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Parathyroid hormone (PTH) is involved in regula-
tion of the calcium level in blood and has an influence
on bone metabolism, thus playing a role in osteoporo-
sis therapy. In this study, the structures of the human
PTH fragments (1-34) and (1-39) as well as bovine
PTH(1-37) in aqueous buffer solution under near
physiological conditions were determined using two-
dimensional nuclear magnetic resonance spectros-
copy. The overall structure of the first 34 amino acids
of these three peptides is virtually identical, exhibit-
ing a short NH,-terminal and a longer COOH-terminal
helix as well as a defined loop region from Hisl4
to Serl7, stabilized by hydrophobic interactions.
bPTH(1-37), which has a higher biological activity,
shows a better-defined NH,-terminal part. In contrast
to NH,-terminal truncations, which cause destabiliza-
tion of helical structure, neither COOH-terminal trun-
cation nor elongation significantly influences the sec-
ondary structure. Furthermore, we investigated the
structure of hPTH(1-34) in 20% trifluoroethanol so-
lution. In addition to its helix-stabilizing effect, tri-
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fluorethanol causes the loss of tertiary hydrophobic
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It is generally accepted that the NH,-terminal 34
amino acids of the 84-amino-acid parathyroid hormone
(hPTH) are sufficient for the known endocrine biologi-
cal activities of this peptide hormone. The naturally
occurring hPTH(1-37) fragment as well as hPTH(1-
34) maintain normocalcemia in blood via adenylate
cyclase activation (1). The involvement of the phospha-
tidylinositol hydrolysis signaling pathway is also pos-
tulated for this function (2). His1l4 to Phe34 is sug-
gested to be the receptor binding region (3, 4), whereas
the very NH,-terminal part of the peptide is required
for stimulation of the cAMP-dependent signal trans-
duction pathway (2, 5). Furthermore, NH,-terminal
PTH fragments have an influence on cell proliferation
in skeletal tissues (6) and on bone metabolism, thus
playing an important role in osteoporosis therapy (7,
8). hPTH(1-34) is an intensely studied hPTH fragment
as it contains these functional regions, and most NMR
studies focused on this fragment (9-14). According to
these studies, hPTH(1-34) shows a short NH,-
terminal helix and a longer COOH-terminal helix. No
evidence for tertiary interactions was found in
trifluorethanol-containing solvent (10—-13). The study
by Barden and Kemp (9) on hPTH(1-34) in the absence
of trifluoroethanol (TFE) contrasts partly the structure
of naturally occurring hPTH(1-37) determined in
aqueous buffer solution under near physiological con-
ditions (15). In particular, the helix lengths and several
long range interactions differ. The long range interac-
tions between Leul5 and Trp23 (15) are confirmed by
Pellegrini et al. (14) but their structure calculations,
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however, did not result in a defined loop region from
His14 to Serl7.

In this study, we investigate the structure of
hPTH(1-34) in TFE-free aqueous buffer solution as
well as in the presence of 20% TFE to study the influ-
ence of TFE on the secondary and tertiary structure of
hPTH(1-34). As NH,-terminal truncations of hPTH(1—
37) led to a significant loss of secondary structure in
the NH,-terminal part of the peptide (16) it is of inter-
est to investigate the influence of COOH-terminal
truncation and elongation on secondary structure.
Therefore, we determined the structure of hPTH(1-39)
under near physiological conditions for comparison
with that of hPTH(1-37) (15) and hPTH(1-34). Since
the first 39 amino acids are highly conserved in para-
thyroid hormones from different organisms, the
hPTH(1-39) fragment was selected for this study. Fur-
thermore, we present the first structure of bovine PTH
(bPTH), which is a favored model for the study of
biological activity and receptor binding ability of PTH
(6, 17-21). bPTH(1-34) has a 2.4-fold higher adenylate
cyclase activation potency compared to hPTH(1-34),
whereas the receptor binding affinity is equivalent
(22). The structure of bPTH(1-37), which has three
amino acid exchanges at position 1, 7, and 16 compared
to hPTH(1-37), was determined under the same aque-
ous buffer conditions as that one of hPTH(1-37) (15).

MATERIALS AND METHODS

Peptide synthesis. Peptides were synthesized using standard
Fmoc chemistry with HBTU activation as reported earlier (15, 16).
All peptides were purified by reversed-phase HPLC. Peptide identity
and purity was checked by HPLC, electrospray mass spectrometry,
and amino acid analysis.

CD spectroscopy. CD spectra were recorded at 20.1°C in 0.5 mm
cells from 250 to 190 nm at 20 nm/min on a Jasco J 600A CD
spectropolarometer. Peptide concentrations ranged from 77.3 to 93.1
1M in 10 mM phosphate buffer, pH 6.2 with 50 mM sodium chloride
in 200 ml volume. Additionally, hPTH(1-34) was dissolved in 10 mM
phosphate buffer, pH 6.2, with 20% TFE. The reference sample
contained buffer without peptide. Four scans were accumulated from
samples and reference, respectively.

NMR spectroscopy. NMR spectra were recorded on a Bruker
AMX600 spectrometer at 25.0°C. The measurements of hPTH(1-34),
hPTH(1-39), and bPTH(1-37) in aqueous buffer solution were car-
ried out in 50 mM phosphate buffer, with 270 mM sodium chloride.
Peptide concentrations were: 4.0 mM, pH 6.0 for hPTH(1-34), 2.2
mM, pH 5.8 for hPTH(1-39) and 1.7 mM, pH 6.1 for bPTH(1-37) in
H,O/D,0 (9:1, v/v, 500 ml). Additionally, hPTH(1-34) was dissolved
in H,O/TFE-d, (4:1, v/v, 500 ml), 50 mM phosphate buffer (pH 6.0
before addition of TFE) with a final peptide concentration of 2.4 mM.
The H,O resonance was presaturated by continuous coherent irra-
diation at the H,0O resonance frequency prior to the reading pulse.
The spectra were recorded with a spectral width of 7042.3 Hz in both
dimensions and 4 K X 0.5 K data points in the time domain. Quadra-
ture detection was used in both dimensions with the time propor-
tional phase incrementation technique in w,. Spectra were multi-
plied with a squared sinebell function phase shifted by w/4, 7/3 or =/2
for the NOESY (mixing time 200 ms), the Clean-TOCSY (mixing
time 80 ms) and the DQF-COSY spectra, respectively, prior to
Fourier transformation. Application of zero filling resulted in 4 K X

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

50000 v,
40000 \‘\
< 300004
2 \
E !
5 20000 !
£ s
& 10000
(1}
=2
z 0 =3
x -
£ .
© -10000
-20000
T T T T T
190 200 210 220 230 240 250
Wavelength (nm)
FIG. 1. Far UV CD spectra of hPTH(1-34) (—), hPTH(1-39)

(- - -), bPTH(1-37) (- - *) in aqueous buffer solution, respectively, and
hPTH(1-34) in 20% TFE solution (- - - -).

1 K data points in the frequency domain. Sixth order baseline and
phase correction were used. Data were evaluated on X-window work-
stations with the NDee program package (Software Symbiose, Bay-
reuth).

Restrained molecular dynamics calculations. Distance geometry
(DG) and molecular dynamics (MD) calculations were performed
with the X-PLOR 3.1 program package (23) on a HP735 computer.
The number of nontrivial interresidual NOESY cross peaks used for
structure calculation was 206 for hPTH(1-34), 188 for hPTH(1-39)
and 200 for bPTH(1-37) under aqueous conditions. In TFE-
containing solution, 219 interresidual NOEs for hPTH(1-34) were
assigned (Table 1). These cross peaks were divided into three groups
according to their relative intensities: strong, 0.2 to 0.3 nm, medium,
0.2 to 0.4 nm, and weak, 0.2 to 0.5 nm. 0.05 nm was added to the
upper distance limit for distances involving unresolved methyl or
methylene proton resonances. The structure calculations followed
standard procedures employing a hybrid DG-restrained MD ap-
proach with simulated annealing refinement and subsequent energy
minimization [protocol dgsa (23)]. For the refinement, the dielectric
constant e was set to 4. Structure parameters were extracted from
the standard parallhdg.pro and topallhdg.pro files (24). For each
fragment, 30 structures were calculated. 10 structures for every
fragment were selected on the criteria of smallest number of NOE
violations more than 0.05 nm and lowest overall energy.

Structure analysis. The final structures were analyzed with re-
spect to stable idealized elements of regular secondary structure
using the DSSP (definition of secondary structure of proteins) pro-
gram package (25). To elucidate the stability of the structures we
calculated the local root-mean-square deviation (rmsd) with a five
amino acid window (26). For visualization of structure data SYBYL
6.0 (TRIPOS Association) and Raster3D (27) were used.

The ensembles of 10 structures of each fragment have been depos-
ited in the Brookhaven Protein Data Bank, accession numbers: frag-
ments under aqueous near physiological experimental conditions,
hPTH(1-34), 1ZWA; hPTH(1-39), 1BWX; hPTH(1-37), 1HPH,;
bPTH(1-37), 1ZWC; and hPTH(1-34) in 20% TFE solution, 1HPY.

RESULTS AND DISCUSSION

The overall shapes of the circular dichroism (CD)
spectra indicate the presence of both a-helical and ran-
dom coil structural elements (28, 29) for all PTH frag-
ments (Fig. 1). The evaluation of the spectra of
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hPTH(1-34), hPTH(1-39), and bPTH(1-37) in aqueous
buffer solution using standard methods (28, 30) yields
estimated helix contents of about 27% each. This cor-
responds to 9 to 11 residues per peptide in a helical
conformation on time average. For hPTH(1-34) in 20%
TFE solution 56% a-helix were estimated, correspond-
ing to 19 residues in helical conformation on time av-
erage.

Using homonuclear two-dimensional *H NMR spec-
troscopy the sequence specific resonance assignment
could be performed with standard techniques (31) for
all fragments, except for the spin systems of Alal and
Glul9 of bPTH(1-37). For a first estimation of the
localization of regions with defined secondary struc-
ture, the Ca-proton chemical shifts were analyzed ac-
cording to the chemical shift index strategy by Wishart
et al. (32, 33), allowing a qualitative comparison of the
helix content of the different peptides. From this pro-
cedure two helical regions were suggested for hPTH(1—
34) and hPTH(1-39) in aqueous buffer solution: from
Glu4 to at least His9, with an upfield shift of the
Ca-proton resonances up to His14, and from Serl7 to
at least GIn29 (Figs. 2a and 2b). The COOH-terminal
helix is more stable than the NH,-terminal one, indi-
cated by a more pronounced upfield shift of the Ca-
proton resonances. No other elements of regular sec-
ondary structure could be estimated by this method.
The Ca-proton chemical shifts from Serl to His32 (ex-
cept Leu28, 0.03 ppm difference) of hPTH(1-34) are
identical within 0.02 ppm, which is in the margin of
experimental error, with those of hPTH(1-37) under
the same experimental conditions (15). The Ca-proton
chemical shifts of hPTH(1-39) are identical within 0.02
ppm with the Ca-proton chemical shifts of hPTH(1-37)
from Serl to Val31l. The additional upfield shift for
His32 and Phe34 to Ala36 is insufficient to indicate an
elongation of the COOH-terminal helix. Thus, the
backbone conformations of these three human peptides
are expected to be virtually identical under aqueous
solution conditions.

The addition of 20% TFE to hPTH(1-34) instead of
buffer and salt solution results also in the estimation of
two helical regions (Fig. 2d): the NH,-terminal helix is
lengthened from Glu4 to Hisl4, confirming the helix
propensity as deduced from the upfield shifts of the
Ca-proton resonances observed in TFE-free solution
(Fig. 2a). The location and length of the COOH-
terminal helix is the same as under aqueous condi-
tions, but the stability of both helices is increased. The
Ca-proton chemical shifts of both termini and the re-
gion around Leul5 were not affected on addition of
TFE, indicating that TFE only stabilizes «-helical
structure in regions of potential helix propensity.

The Ca-proton chemical shifts of bPTH(1-37) in
aqueous solution also suggest the existence of two he-
lical regions, from Glu4 to His14 and from Serl7 to at
least GIn29 (Fig. 2c). Compared to hPTH(1-37), the
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FIG. 2. Difference values of the observed Ca-proton chemical
shifts relative to the “random coil” values according to Wishart et al.
(33). The threshold of =0.1 ppm is indicated by dashed lines. (a)
hPTH(1-34), (b) hPTH(1-39), (c) bPTH(1-37) in aqueous buffer so-
lution (d) hPTH(1-34) in 20% TFE solution; for Gly12 the average
value of both Ca-proton resonances is used.

Ca-proton resonances from GIn6 to Hisl4 and from
Met18 to GIn29 of bPTH(1-37) are shifted upfield, in-
dicating increased helix stability for these regions of
the bovine peptide.

Helix typical medium range d (i, i + 3) and d4(i, i +
3) NOESY cross peaks corroborate the existence of two
helical regions for hPTH(1-34), hPTH(1-39), and
bPTH(1-37) in aqueous buffer solution (Figs. 3a—3c).
In particular, (i, i + 3) NOEs are clustered from lle5 to
Gly12 and Ser17 to Val31 for hPTH(1-34), from lle5 to
Leull and Serl7 to Phe34 for hPTH(1-39), and from
Ser3 to Leull and from Serl7 to Phe34 for bPTH(1-
37). Possible (i, i + 3) NOEs for amino acids beyond
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FIG. 3. Patterns of sequential and medium range NOE cross peaks versus peptide sequences. The height of the bars corresponds to the
relative strength of the NOESY cross peaks. An asterisk indicates that the NOE could not be unambiguously assigned because of frequency
degenerations. (a) hPTH(1-34), (b) hPTH(1-39), (c) bPTH(1-37) in aqueous buffer solution (d) hPTH(1-34) in 20% TFE solution.

Phe34 were lacking or could not be observed due to
frequency degeneration (Figs. 3b and 3c). From the
chemical shift indexes, a stable helical structure is not
expected for amino acids downstream GIn29 for
hPTH(1-34), and downstream His32 for hPTH(1-39)
and bPTH(1-37) (Figs. 2a—2c). The relative intensities
of the sequential and medium range NOEs of the three
PTH-fragments investigated in TFE-free solution
(Figs. 3a—3c) indicate that the helices are not ideal but
are in an equilibrium with a more extended conforma-
tion, possibly a 3;,-helix. The NH,-terminal helices
seem to have a higher tendency to a more extended
conformation. This phenomenon is also reflected by
values of the upfield shift of the Ca-proton resonances
(Figs. 2a—2c¢). The NOESY spectrum of hPTH(1-34) in
20% TFE shows helix typical (i, i + 3) NOEs over the

whole stretch of the peptide from Val2 to Asp30, albeit
only weak ones around Leul5. Medium and strong
helix typical NOEs are clustered from Val2 to His14
and from Serl7 to Asp30 (Fig. 3d). In this regions the
relative intensities of the medium range d (i, i + 3)
NOEs are increased on addition of TFE whereas the
intensities of the sequential d(i, i + 1) NOEs are
decreased, indicating an increased stability of both he-
lices (Figs. 3a and 3d).

TFE not only influences the secondary, but also the
tertiary structure of hPTH(1-34). All three PTH frag-
ments in TFE-free solution show several long range
NOEs between Leul5 and Trp23. This spatial proxim-
ity is most probably caused by hydrophobic interaction
between these two residues. The Cé-proton resonances
of Leul5 are shifted upfield in comparison to the anal-
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FIG. 3—Continued

ogous resonances of other leucines for all three frag-
ments, possibly due to the ring current field of the
spatially neighboring aromatic ring system of Trp23.
In TFE-containing solution, no upfield shift is found for
the Cé&-proton resonance of Leul5. It appears that the
spatial proximity to the aromatic system of Trp23 is
lost.

For structure calculations, 188 to 219 interresidual
NOEs per fragment were collected from 200-ms
NOESY spectra at 298 K (Table I) and used in re-
strained MD calculations with a combined distance
geometry/simulated annealing protocol (23). The struc-
tures of hPTH(1-34), hPTH(1-39), and bPTH(1-37) in
near physiological aqueous buffer solution are very
similar to that of hPTH(1-37) under identical condi-
tions (15), showing a short NH,-terminal helix around
GIn6 to His9, a longer COOH-terminal helix, Met18 to

at least GIn29, connected by a flexible hinge around
Glyl2, and a defined loop region from His14 to Serl7.
The observed long range NOEs between Leul5 and
Trp23 are responsible for a restriction of the conforma-
tional space of the calculated structures of all three
fragments in the absence of TFE. These structural
features of the hPTH peptides in TFE-free solution are
also reflected by the local rmsd using a five amino acid
window (26), as the regions with defined structure
show substantially reduced local rmsd values com-
pared to the flexible regions at the termini and around
Leull/Glyl12 (Figs. 4a and 4b). Under identical near
physiological conditions, the structures of hPTH(1-34)
and hPTH(1-39) are virtually identical to the structure
of hPTH(1-37) (15). Neither COOH-terminal trunca-
tion [nPTH(1-34)] nor elongation [nPTH(1-39)] have a
drastic effect on the stability of the secondary structure
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TABLE |
Energy Contributions to the Structures and Deviations from Standard Geometry, NOE, and X-PLOR Statistics

hPTH(1-34)
Number of NOEs hPTH(1-34) hPTH(1-39) bPTH(1-37) (20% TFE)
Total 206 188 200 219
i—jl=1 111 115 117 125
li—jl =2 16 12 13 19
i—j=3 56 45 43 62
i—j=4 17 12 13 13
li—j=5 3 1 6 0
li—jl>5 3 3 8 0
Average energies (kJ/mol)
E total —1365.69 —2764.39 —976.88 —1642.91
E bonds 314.87 260.23 320.45 254.99
E anges 573.51 386.86 659.96 567.88
Eimpr 126.07 62.06 137.98 87.16
Evow —2267.72 —2927.14 —2114.64 —2347.32
E noe 535.30 165.60 549.92 519.388
Deviations from standard geometry
Bonds (nm) 0.0011 0.0010 0.0011 0.0010
Angles (deg) 0.9194 0.7175 0.9522 0.8968
impr (deg) 0.7984 0.5358 0.8051 0.6668
NOEs (nm) 0.0111 0.0064 0.0114 0.0106
NOE violations > 0.05 nm
=4 =1 =4 =4
rmsd among backbone structures (nm)

Whole peptide 0.469 0.442 0.463 0.366
Met18-Leu28 0.062 0.051 0.072 0.035
Hisl4—Leu28 0.092 0.088 0.109 0.131

Note. Number and type of the unambiguously assigned interresidual NOEs used for structure calculations. E ., total energy; Epw, van
der Waals energy; E o, effective NOE energy term resulting from a square-well potential function. All calculations were carried out using
the standard X-PLOR force field and energy terms. The values are mean values over 10 refined structures for each peptide.

of the peptides, in contrast to our findings for NH,-
terminal truncated forms of hPTH(1-37), hPTH(3-37)
and hPTH(4-37), for which the NH,-terminal helix is
lost in parallel with the biological activity (16). The
structural identical hPTH fragments hPTH(1-34) and
hPTH(1-37), which show both helices and the loop
region, have the same in vivo biological activity using
Parsons’ chicken assay (16, 34).

For the 10 final structures of hPTH(1-34) in 20%
TFE two helical regions were identified by DSSP anal-
ysis (25): from Glu4 to Lys13/His14 and from Met18 to
GIn29. For the residues between the helices turn or
bend structure was assigned, and one structure shows
a continuous helix from lle5 to GIn29. Not only the
length of the NH,-terminal helix, but also the stability
of both helices is increased. Comparing the local rmsd
values over a five amino acid window of hPTH(1-34)
under the different solution conditions (Figs. 4a and
4d), the flexible hinge around Gly12 in the absence of
TFE is shifted to Leul5/Asn16 on addition of TFE. The

flexibility around Gly12 is lost as this residue is part of
the extended NH,-terminal helix. The restriction of the
structure around Leul5, defined by Leul5/Trp23
NOEs under physiological conditions is lost because of
the loss of the hydrophobic interactions between these
residues on addition of TFE, indicated by the absence
of an upfield shift of the Cé-proton resonances of
Leul5. Possible long range NOEs between Leul5 and
Trp23 in TFE-containing solution would be ambiguous
because of frequency degeneration of the C8-protons of
Leul5 with those of other leucines. Structure calcula-
tions, however, show that the unambiguous additional
(i, i + 3) NOEs in the midregion of the peptide in
TFE-containing solution and hypothetical long range
NOEs between Leul5 and Trp23 could not be fulfilled
at the same time without an increase of the overall
energy. Thus, this long range interaction is highly un-
likely to exist in the presence of TFE. Comparison of
the structures of hPTH(1-34) with and without addi-
tion of TFE shows that TFE exclusively stabilizes
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FIG. 4. Local rmsd values calculated with a five amino acid
window (26). The plot was calculated on the basis of the 10 final
structures of each PTH fragment. The upper trace describes the
rmsd values for all heavy atoms, the lower trace describes the values
for the peptide backbone. (a) hPTH(1-34), (b) hPTH(1-39), (c)
bPTH(1-37) in aqueous buffer solution (d) hPTH(1-34) in 20% TFE-
solution.

a-helical structure in regions which have an initial
propensity of helix formation. In TFE-containing solu-
tion, however, the tertiary hydrophobic interactions
between Leul5 and Trp23 are lost, so that it can be
concluded that TFE destroys hydrophobic interactions
within the peptide and, therefore, its native structure.

So far, most structure investigations of PTH frag-
ments using NMR spectroscopy were carried out on
hPTH(1-34) in TFE-containing solution (10-13). The
most striking differences of these structures to the
structure of hPTH(1-34) in TFE-free solution, that is a
longer and more stable NH,-terminal helix and the
missing of long range interactions, could be confirmed
in the present work. hPTH(1-34) in aqueous solution

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

at pH 4.1 (9) and pH 4.3 (14) also exhibits NOEs
between Leul5 and Trp23. Additional long range
NOEs in the COOH-terminal part of the peptide and a
longer and more stable NH,-terminal «-helix, as pro-
posed by Barden and Kemp (9), could not be confirmed
in our present and earlier work (15, 16) in near phys-
iological aqueous buffer solution.

All investigated fragments under aqueous buffer
conditions show the loop region and the COOH-
terminal helix, which comprise the major part of the
receptor binding region (3, 4), as well as the NH,-
terminal helix. The in vivo biological activity of hPTH
seems to be connected with the existence of the NH,-
terminal helix (16). For the in vitro ability to stimulate
adenylate cyclase the first amino acid seems to play a
crucial role as hPTH(2-37) is nearly inactive in the
adenylate cyclase assay (16). As bPTH(1-37) has a
substitution of alanine for serine at position 1 and
phenylalanine for leucine at position 7 in the NH,-
terminal part, as well as serine for asparagine at posi-
tion 16 compared to hPTH, a closer examination of the
bPTH(1-37) structure (Fig. 4c, Fig. 5) may provide an
explanation for its higher adenylate cyclase potency
(22).

For bPTH(1-37) under near physiological conditions,
an additional long range NOE was found between Val2
and Asnl0, and (i, i + 5)-NOEs were found between
Val2 and Phe7 (Fig. 5), indicating a more structured
NH,-terminus for bPTH than for hPTH. This is re-
flected by a lower local rmsd value for the amino acids
Val2 to lle5 (Fig. 4c). The local rmsd value for the
region from His14 to Leu28 of bPTH(1-37) is increased
compared to the hPTH fragments under the same con-
ditions (Table I, Fig. 4c), as these latter are better
defined by NOEs. For all hPTH fragments, NOEs ob-
served between side chain protons of Asn16 and Glul9

FIG. 5. Representative structure of bPTH(1-37). The helices are
indicated as ribbons and the side chains of key residues are labeled.
The figure was prepared with Raster3D (27).
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may define a hydrogen bond between these side chains.
For bPTH(1-37) Ser16 may also function as a hydrogen
bond donor, but possible NOEs between Serl16 and
Glul9 could not be observed, as the spin system of
Glul9 of bPTH(1-37) could not be assigned. Thus, the
conformational space in this region is not as good re-
stricted as for the human PTH fragments (Table I).
Irregularities in the loop region and the beginning of
the COOH-terminal helix (Table 1, Fig. 4c), which are
part of the receptor binding region, can rather be
ascribed to missing NOEs for the unassigned spin sys-
tem of Glul9 of bPTH(1-37) than to inherent flexibil-
ity. The structure of bPTH(1-37) seems to be similar to
that of hPTH(1-37) (15), with a more stable NH,-
terminal region (Fig. 5). The higher stability of the
NH,-terminal part of bPTH together with the amino
acid exchange at position 1 may provide an explanation
for the higher adenylate cyclase activity compared to
hPTH, whereas the receptor binding affinity is equiv-
alent (22).
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