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Analogues of mini atrial natriuretic peptide (miniANP) that provide conformational properties
related to biological activity were designed on the basis of the structure revealed by NMR and
restrained molecular dynamics (rMD) simulation, and an analogue with a high level of biological
activity was successfully obtained. MiniANP is a cyclic pentadecapeptide analogue of atrial
natriuretic polypeptide (ANP). The conformation of miniANP analyzed by NMR and rMD
simulation indicated that positive φ angles are preferred for Gly5 and Gly6, which is typical for
D-amino acids. On the basis of the structural information, [D-Ala5]miniANP, [D-Ala6]miniANP,
and [D-Ala5 D-Ala6]miniANP were synthesized. The biological activity of [D-Ala5]miniANP was
stronger than that of miniANP, confirming that Gly5 of miniANP takes a positive φ angle on
binding to the receptor. Conformational analysis of these analogue peptides by NMR suggested
that a turnlike conformation at residues 6-9 and a proximate pair formed by side chains of
Phe4 and Ile11 are important for the biological activity.

Introduction

Mini atrial natriuretic peptide (miniANP (1)) is a
synthetic peptide analogue of atrial natriuretic polypep-
tide (ANP (2)),1 which is a potent hypotensive hormone
composed of 28 amino acids, regulating fluid balance,
electrolyte balance, blood pressure, and the renin-
angiotensin system (Figure 1).2,3 For the purpose of
generating a lead compound for drug design, miniANP
(1) was produced by trimming and optimizing ANP (2).
The size of the polypeptide was reduced by approxi-
mately half, while a high-affinity (one-seventh that of
ANP (2)) was retained. Met1, His3, Phe4, Gly5, Gly6,
Arg7, Met8, Ile11, Ser12, Tyr14, and Arg15 were chosen as
the optimum residues by alanine-scanning mutagenesis
and monovalent phage display. Alanine-scanning mu-
tagenesis studies applied to the prototype of miniANP
(1), having the additional sequence Ser1-Leu2-Asp3-Arg4

at the N terminus, indicated that the most important
determinants were Phe8, Met12, and Ile15, corresponding
to Phe4, Met8, and Ile11 of miniANP (1). In particular,
replacement of Phe8 or Ile15 by Ala suppressed the
binding affinity by more than 1000-fold.1 MiniANP (1)
selectively binds to a natriuretic peptide receptor (NPR-
A), which is a transmembrane protein composed of
approximately 1060 residues. NPR-A contains an ex-
tracellular ligand-binding domain, a single transmem-
brane region, an intracellular kinase-homologous do-
main, and a guanylate cyclase domain.4,5 Biochemical
studies showed that NPR-A exists as a tetramer form
in a ligand-independent fashion.6-8 Binding of miniANP

(1) to the extracellular domain of NPR-A activates
synthesis of cGMP (cyclic guanosine 5′-monophos-
phate).4,5 Most of the physiological activity may be
attributed to this activation.

Since miniANP (1) is the smallest of the ANP-related
peptides, elucidation of its structure-activity relation-
ship will be useful for characterizing the mechanism for
receptor activation and designing smaller non-peptide
ligands. Amino acid substitution and deletion have been
widely applied to ANP (2) for such purposes. For
instance, Bovy et al. synthesized nine analogue peptides
of ANP to identify the structural requirement for ANP
receptor subtypes.9 These techniques revealed func-
tional groups essential for biological activity but did not
explain their roles in binding to a receptor. To design
analogues efficiently as well as to understand the
biological mechanism, the three-dimensional structure
is indispensable. The best way to determine the struc-
ture of a ligand-receptor complex is by X-ray crystal-
lography or NMR. However, because of difficulties in
obtaining receptors and their preparation for structural
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Figure 1. Sequence alignment of ANP, miniANP, and ana-
logue peptides of miniANP. A lower-case letter means a
D-amino acid. The residues essential for the biological activity
determined by alanine scan mutagenesis are underlined, and
the residues chosen by monovalent phage display are in bold.
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analysis, few receptor proteins are amenable to these
methods. Thus, conformational properties related to
biological activity are usually inferred from the struc-
tural information of a ligand itself. The solution con-
formation of a ligand would provide a clue as to
conformational properties related to biological activity.
Although NMR is a suitable method for such investiga-
tions, most small peptides would interconvert several
conformations rapidly in aqueous solution. NMR en-
counters difficulty because of time- and ensemble-
averaged structural parameters such as the nuclear
Overhauser effect (NOE) and the J coupling constant.
Consequently, NMR studies on biologically active pep-
tides require complementary information.

In this study, conformational properties related to the
biological activity of miniANP (1) have been investigated
by NMR combined with restrained molecular dynamics
(rMD) simulation, which led us to design analogue
peptides with high activity. We focused on the confor-
mation of Gly5-Gly6, which is conserved in the wild-
type ANP (2) and was chosen as an indispensable region
by monovalent phage display.1

Results

Solution Conformation of miniANP. NMR analy-
sis of miniANP (1) was performed for aqueous and
DMSO solutions, since the environment of the binding
site of the relevant receptor was not known. The signals
of mini ANP (1) in the DMSO solution were broader
than those in the aqueous solution. Since aggregation
of the sample may be the origin of the line broadening,
the concentration dependence of miniANP (1) was
examined in both aqueous and DMSO solutions. The 1D
NMR spectra of samples of 0.1, 2.0, and 10.0 mM were
measured. No difference between chemical shifts at the
three concentrations was detected except for small
differences in some exchangeable protons in the DMSO
solution due to a difference in the relative amounts of
residual water in the solution. Thus, it is concluded that
miniANP (1) was not aggregated in both solutions. The
temperature change showed that the line width becomes
narrower with an increase of temperature. The influence
of the residual water on the line width was also
examined by using a sample in which water was
carefully removed, and no appreciable change of the line
width was observed. These indicate that the broadening
is not due to the proton exchange between the amide
and water. Consequently, the broadening might be
attributed to the fast exchange among several confor-
mations in the solutions. The exchange rate is not fast
enough to give sharp signals. With this in mind, the
following NMR analyses were carried out; namely, the
obtained structure is not a real structure but an average
structure. Therefore, we can only use this structure to
extract conformational characteristics, which need to be
confirmed by other methods to claim their validity.

Figure 2 shows the fingerprint regions of 2D NOE
spectra of miniANP (1) in aqueous (A) and DMSO (B)
solutions. Intraresidue NH-HR NOE cross-peaks of Cys2

and His3 were not observed in the aqueous solution
because of exchange broadening (Figure 2A).

NOE distance restraints are summarized in Table 1,
and the medium- and long-range NOE connectivities of
miniANP (1) in the DMSO solution are given in Table

2. A characteristic NOE connectivity between Gly6 and
Asp9 was observed in both solutions, while long-range
NOE connectivities between Phe4 and Ile11 existed only
in the DMSO solution.

A simulated annealing calculation was started with
50 initial conformations, and the 10 lowest energy
conformations were used in the subsequent analysis.
Pairwise root-mean-square deviations (rmsd) of the

Figure 2. Amide-HR regions of NOESY spectra of miniANP
(1) in aqueous (A) and DMSO (B) solutions. The mixing time
was 300 ms. The intraresidue dRN NOE cross-peaks are labeled
with the residue number, and cross-peaks that disappeared
because of exchange broadening are boxed. The dRN(i,i) and
dRN(i,i+1) cross-peaks are connected sequentially by the solid
lines. The cross-peak indicated by asterisks can be ascribed
to Ser12 Hâ in the F1 dimension.

Table 1. Distribution of the Observed NOE Connectivities of
the Analogue Peptides

peptide intraresidue sequential
medium-
rangea

long-
rangeb total

aqueous
solution

1 44 58 9 0 111
3 52 57 13 1 123
4 57 52 5 2 116
5 75 40 8 8 131

DMSO
solution

1 45 63 9 15 132
3 60 74 12 21 167

a Medium-range represents links whose sequence separation is
between i + 1 and i + 4. b Long-range represents restraint links
whose sequence separation is greater than four residues.
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backbone heavy atoms and the inter-CR and inter-Câ

distances between Phe4 and Ile11 are given in Table 3.
Figure 3 shows a superposition of the 10 lowest energy
conformations with the lowest rmsd aligned using
residues 2-13. Only the region between residues 6-9
of miniANP (1) took an ordered conformation in the
aqueous solution. On the other hand, miniANP (1) took
a more ordered conformation in the DMSO solution than
in the aqueous solution. The presence of the NOE
connectivity between Gly6 and Asp9 indicated a turnlike
conformation at residues 6-9 in both solutions. How-
ever, it could not be defined as a typical turn conforma-
tion in the aqueous solution because of a lack of strong
intramolecular hydrogen bonds, since an amide proton
exchange experiment using the miniANP (1) solution
indicated that all the NH groups were solvent-exposed
(data not shown). On the other hand, the arrangement
of Phe4 and Ile11 was significantly different for the
aqueous and DMSO solutions. In the DMSO solution,

these two residues were located in a proximate position
and their hydrophobic side chains were on the same side
of the peptide ring, whereas they were not located in
such a position in the aqueous solution.

The segment of Phe4 through Ile11 of miniANP (1)
corresponds to that of Phe8 through Ile15 of ANP (2)
(Figure 1). However, no NOE connectivity between Phe8

and Ile15 of ANP (2) was observed in the DMSO
solution,10 and thus, there was no ring current effect
on Ile15. On the other hand, a fairly large difference in
the chemical shift of CγH3 was observed between Ile11

of miniANP (1) (0.76 ppm) and Ile15 of ANP (2) (1.08
ppm). When ring current shifts for the 10 lowest energy
conformations of miniANP (1) in the DMSO solution
were calculated with the program MOLMOL,11 the
chemical shift of Ile11 CγH3 was the most affected and
showed 0.44 ppm upfield shifts as the average value.
This result is consistent with the chemical shift differ-
ence of Ile between ANP (2) and miniANP (1).

The proximate pair of Phe4 and Ile11 was also ob-
served in Phe8 and Ile15 of [Asp3, Thr9, Ser11, Leu12,
Ser14, Arg16]ANP (ANP hexamutant) in aqueous solu-
tion.12 In light of the importance of the Phe4, Met8, and
Ile11 residues for the activity,1 the proximate Phe4-Ile11

pair and the turnlike conformation at residues 6-9 are
assumed to be correlated with the biological activity.

Restrained Molecular Dynamics Simulation. rMD
simulation at 900 K was used to search for favorable φ

angles of Gly5 and Gly6 of miniANP (1) under conditions
that restrain the turnlike conformation at residues 6-9
and the Phe4-Ile11 pair. Figure 4 shows distributions
of the φ angles for Gly5 (A) and Gly6 (B) of the 100
conformations collected during each rMD simulation.
Without the restraints (open bars), the distributions
were typical of glycine, at a ratio of 52:48 for Gly5 and
44:56 for Gly6 for the positive to negative φ angle ratio.
With only the restraint for the turn conformation
(hatched bars), the minus φ angle was dominant for both
glycines. With both of the restraints (filled bars), φ

angles were biased toward positive values, which are
typical for D-amino acids, at a ratio of 68:32 for Gly5

and 78:22 for Gly6. These results suggested that the φ

Table 2. Medium- and Long-Range NOE Connectivities of
MiniANP (1) in DMSO Solution

medium-range NOE connectivity

proton -proton NOE restrainta

Gly6 HR* -Met8 HN weak
Gly6 HN -Asp9 Hâ1 medium
Gly6 HN -Asp9 Hâ2 medium
Met8 HR -Arg10 HN medium
Ile11 Hδ1* -Tyr14 HN weak
Cys13 HN -Ile11 Hγ2* weak
Cys13 HR -Ile11 Hδ1* weak
Cys13 Hâ1 -Ile11 Hδ1* weak
Cys13 Hâ2 -Ile11 Hδ1* weak

long-range NOE connectivity

proton -proton NOE restrainta

Cys2 Hâ1 -Ile11 Hγ2* weak
Cys2 Hâ2 -Ile11 Hγ2* weak
Cys2 Hâ1 -Ile11 Hδ1* weak
Cys2 Hâ2 -Ile11 Hδ1* weak
His3 HN -Ile11 Hγ2* weak
Phe4 Hδ* -Asp9 HR weak
Phe4 HR -Ile11 HR medium
Phe4 HR -Ile11 Hγ2* weak
Phe4 Hâ1 -Ile11 Hγ2* weak
Phe4 Hâ2 -Ile11 Hγ2* weak
Phe4 Hδ* -Ile11 Hâ weak
Phe4 Hδ* -Ile11 Hγ11 weak
Phe4 Hδ* -Ile11 Hγ12 weak
Phe4 Hδ* -Ile11 Hγ2* weak
Phe4 Hδ* -Ile11 Hδ1* weak
a Weak and medium represent the classification of the NOE

distance restraint as described in the Experimental Section.

Table 3. Backbone RMSD and Inter-CR and Inter-Câ Distance
between Phe4 and Ile11

rmsd (Å) distanceb (Å)

peptide 1-15a 2-13a 6-9a Phe4 CR-Ile11 CR Phe4 Câ-Ile11 Câ

aqueous
solution

1 2.84 2.25 1.31 12.89(1.74) 14.54(2.42)
3 2.49 1.85 1.25 6.85(0.59) 7.34(0.57)
4 3.50 2.74 1.19 10.87(1.43) 11.57(1.90)
5 3.54 2.84 1.15 7.67(1.76) 7.03(1.09)

DMSO
solution

1 2.22 1.17 0.38 5.11(0.11) 5.75(0.39)
3 1.05 0.58 0.16 4.46(0.18) 4.95(0.36)

a Numbers indicate aligned residues. b Values in parentheses
are standard deviations.

Figure 3. Superposition of the backbone atoms of the 10
lowest energy conformations of miniANP (1) in aqueous (A)
and DMSO (B) solutions on their mean coordinates, aligned
using residues 2-13. The lowest energy conformations with
side chains are color-coded. The backbone atoms of residues
6-9 are in magenta, the side chain of Phe4 is in red, Ile11 is in
blue, and the disulfide bond is in yellow. Hydrogens are
omitted for clarity.
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angles for Gly5 and/or Gly6 would prefer positive values
when miniANP (1) has the turn conformation at resi-
dues 6-9 and the Phe4-Ile11 pair.

Designing Analogue Peptides and Biological
Activity. Among R-amino acids, glycine is the only one
that can take a positive φ angle without unfavorable
steric interaction. Thus, the necessity for Gly5 and Gly6

in miniANP (1) may be ascribed to the positive φ angle
in the receptor-bound conformation. If this is the case,
Gly5 and/or Gly6 may be substituted with appropriate
D-amino acids without loss of biological activity. To test
this idea, [D-Ala5]miniANP (3), [D-Ala6]miniANP (4), and
[D-Ala5, D-Ala6]miniANP (5) were synthesized (Figure
1), and their activity in the production of cGMP was
examined. [D-Ala5]miniANP (3) had increased biological
activity compared to miniANP (1), but [D-Ala6]miniANP
(4) and [D-Ala5, D-Ala6]miniANP (5) had decreased
activity (Table 4). Thus, the substitution of D-Ala5 for
Gly5 contributes to the increase in the biological activity,
indicating that Gly5 of miniANP (1) prefers a positive φ

angle upon binding to the receptor, but the methyl group
of D-Ala6 may suppress the binding of the ligand.

Solution Conformations of Analogue Peptides.
All the analogue peptides in aqueous solution and
[D-Ala5]miniANP (3) in DMSO solution were analyzed
by NMR in the same manner. [D-Ala5]miniANP (3) in
the aqueous solution showed NOE connectivities be-

tween those of Gly6 and Asp9 and between those of Phe4

and Ile11, characteristic for a turnlike conformation at
residues 6-9 and a proximate Phe4-Ile11 pair, respec-
tively. In the DMSO solution of [D-Ala5]miniANP (3),
an additional NOE connectivity between D-Ala5 and
Asp9 was observed, and a well-defined structure of the
ring region (residues 2-13) was obtained in this case,
using the NOE distance restraints summarized in Table
1. On the other hand, [D-Ala6]miniANP (4) in the
aqueous solution lacked NOE connectivities between
D-Ala6 and Asp9 and between Phe4 and Ile11. [D-Ala5,
D-Ala6]miniANP (5) in the aqueous solution also lacked
NOE connectivity between D-Ala6 and Asp9 but retained
that between Phe4 and Ile11. Figure 5 shows the
superpositions of the 10 lowest energy conformations
for four cases. The conformations of [D-Ala5]miniANP
(3) in the aqueous and DMSO solutions were similar to
that of miniANP (1) in the DMSO solution, character-
ized by a turnlike conformation at residues 6-9 and a
proximate Phe4-Ile11 pair (Figure 3B and Figure 5A,B).
Restriction of the φ angle by the D-Ala substitution for
Gly5 would have a strong influence on the orientation
of the side chain of Phe4. The inter-CR and inter-Câ

distances between Phe4 and Ile11 of [D-Ala5]miniANP (3)

Figure 4. Distribution of the φ angles of Gly5 (A) and Gly6

(B) in the conformations of miniANP (1) generated by rMD
simulation. Open bars represent the MD simulation without
a restraint, hatched bars represent rMD simulation with
restraint I, and filled bars represent rMD simulation with
restraints I and II. A total of 100 conformations were sampled
for each rMD simulation.

Table 4. Biological Activity of MiniANP (1) and the Analogue
Peptides

peptide
biological activity,

EC50 (pmol)
relative biological activity,

EC50 analogue/EC50 miniANP

1 458 ( 11a 1
2 120 ( 16 0.27
3 176 ( 39 0.38
4 3760 ( 281 8.2
5 1313 ( 121 2.9

a The mean values of two independent experiments.

Figure 5. Superposition of the backbone atoms of the 10
lowest energy conformations [D-Ala5]miniANP (3) in aqueous
solution (A), [D-Ala5]miniANP (3) in DMSO solution (B),
[D-Ala6]miniANP (4) in aqueous solution (C), and [D-Ala5,
D-Ala6]miniANP (5) in aqueous solution (D) on their mean
coordinates. Residues 2-13 were used for alignment. The
lowest energy conformations with side chains are color-coded.
The backbone atoms of residues 6-9 are in magenta, the side
chain of Phe4 is in red, Ile11 is in blue, and the disulfide bond
is in yellow. Hydrogens are omitted for clarity.
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are shorter than those of miniANP (1) for both aqueous
and DMSO solutions (Table 3). The increased biological
activity suggests that D-Ala5 places the side chains of
Phe4 and Ile11 in a proper arrangement for binding to
the receptor and that the conformation formed by the
Phe4 and Ile11 pair is retained in the receptor-bound
conformation. [D-Ala6]miniANP (4) has a distinct con-
formation in which Phe4 is distant from Ile11 and does
not show the turnlike conformation (Figure 5C). [D-Ala5,
D-Ala6]miniANP (5) in aqueous solution showed another
conformation in which a turnlike conformation was
formed by the main chain at residues 5-8 but not 6-9,
although Phe4 was proximal to Ile11 (Figure 5D).

The φ angles of Gly6 in the 10 lowest energy confor-
mations of [D-Ala5]miniANP (3) in the DMSO solution
were almost 180°, which are both characteristic of L-
and D-amino acid residues (those in aqueous solution
did not converge). Even when a model of [D-Ala5, D-Ala6]-
miniANP (5) was constructed from the conformation of
[D-Ala5]miniANP (3), the turnlike conformation was not
maintained at residues 6-9 and formed at residues 5-8.
Therefore, the reduced biological activity of [D-Ala6]-
miniANP (4) and [D-Ala5, D-Ala6]miniANP (5) may be
due to interference with D-Ala6 to form the proper
conformation at residues 6-9. On the other hand, D-Ala5

may contribute to the formation of the proximate Phe4-
Ile11 pair. Above all, the D-Ala mutants of miniANP (1)
support the idea that the turnlike conformation at
residues 6-9 and the proximate Phe4-Ile11 pair are
important for the receptor-bound conformation of mini-
ANP (1).

Recently, the crystal structure of the dimerized
ligand-binding domain of NPR-A was determined at 2.0
Å resolution.13 Although affinity labeling studies indi-
cated that ANP (2) binds near Met173 and His195 of NPR-
A, the receptor-bound conformation of ANP (2) or
miniANP (1) is still unknown. We carried out a docking
simulation of NPR-A and [D-Ala5]miniANP (3) with the
program Affinity in the INSIGHT II 98.0 package. The
coordinates of NPR-A in the Protein Data Bank (acces-
sion number 1DP4) and the lowest energy conformation
of [D-Ala5]miniANP (3) in aqueous solution were used
for the docking study. [D-Ala5]miniANP (3) formed a
complex near Met173 and His195 of NPR-A in which the
three Arg residues in [D-Ala5]miniANP (3) were found
at the binding site and the Phe4-Ile11 pair was exposed
to the surface. This model suggested that electrostatic
interactions are more preferable than van der Waals
interactions at the receptor-binding site.

Discussion

Most small peptides would interconvert several con-
formations rapidly in solution. Judging from the line
width of the NOESY spectrum in the DMSO solution
(Figure 2B), miniANP (1) also would interconvert
several conformations. Thus, it should be noted that the
conformation presented in this study would be an
average conformation. However, the existence of the
NOEs indicates undoubted evidence that the parent
proton atoms are proximal in similar conformations. The
turnlike conformation and the proximate Phe4-Ile11

pair are constructed from NOEs between Gly6 and Asp9

and between Phe4 and Ile11. These conformational

properties would be characteristic of the conformation
of miniANP, which may correlate with the biological
activity.

Conformations of ANP (2) have been investigated in
several environments such as aqueous solution, DMSO
solution, and sodium dodecyl sulfate micelles.14-17 Al-
though these studies showed that ANP (2) has several
regions with well-defined structures, they failed to
elucidate the overall conformation. Later, a hexamutant
that is as potent as wild-type ANP (2) in stimulating
NPR-A guanylyl cyclase activity was analyzed in aque-
ous solution and its overall conformation was deter-
mined.12,18 However, the conformation differed signifi-
cantly from that of the well-defined regions of ANP (2)
mentioned above. Comparison of [D-Ala5]miniANP (3)
with the corresponding region of the ANP hexamutant
shows that the proximate pair of the Phe and Ile
residues is a common feature (see Figure 6 in ref 10).

Some peptides form amphiphilic conformations or
hydrophobic clusters in DMSO.19,20 As for ANP (2), long-
range NOE connectivities could be observed only at high
viscosity of the sample solution at low temperature (in
DMSO solution at 30 mM and at 19.5 °C).10 Therefore,
the higher viscosity of DMSO than of H2O would induce
an amphiphilic conformation to form the proximate
Phe4-Ile11 pair of miniANP (1).

Structure-activity relationships have been widely
used with various ANP analogues to gain insight into
biological mechanisms. Bovy et al. synthesized analogue
peptides of ANP to identify the structural requirement
for ANP receptor subtypes.9 They concluded that the
structural elements responsible for binding to NPR-A
span the entire sequence of ANP (2), and the sequence
Gly10 to Gly16 plays an important role in the recognition
by the receptor. von Geldern et al. synthesized 64 ANP
(2) analogues of various lengths in order to develop
small ANP analogues.21 Their study on the analogues
showed that the orientation of the side chain of Phe8

(Phe4 of miniANP (1)) was critical for biological activity.
This is consistent with the result that the location of
Phe4 and Ile11 of miniANP (1) is essential for the
biological activity. The necessity of the small size or
flexibility of Gly6 of miniANP (1) is also consistent with
the decrease in activity of the D-Ala9-Ala10 analogue.

It has been reported that ANP (2) is inactivated in
the renal brush border membrane and in vivo by neutral
endopeptidase 24.11 (NEP).22,23 However, the peptidase-
resistant nature of D-amino acids would not contribute
to the increase in the biological activity of [D-Ala5]-
miniANP (3), since CHO cells do not clear ANP (2).
Nevertheless, the possibility that other proteases se-
creted by the CHO cells could degrade the peptides is
not completely ruled out.

In the present study, three Gly5-Gly6 analogues were
designed on the basis of the solution conformations and
rMD simulations of miniANP (1), and one of the three
analogues showed stronger biological activity than the
original peptide. Thus, in conjunction with the monova-
lent phage display, the three-dimensional structure is
indispensable for designing analogues efficiently.

Conclusion

In this study, the receptor-bound property of miniANP
(1) has been investigated by NMR combined with
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restrained molecular dynamics (rMD) simulation, amino
acid replacements, and examination of biological activ-
ity. The obtained structural information was used to
design a miniANP analogue with potent biological
activity. The solution conformations elucidated by NMR
analysis showed two characteristic conformations: a
turnlike conformation at residues 6-9 and a proximate
pair formed by the side chains of Phe4 and Ile11. These
two conformations were assumed to be receptor-bound
properties. An rMD simulation was carried out to search
for favorable conformations, especially the flexible
sequence of Gly5-Gly6. It suggested that the positive φ

angles for these residues favor the turnlike conformation
and the proximate pair. The validity of the preference
in the φ angles deduced from the rMD was assessed on
the basis of the biological activity and solution confor-
mations of model analogue peptides, [D-Ala5]miniANP
(3), [D-Ala6]miniANP (4), and [D-Ala5, D-Ala6]miniANP
(5). The solution conformation of [D-Ala5]miniANP (3),
which has a higher level of activity than miniANP (1),
showed the proximate pair in addition to the turnlike
conformation. On the other hand, a less active [D-Ala6]-
miniANP (4) showed neither the proximate Phe4-Ile11

pair nor the turnlike conformation. Therefore, these two
conformations and the positive φ angle for Gly5 were
concluded to be necessary for the receptor-bound con-
formation. The reduced activity of [D-Ala6]miniANP (4)
may indicate that the small size of Gly6 is required for
a compact conformation.

Combining such structural information with the
crystal structure of the ligand-binding domain, we will
be able to elucidate the roles of the amino acid residues
in receptor binding. A further optimization of the
peptide structure using modified amino acid analogues
may lead to the design of new peptide and non-peptide
ANP analogues.

Experimental Section

Materials. miniANP (1) was synthesized using FastMoc
chemistry by a solid-phase peptide synthesizer (model 433A
PE Biosystems, Tokyo, Japan). After the formation of a
disulfide bond by dimethyl sulfoxide (DMSO)/HCl, miniANP
(1) was purified by high-performance liquid chromatography
(HPLC) with a C-18 reversed-phase column (Capcell pack C18
UG80 20 mm × 250 mm, Shiseido, Tokyo, Japan). Analogue
peptides were purchased from Peptide Institute, Inc. (Osaka,
Japan). The sample concentration was 2.0 mM unless other-
wise stated. The pH value of all aqueous solutions (90% H2O/
10% D2O) was approximately 3 to observe amide signals.

NMR Measurements and Structure Calculations. NMR
experiments were carried out on a Bruker DMX 750 spectrom-
eter at 25 °C. Experimental parameters for DQF-COSY,24

TOCSY,25,26 and NOESY27,28 were as follows. The spin-lock
period in TOCSY was 65 ms, and the mixing times in NOESY
were 50, 100, 150, 200, 250, and 300 ms. The 2D NMR spectra
were recorded using time-proportional phase incrementation
(TPPI) for quadrature detection in the F1 dimension.29 Data
points are 512 and 2048 for the t1 and t2 dimensions, respec-
tively. Thirty-two transients were accumulated for each ac-
quisition with a 2.0 s relaxation delay. The spectral width was
adjusted between 7508 and 10 504 Hz in order to observe all
the proton signals. The data were apodized with a sine-bell
window function and zero-filled to a matrix size of 2Κ × 2K
data points before Fourier transformation. Proton signals were
assigned using the conventional assignment strategy30,31 with
the FELIX 98.0 software package (MSI, San Diego, CA). Spin
system assignments were performed using 2D DQF-COSY and
TOCSY spectra. A 2D NOESY spectrum collected with a

mixing time of 300 ms was used to identify sequential
backbone connectivities. Side chain proton resonances of all
residues were unambiguously identified from the 2D TOCSY
spectrum. NOE connectivities and their build-up curves were
obtained from the 2D NOESY spectra collected with mixing
times of 50, 100, 150, 200, 250, and 300 ms. These build-up
curves were converted into upper-bound distance restraints
classified as strong, medium, or weak, corresponding to 2.7,
3.7, or 5.0 Å, respectively. Pseudoatom corrections were added
to upper-bound distance restraints if necessary. The lower
bound distance restraints were set to 1.8 Å, representing the
sum of van der Waals radii of the interacting atoms. Intraresi-
due NOE connectivities that would not affect the structure
calculation were excluded.

Structure calculations were carried out using simulated
annealing32 with the program NMRchitect in the INSIGHT II
98.0 package (MSI). The energy of the system was calculated
with the AMBER force field.33,34 The NOE force constant was
set to 30.0 kcal Å-2, and the force constant for the dihedral
angle ω was set to 100 kcal rad-2 to maintain the trans
configuration of the peptide bond. The calculation started with
energy minimization under the condition that all the force
constants were reduced to 0.001 kcal mol-1 Å-2. Then, MD with
the weak force field was initiated at 1000 K so that the
molecule could access a wide conformational space. All the
force constants except for nonbond terms (van der Waals
interaction) were scaled up to their full values gradually during
this MD phase, and the molecule was loosely folded. The
structure was refined in a second stage of dynamics with the
nonbond terms increasing to their full values during gradual
cooling to 298 K. Finally, energy minimization was applied.

All the calculations were performed on a Silicon Graphics
OCTANE workstation.

Restrained Molecular Dynamics Simulation. rMD simu-
lations were performed using the program DISCOVER 3 in
the INSIGHT II 98.0 package. The energy of the system was
calculated with the AMBER force field. A cutoff of 12.0 Å was
used for the nonbonded energy evaluation, and a distance-
dependent dielectric constant (ε ) 4r) was used to compensate
for the lack of explicit solvent. The force constants of distance
and dihedral angle restraints were set to 30 kcal Å-2 and 100
kcal rad-2, respectively.

rMD simulations were applied to the NMR structure with
the lowest energy. Restraints used were as follows. (I) A
hydrogen bond between Gly6 CO and Asp9 NH was introduced
to form a âI turn conformation at residues 6-9. The distance
restraints were set to 2.12 Å for O‚‚‚H and 3.05 Å for O‚‚‚N,
and the angle restraints were set to 116° for C-O‚‚‚H and 155°
for O‚‚‚H-N.35 (II) The side chains of Phe4 and Ile11 were
arranged proximal to each other. Inter-CR and inter-Câ dis-
tances between Phe4 and Ile11 were set to 5.11 and 5.75 Å,
respectively, which were those of the mean values of the 10
lowest energy conformations of miniANP (1) in DMSO solution
(Table 3). The simulation started with the assignment of
random velocities to atoms followed by equilibration of the
system at 900 K for 10 ps. After the equilibration, the
coordinates of the structure were collected. This rMD simula-
tion at 900 K was repeated 100 times to search for various
conformations. Then each conformation was subjected to a
second rMD simulation under the same conditions except for
temperature, which was changed from 900 to 298 K. After the
reequilibration interval at 298 K, the energy of each conforma-
tion was minimized until the maximum derivative decreased
to below 0.001 kcal mol-1 Å-1.

Intracellular Cyclic GMP Measurement. Cloning and
expression of the human NPR-A cDNA in Chinese hamster
ovary (CHO) cells have been described by Kitano et al.36 A
stable tansfectant expressing human NPR-A (CHO/A) was
used to determine the agonist potencies of miniANP (1) or
analogue peptides. CHO/A cells were cultured in a-MEM
lacking ribonucleosides and deoxyribonucleoside (Life Tech-
nologies Oriental Inc., Tokyo, Japan) supplemented with 10%
dialyzed fetal bovine serum. The 1 × 104 CHO/A cells were
preincubated with 0.5 mM 3-isobutyl-L-methylxanthine at 37
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°C for 15 min and incubated with various concentrations of
peptides at 37 °C for 30 min. The amounts of intracellular
cGMP were measured by radioimmunoassay with Yamasa
cyclic cGMP assay kits (Yamasa, Chiba, Japan).

Abbreviations. Abbreviations for common amino acids are
in accordance with the recommendations of IUPAC. Additional
abbreviations are the following: ANP, atrial natriuretic pep-
tide; rMD, restrained molecular dynamics; NPR, natriuretic
peptide receptor; cGMP, cyclic guanosine 5′-monophosphate;
NOE, nuclear Overhauser effect; DMSO, dimethyl sulfoxide;
DQF-COSY, double quantum filtered correlation spectroscopy;
TOCSY, total correlation spectroscopy; NOESY, nuclear Over-
hauser effect spectroscopy; RMSD, root-mean-square deviation.
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