were extracted, separated by thin layer chromatography (TLC)
and quantitated by autoradiogram andβ-counter described [29].

3. Applications

We have tested this concept of NMR experiment-guided mutagenesis for the structure/function rela-
tionship studies of PGIS and the TP receptor, which represent the super families of microsomal P450s
and G protein coupling receptors, respectively.

3.1. Characterization of the ligand recognition site for a G protein coupling receptor (GPCR) using
NMR experiment-guided mutagenesis

3.1.1. TP receptor modeling and the synthetic peptide mimicking the ligand binding site in the
extracellular domain

The TP receptor, as other GPCRs, is composed of three iLPs and three eLPs connecting seven trans-
membrane (TM) helices. The highly conserved extracellular domains of the prostanoid receptors were
found in the second extracellular loop (eLP2), which was proposed to be involved in the ligand recog-
nition. The 3D structural working model of the TP receptor was constructed by a homology modeling
approach using the crystal structures of bovine rhodopsin as a template, which is the only GPCR having
a crystal structure among the GPCR super family (Fig. 3A). The detailed procedures for the protein
modeling involved the use of the Insight II protein modeling package on a SGI workstation, following
our successful protein modeling of TXAS [26,27]. The TP receptor model adopted the seven TM seg-
ments structure of bovine rhodopsin. However, the extracellular domains of the TP receptor could not
be built due to the lack of the conservation with the template molecule. The analysis of the human TP
receptor model indicated that about 10–14 Å separates the N- and C-termini of the extracellular loops
(Fig. 3A). Synthetic loop peptides whose termini are constrained to this separation are presumably more
likely to mimic the native loop structure than the corresponding loop region peptide with unrestricted
ends. A peptide corresponding to the eLP2 (residues 173–193) of the human TP receptor was made with
the N- and C-termini connected by a homocysteine disulfide bond (Fig. 3B). The constrained eLP2 pep-
tide was able to adopt an active conformation, which was evidenced by the binding of the peptide to the
receptor ligand using fluorescence (Fig. 4A) and CD spectroscopic studies [30].

3.1.2. Solution structure of the TP eLP2 segment
The solution structure of the TP eLP2 was determined by NMR spectroscopy. Through 2D1H NMR

experiments, complete1H NMR assignments for the 2D spectra, including NOESY, TOCSY and DQF-
COSY, and structural construction, the overall 3D structure of the constrained eLP2 peptide was con-
structed. The structure shows twoβ-turns at residues 180 and 185 in the TP eLP2 region (Fig. 4B).
The distance between the N- and C-termini of the peptide shown in the NMR structure is 14.2 Å (Fig.
4B), which matched the distance (14.5 Å) between the two TM helices connecting the eLP2 in the TP
receptor model (Fig. 3A). This information allowed the NMR structure of the constrained peptide to be
grafted onto the eLP2 region of the TP receptor model in a configuration without further modifications
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Fig. 3. (A) Seven TM helix model of the human TP receptor based on rhodopsin crystal structure. The undefined eLPs (dotted
lines) and the distances between the termini of the eLPs were shown. (B) The sequence of the synthetic TP eLP2 peptide
without (a) and with (b) homocysteines (hC) added at each end to form a disulfide bond constrained to the distance of the
terminal separation of the eLP2.

Fig. 4. (A) Fluorescence spectroscopic analysis for the interaction of the receptor ligand with the synthetic TP eLP2. A signifi-
cant conformation change of the constrained eLP2 induced by SQ29,548 was observed (�) [30]. (B) The 3D NMR structure of
the TP eLP2. The distance between the termini was 14.2 Å [30].

(Fig. 5). This study suggests that the approach using the constrained loop peptides greatly increases the
likelihood of solving the entire 3D structure of the extra- and intra-cellular domains of the TP receptor
and other G protein coupling receptors, which have no crystal structures thus far.
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Fig. 5. NMR structure of the eLP2 (dark line) grafted onto the TP receptor model [30].

Fig. 6. (A) Chemical structure of SQ29,548. (B) NOESY spectrum of the TP eLP2 with SQ29,548. The NOEs that reflected the
contacts between the peptide and SQ29,548 were numbered and indicated with arrows [46].

3.1.3. Identification of the ligand recognition site by 2D NMR spectroscopy
To further identify the residues involved in ligand binding, a TP receptor antagonist, SQ29,548

(Fig. 6A), was used to interact with the synthetic constrained TP eLP2 peptide. High-resolution 2D
1H NMR experiments, NOESY and TOCSY, were performed for the peptide, SQ29,548, and the peptide
with SQ29,548. Through completed 2D1H NMR assignment and by comparing the different spec-
tra, extra peaks were observed on the NOESY spectrum of the peptide with SQ29,548, which implied
the intermolecular contacts between the eLP2 residues (at Val176, Leu185, Thr186, and Leu187) and
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SQ29,548 (at position H2, H7, and H8) (Fig. 6B). These results further indicated that the constrained
TP eLP2 peptide could adopt an active conformation, and the solution structure of the eLP2 could be a
native conformation for the portion of the receptor in bound form. The agreement of the NMR structure
of the peptide and the crystal structure of the portion of protein remains to be tested in the future. At
least for now, the peptide structure can be used as a model to explain and design the structure related
experiments before the crystal structure is available.

3.1.4. Site-directed mutagenesis for the important residues contacted with the receptor ligand observed
from the NMR experiment

To determine whether the intermolecular contacts observed from the NMR experiment using the syn-
thetic constrained peptide can be applied to the native receptor protein, site-directed mutagenesis was
used to confirm the possible ligand-recognition sites on the human TP receptor. Each of the four residues,
Val176, Leu185, Thr186, and Leu187, were mutated to residues in either the same group, with a differ-
ent structure, or with a different charge. The mutated receptors were then tested for their ligand binding
activity. The receptor with the V176L mutant retained binding activity to SQ29,548. All other muta-
tions resulted in a decrease or loss of binding activity to SQ29,548 (Fig. 7A). These mutagenesis results
supported the prediction from the NMR experiments in which Val176, Leu185, Thr186, and Leu187
were the possible residues involved in ligand recognition. The constraints of the contacts between the
residues in the eLP2 and the protons of SQ29,548, observed in the NMR spectrum, were used to present
the ligand/receptor interaction in solution (Fig. 7B). This information facilitates the understanding of the
molecular mechanism of TXA2 binding to the important receptor. This integrative approach, combining
the NMR experiments and recombinant protein technique for the identification of the residues important
to the protein function in structural presentation, was termed “NMR experiment-guided mutagenesis”.
In general, this finding provided an alternative way to determine the ligand contact sites for G protein
coupling receptors lacking crystal structures.

(A) (B)

Fig. 7. (A) Binding of the wild type (WT) and the mutant TP receptors (with point mutations at Va1176 [A], Leu185 [B],
Thr186 [C] and Leu187 [D] to different residues) to [3H]SQ29,548 without (open bars) and with (shaded bars) the unlabeled
SQ29,548 [46]. (B) NMR structure of the TP eLP2 bound with SQ29,548. The ligand-contact residues were displayed with side
chains and residue numbers.
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3.2. Characterization of the substrate docking sites for a microsomal P450, PGIS

Another large family of membrane proteins is microsomal cytochrome P450 enzymes. We used PGIS,
an eicosoniod-synthesizing P450 enzyme as a model for the structure/function relationship studies using
the high resolution NMR experiment-guided mutagenesis approach.

3.2.1. Molecular modeling and computation-guided constrained peptide synthesis for the helix F/G
loop of PGIS

Crystallographic structures are known for several soluble bacterial P450s, including P450cam [60],
P450BM-3 [61] and P450ter [62]. However, despite the large amount of the microsomal P450 enzymes,
there is only one with a crystal structure, an engineered microsomal P450 (P450 2C5) with a deleted
N-terminal membrane anchor domain and modified helix F/G loop. The structure offers a template for
the molecular modeling of the backbone of other microsomal P450 enzymes. We have constructed work-
ing 3D structural models for PGIS [29] (Fig. 8A) based on the crystallographic structure of the engi-
neered P450 2C5 and bacterial P450BM-3. The overall features of these 3D models of TXAS and PGIS
have been supported by our site-directed mutagenesis of several important residues in the predicted
substrate- and heme-binding sites [27,29]. Our current studies using modeling-guided site-specific anti-
bodies indicate that three peptide segments (residues 109–127, 353–368 and 411–431), in different sur-
face regions of PGIS, are exposed on the cytoplasmic side of the ER membrane [63]. These data support
the topological model in which the bulk of the eicosanoid-synthesizing P450 protein lies on the out-
side of the ER bilayer. This hypothesis has been supported by our studies using site-specific antibodies

(A) (B)

Fig. 8. (A) Determination of the 3D structure of PGIS F/G loop and identification of its membrane contact residues. (B) Amino
acid sequence of the synthetic peptide corresponding to the PGIS helix F/G loop (residues 208 to 230) with cysteines added at
both ends of the termini [43].
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against peptide segments predicted to be on the surface domains [64] and near the surface of the substrate
access channel [65]. The topological model of PGIS has further suggested that the residue(s) within the
helix F/G loop of PGIS may be involved in forming the substrate access channel and located in a posi-
tion that influences the membrane-bound PGIS catalytic function [66]. The distance measured from the
model between the F and G helices is about 7 Å (Fig. 8B). We synthesized a peptide to mimic the F/G
loop by introducing a Cys disulfide bond to constrain a distance of about 7 Å between the N- and the
C-termini of the loop peptide (PGIS residues 208 and 230). We have explored an approach to determine
the solution structure and identify the residues of the helix F/G loop important to enzyme activity for the
native membrane-bound PGIS by a combination of 2D NMR experiments and mutagenesis methods.

3.2.2. Determination of the 3D structure of the helix F/G loop of PGIS by high resolution NMR
spectroscopy using the constrained peptide

The synthesized PGIS F/G peptide was purified by HPLC, and then constrained to a loop conforma-
tion by the disulfide bond formation using the method described in Section 2. The corrected molecular
weight of the peptide was identified by mass spectroscopy. CD spectroscopy was then used to exam
the secondary structure in general, and the detailed 3D structure was determined by 2D1H NMR spec-
troscopy. The peptide was the ideal size for the 2D NMR experiments. We experienced no major dif-
ficulty in solving the 3D solution structure of the peptide through the combination of the experiments,
TOCSY [67,68], DQF-COSY, and NOESY [69] using a 600 MHz instrument [42].

3.2.3. Identification of the residues important to substrate presentation in the F/G loop of the
membrane-bound PGIS using high resolution NMR spectroscopy

So far, no experiment has been used to identify the residues in the F/G loop important to the substrate
docking in the eicosanoid-synthesizing P450 enzyme. To test whether the developed NMR experiment-
guided mutagenesis is suitable for the detailed studies, after the solution structural determination for the
peptide, the interaction of the peptide with the stable PGIS substrate mimic, U46619, was performed.
The particular residue of the peptide contacted with the substrate mimic could be identified by the
chemical shift changes and intermolecular NOEs, which could be observed in optimal conditions for
the spectra. One of the factors was to use the right amount and ratio of the peptide and ligand. Titration
of the interaction using the 1D spectrum before the 2D spectrum is highly suggested. We were able to see
the intermolecular NOEs and changes of the chemical shifts for the particular residues of the peptide in
the concentrations of 10 mg/ml for the peptide and 2 mg/ml for the ligand [43]. Under these conditions,
the molar ratio was 1 to 1.43. Once the intermolecular NOEs were identified, the contacts between the
peptide and the ligand could be specified at the atomic level. Figure 9 is the example showing the detailed
contacts of the two residues in the PGIS F/G loop peptide with U46619 based on the observations of
the intermolecular NOEs. It shall be indicated that the intermolecular NOEs could be the NOEs coming
from the spin diffusion, and impurities in the peptide, substrate mimic or buffer. A way to exclude
this possibility is to subtract the NOESY spectrum of the peptide with the substrate mimic from the
negative control spectra of the substrate mimic alone and peptide alone in the same conditions before
the intermolecular NOE assignment. We have found out that this is relatively easy for the peptide and
small ligand. With increasing the peptide size or using proteins for the interaction, complete exclusion
of the possibilities could be difficult.

3.2.4. Identification of the residues important to substrate presentation by mutagenesis
The residues in the F/G loop of PGIS involved for the substrate presentation have not been found

before by the observation of the intermolecular contacts between the F/G loop peptide and the substrate
mimic in the NMR experiments using the constrained peptide technique. However, the explanation of
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Fig. 9. Expanded region of NOESY spectra of F/G loop with U46619 (A), without U46619 (B) and U46619 only (C) [43]. The extra cross-peaks were identified as
the interaction of the F/G loop peptide with U46619: (1) H5 or H6 of U46619 andδ1H3 of Leu214 of the F/G loop; (2) CH2 of U46619 andβH of Pro215 of the
F/G loop (A).
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Fig. 10. Superimposition of the 10 best structures using just theα-carbons obtained from energy refinement calculations.
The distance between the N- and C-terminal is 7.51 Å. The residues (L8, L9) contacted with U46619 were indicated. The
conformation changes of U46619 were also displayed.

the NMR structure and the residues of the F/G loop peptide contacted with the substrate mimic from
the NMR experiment could be limited by these factors: (1) The peptide segment may not present the
full biological activity of the enzyme; (2) The concentrations of the peptide and the enzyme mimic
used for the NMR experiment are much higher than the concentrations in the physiological conditions;
(3) The biological activities of the native P450 proteins incorporated in the membrane could be different
than the peptide in solution. Following the NMR experiment, site-directed mutagenesis for the residues
of the parent protein suggested from the NMR experiments was used to address the above questions,
which could not be overcome by the NMR technique alone. Through the mapping of the PGIS F/G loop
residues based on the effects of the substrate presentation to the membrane-bound PGIS, the mutations
of Leu214 and Pro215 were identified to reduce the substrate docking efficiency, which matched the
results observed from the NMR experiments (Fig. 10). These results support that the F/G loop is in-
volved 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 membrane-bound proteins.
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4. Conclusion

The concept combining molecular modeling, constrained peptide synthesis, high-resolution NMR
spectroscopy and site-directed mutagenesis in a system to characterize the structure/function relation-
ship of the membrane-bound proteins has been introduced. The detailed experimental designs and the
applications for the G protein coupling receptor and the microsomal P450 enzyme were summarized.
Uses of the new strategy have advanced our knowledge in understanding the specific ligand recognition
for the TP receptor, and enzyme reaction mechanism for PGIS in solution structural terms at an atomic
level. The term, “NMR experiment-guided mutagenesis”, was used to describe this concept. It can be
used to study other membrane-bound proteins in a wide array of fields. Even several techniques are in-
volved for the studies, but it can be performed in most of the laboratories where there is access to NMR
and molecular biology facilities.
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