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Conformation of Parathyroid Hormone: Time-Resolved Fluorescence Studies’
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ABSTRACT: Conformational and environmental changes in the functionally significant amino-terminal region
of human parathyroid hormone (hPTH), induced by solvent or by complexation with acidic lipid, have been
investigated. Structural perturbations were monitored by their effect on the fluorescence decay kinetics
of the single tryptophyl residue at position 23. Data for the intact hormone were compared with those for
its 1-34 and 13-34 analogues. Deletion of the 35-84 sequence had no significant effect on the structure
of hPTH in the region of Trp-23, nor was there any evidence for interaction of this region with the 1-12
sequence. On the basis of a comparison of the results of this study with structural information available
from other spectroscopic techniques, we propose that the local structure in the region of Trp-23 of aqueous
solutions of hPTH and hPTH 1-34 has helical character. This local structure was not stable in aqueous
hPTH 13-34, but was present in hPTH and its analogues, both on complexation with acidic lipid and in
helix-promoting solvents. The tryptophyl fluorescence of the lipid-bound peptides was characteristic of an
aqueous environment. Triple-exponential fluorescence decay kinetics were observed for the tryptophyl
residue of hPTH and its deletion analogues. This can be explained in terms of ground-state heterogeneity
due to the presence of three C,—Cg rotamers of the tryptophanyl indole side chain. Assuming this model,
we show that the calculated fractional concentrations of the decay time components correlate with the likely
rotamer populations and with their expected dependence on the main-chain conformation. This analysis
demonstrates that information on secondary structure is available from time-resolved fluorescence data.

Parathyroid hormone (PTH)' maintains calcium and
phosphate homeostasis as a result of its key role in regulating
the intestinal absorption, renal excretion, and bone deposition/
resorption of both minerals. The native hormone is a linear
peptide of 84 amino acids, although it is apparent that the
1-34 sequence contains the biological information for nearly
all of the major physiological properties of PTH. Extensive
investigation of the structural requirements for receptor
binding and biological activity has identified several func-
tionally important domains within the 1-34 sequence. The
first few residues of the N-terminal region are associated with
the stimulation of adenylate cyclase activity, which was thought
to be the predominant second-messenger mechanism for PTH.
The 1015 and, perhaps more significantly, the 24-34 regions
appear to be important for receptor binding [for reviews, see
Pottsetal. (1982), Habeneret al. (1984), and Jippner (1989)].

It has recently been established that in addition toits ability
to activate adenylate cyclase, PTH also triggers a mechanism
leading to increase in membrane-associated protein kinase C
(PKC) activity (Chakravarthy et al., 1990; Nemani et al.,
1991; Jouishomme et al., 1991). This may in turn mediate
many of the important PTH functions. The PKC activation
domain is suggested to be located in the region of residues
28-34 (Jouishomme et al., 1991). However, many of the
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biological actions of PTH, including binding to the same
receptor, are mimicked by a tumor-secreted hormone, par-
athyroid hormone related protein (PTHrP) (Jiippner, 1989;
Caulfield et al., 1990; Evely et al., 1991; Martin et al., 1991,
and references cited therein), and yet the primary structure
of PTHrP is homologous to PTH only in the region of the
N-terminus, where 8 of the first 13 residues are identical (Suva
et al,, 1987).

The structural basis for the various PTH domains and their
emulation by PTHrP is not fully understood, due in part to
the lack of detailed information on the conformation of these
hormones. Theoretical studies (Zull & Lev, 1980; Cohen et
al., 1991) predict extensive secondary structure for the PTH
1-34 fragment, comprised largely of 2 ca. 10-residue helicies.
Evaluation of the a-helical content of PTH 1-34 by circular
dichroism (CD) suggests 7-11 residues are in a helical
conformation in aqueous solution (Hong et al., 1986; Zull et
al,, 1990; Cohen et al.,, 1991). In a solution of 40% (v/v)
trifluoroethanol (TFE), the helical content increases to 24—
26 residues (Cohen et al.,, 1991). Cohen et al. (1991) also
compared the CD spectra of PTH 1-34 with PTHrP 1-34
and concluded that they have very similar secondary structural
features. According to NMR, PTH 1-34 in 11% TFE
(aqueous) contains two a-helicies (residues 3-9 and 17-28)
linked by a nonstructured region (Klaus et al., 1991). In
aqueous solution, NMR investigations have suggested PTH
1-34 is in an extended flexible form with the exception of a
local “non-random” structure in the region of Trp-23 (Bundi
et al,, 1976, 1978; Lee & Russel, 1989). Other NMR data
apparently support a more ordered structure for PTH (Smith
et al., 1987; Coddington & Barling, 1989) and PTHrP (Bar-
den & Kemp, 1989) in aqueous solution. Itisclear, therefore,
that there is little consensus on the structural properties of
these interesting and important hormones.
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Human (h) PTH contains a single tryptophan residue at
position 23 and no tyrosine residues. In this paper, we have
used Trp-23 as a fluorescent probe to investigate the con-
formational and environmental modifications induced in hAPTH
by sequence deletion, by changes in solvent composition, and
by complexation with acidic lipid vesicles. The changes in
the Trp-23 fluorescence parameters allow us to elucidate the
structural details of a functionally significant region of PTH.

EXPERIMENTAL PROCEDURES

Materials. Recombinant hPTH was a gift of Dr. A. Kro-
nis of Allelix Biopharmaceuticals Inc. (Mississauga, Ontario,
Canada). hPTH 1-34 (lot ZG724), hPTH 13-34 (lot ZE591),
and rat (r) PTH 1-34 (lot ZH521) were purchased from
Bachem (Torrance, CA). 1-Palmitoyl-2-oleoylphosphatidyl-
serine (POPS) was purchased from Avanti Polar Lipids
(Birmingham, AL). All other chemicals were of analytical
grade and were used without further purification.

Mass Spectroscopy. All peptides were “pure” by the
criterion of analytical reverse-phase HPLC. The following
samples were also subjected to mass spectrometry to further
confirm their identity and purity: hPTH, hPTH 1-34, and
hPTH 13-34. Mass spectrometry was performed on an AT1
Model 3 quadrupole instrument (Sciex, Ontario, Canada)
employing nebulization-assisted electrospray ionization (ESI)
from a 0.5 mg/mL solution in 10% HOAc.

Sample Preparation. Peptide samples were prepared by
dissolving the peptide in 1 mM phosphate adjusted to pH 3.0
with HCl. The pH was then increased by the addition of
small amounts of NaOH. Unilamellar POPS vesicles in 1
mM phosphate, pH 7.5, of ca. 100-nm diameter were prepared
atambient temperature as described by Cavatortaetal. (1991).
The vesicle size distribution was analyzed using a Nicomop
370 particle sizing system.

Spectroscopic Measurements. CD spectroscopy was per-
formed as described by Zull et al. (1990) except that PTH
peptides were first solubilized in low-pH solutions. Time-
resolved fluorescence measurements were conducted using
the technique of time-correlated single proton counting with
laser /microchannel plate based instrumentation. The in-
strumentation and procedures for time-resolved and steady-
state meaurements have been given elsewhere (Szabo et al.,
1989). Data weretypically collected at 10 ps/channel in 2048
channels. The instrument response function was determined
from the Raman scattering of the excitation (Willis et al,,
1990), by water (at 328 nm for the 295-nm excitation), and
had a fwhm of 60 ps. Each decay curve typically contained
(1-2) X 10¢ total counts. All measurements were performed
at 20 °C with a spectral resolution of 4 nm, and corrections
were made for the signal from the appropriate “buffer only”
blank. Procedures for the simultaneous or “global” (Knutson
et al., 1983) analysis of multiple time-resolved data sets and
criteria for assessing the quality of the fit have been described
earlier (Willis & Szabo, 1989).

The function describing the fluorescence intensity decay
following excitation was modeled as a sum of exponentials:

IO = Do (N) exp(—t/7) (1)
i

where 7; is the emission wavelength independent decay time
of the ith decay component and «,()) is its preexponential
factor at emission wavelength A. Initially it is assumed that
the complex decay kinetics are the result of ground-state con-
formational heterogeneity. The emission spectra associated
with each individual decay time component and hence each
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ground-state species (DAS, decay-associated spectra; Knutson
et al,, 1982) are given by

IO = L[N 7/ D _a V7] )
i

where I;(\) is the DAS of the ith component, I5()) is the total
steady-state spectrum, and its multiplier is the fractional
fluorescence, f; of the ith component at wavelength .

The DAS can be used to derive the relative concentrations
of the ground-state species as

A= (1) dx 3)

where A; is the area under the DAS of the ith component and
furthermore

A; « ¢(M\),C; 4)

where ¢()) is the extinction coefficient at the excitation
wavelength, ¢, is the quantum yield, and C;is the concentration
of the ith component. It is expected that the absorption
properties of the ground-state species will be similar since
they presumably represent different conformers of the single
fluorophore (Donzel et al., 1974). Therefore, equal extinction
coefficients and radiative rate constants (Strickler & Berg,
1962) are assumed. Since ¢, = 7;/7, where 7, is the reciprocal
of the radiative rate constant, then eq 4 reduces to A; = 7,C;.
The fractional concentration of each ground-state species, ¢;,
is therefore

&= (A4/)/ QA7) )

To ensure the ¢;'s were determined with similar precision,
data were collected at the same series of emission wavelengths
in each experiment. We found that no significant error in the
determination of the ¢;’s was introduced by sampling only the
310—420-nm region of the total emission spectrum.

RESULTS

Mass Spectrometry. The ESI massspectra of hPTH 1-34,
molecular weight (M) 4118, and hPTH 13-34, M, 2808,
were composed predominantly of peaks corresponding to the
+4t0+7 and +3 to+6 protonated molecular ions, respectively.
Both spectra showed weak contributions from peaks on the
low m/z side, indicating the presence of molecules with M,,
3932 (for hPTH 1-34) or M, 2679 (for hPTH 13-34). These
M,’s are those expected for hPTH 3-34 and hPTH 14-34,
The mass spectrum of hPTH confirmed its identity and purity
(A. Kronis, personal communication).

Circular Dichroism. Circular dichroism spectra were
recorded to monitor anticipated secondary structural changes
induced by the perturbants utilized in the fluorescence studies.
In our initial CD experiments, the lyophilized PTH peptides
were dissolved in 1 mM phosphate buffer, pH 7. Theresulting
spectra, while similar in shape to those reported earlier (Zull
etal., 1990), did not have reproducible ellipticities. Consistent
results were obtained if the peptides were first dissolved at pH
3 and then titrated to the required pH. The CD spectra of
hPTH 1-34 and hPTH 13-34 at acidic and neutral pH are
shown in Figure 1. Spectra were found to be independent of
concentration (2-130 M) and ionic strength (1-200 mM,
NaF). Inamoredetailed analysis, the meanresidue ellipticity
of hPTH 1-34 at both 195 and 222 nm varied with pH (3.5
< pH =8.5) according to the Henderson—Hasselbalch equation
with an apparent pK, of 5.4 £ 0.1. The rPTH 1-34 showed
very similar behavior.
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FIGURE |: Circular dichroism spectra of hPTH deletion analogues
at neutral and acidic pH. Peptide concentrations were typically 10
uM in 1 mM phosphate. The path length was 0.5 cm. (A) hPTH
1-34: (1) pH 7; (2) pH 3; (3) difference spectrum resulting from
subtraction of the pH 3 spectrum from the pH 7 spectrum. (B)
HPTH 13-34: (1) pH 7.1; (2) pH 3.

Addition of TFE (Cohen et al., 1991; Neugebauer et al.,
1992) or complexation with acidic lipid vesicles (Neugebauer
et al., 1992) is known to result in dramatic changes in the CD
spectra of PTH peptides, consistent with an increase in the
apparent a-helical content. Our CD data for PTH peptides
in the presence of 35% TFE (1 mM phosphate, pH 7.5) or
POPS vesicles (lipid:peptide ratio 50:1 in 1 mM phosphate,
pH 7.5) were in accord with the published reports (data not
shown). These data were collected only to confirm the
structural changes had occurred, and detailed analyses of the
CD spectra were not attempted. We note that Gaussian
particle size analysis of the vesicles indicated mean diameters
in the range 110130 nm with standard deviations of 50 nm
and that peptide binding had no significant effect on this
distribution. Asexpected, the CD spectra of the PTH peptides
in 6 M GuHCIl were featureless, indicating the absence of
organized secondary structure.

Time-Resolved Fluorescence. For all of the peptides
studied, a triple-exponential law was required to satisfactorily
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fit the tryptophyl fluorescence decay data. Analysis of
individual decay curves obtained at a series of wavelengths
between 310 and 420 nm indicated that the decay times were
independent of emission wavelength. Globalanalysis assuming
three, wavelength-independent, decay times gave an excellent
fit to the multiple emission wavelength data in all cases.2 The
results are presented in Table I. The fluorescence decay
kinetics of hPTH and its deletion analogues have not been
previously reported. They appear to be typical of an exposed
tryptophyl residue in a flexible polypeptide (Eftink, 1991).

TFE promotes a-helix formation in PTH and its fragments
(Cohen et al., 1991; Neugebauer et al., 1991). The increase
in secondary structure reaches a plateau at approximately
35% TFE. Inorder to dissociate the consequences of solvent-
induced conformational changes in the peptide structure on
the fluorescence properties of the tryptophyl residue, from
the general solvent effect on the fluorophore, the model
compound N-acetyltryptophanamide (NATA) was studied
inthe same TFE solutions. NATA in 1 mM phosphate buffer,
pH 7.5, exhibited single-exponential decay kinetics with a
lifetime of 3.03 ns (380-nm emission). In the same buffer
containing 35% TFE, the NATA fluorescence decay data
gave an acceptable fit to a lifetime of 2.27 ns, a 1.33-fold
quenching (data not shown). The addition of 35% TFE
resulted in a 2-nm blue shift in the steady-state emission
maximum of NATA. Values for the decay times observed
fromthe hPTH fragments in 35% TFE, corrected by the factor
1.33, are given in parentheses (Table I).

In the presence of the denaturant 6 M GuHCI, hPTH and
hPTH 1-34 exhibited quenched fluorescence decay times and
changes in their relative contributions in comparison with the
results for aqueous solution. This is illustrated in Figure 2
in which the DAS of hPTH in the presence and absence of
denaturant are compared. The fluorescence properties of
NATA werelargely unaffected by 6 M GuHCL. Forexample,
there was no change in the emission maximum (353 nm), and
the fluorescence decay indicated a single lifetime of 2.95 ns,
a mere 3% quenching (data not shown).

On complexation with acidic lipids, PTH and its deletion
analogues displayed largely equivalent fluorescence decay
parameters. The shifts in steady-state emission maxima on
lipid binding were relatively small, 4-5 nm for hPTH and
hPTH 1-34 and 8 nm for hPTH 13-34. Fluorescence ti-
tration experiments with POPS established that the com-
plexation was essentially complete at a lipid to peptide ratio
of 10:1 (A.G.Szaboand R. Favilla, unpublished observations).
The data presented in Table I were obtained at a lipid to
peptide ratio of 50:1 to ensure complete complexation. In
general, the data for hPTH and hPTH 1-34 in the presence
of acidic lipids paralleled the results for aqueous solution.

The fluorescence of rPTH 1-34 was distinct from that of
hPTH 1-34. rPTH 1-34 also differed from hPTH 1-34 in
its response to the denaturant 6 M GuHCI. The fluorescence
decay times of rPTH 1-34 were quenched by 6 M GuHCl
although there were no significant changes in the relative
contributions of the decay time components. Similar behavior
upon denaturation was also observed for hPTH 13-34,

DISCUSSION

Small structural alteration of biomolecules, for example,
the oxidation of methionine residues (Zull et al., 1990) or, in

2 The triple-exponential decay model is the simplest model which is
consistent with the data presented. We note that this is not a unique
interpretation and more complex models may also fit the data.
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Table I: Time-Resolved Fluorescence Decay Parameters?
AS N2 A3 e
max max max max
peptide? 71 (ns) 72 (ns) nms) fi o fi a® ¢ ¢ (am) (nm) (nm) (nm) x2* SVR!
(1) hPTH 5.08 2.10 0.42 0.65 0.32 0.03 036 044 020 349 346 331 346 1.03 1.96
(2) hPTH 1-34 5.14 2.23 0.48 0.63 0.34 0.02 0.37 046 0.17 349 346 331 346 1.06 1.93
(3) hPTH 1-34, pH 3.6 4.68 2.24 0.46 0.59 0.39 0.02 0.36 0.49 0.15 350 348 334 348 1.08 1.94
(4) hPTH 1-34, 35% TFE 3.79 (5.04y 1.52(2.02) 0.17(0.23) 0.63 0.37 0.00 0.33 0.53 0.14 350 342 327 346 1.08 1.79
(5) hPTH 13-34,35% TFE ~ 3.80(5.05) 1.48(2.00) 0.14(0.19) 0.65 0.34 0.01 0.36 0.49 0.15 350 342 327 346 1.07 1.82
(6) hPTH, 6 M GuHCl 4.20(4.32) 1.74(1.79) 0.27(0.28) 0.74 0.25 0.01 048 0.39 0.13 350 348 332 349 1.03 1.99
(7) hPTH 1-34,6 M GuHCl 4.32 (4.44) 1.84(1.89) 0.30(0.31) 0.71 0.28 0.01 047 042 0.11 350 348 332 349 1.05 191
(8) hPTH 13-34,6 M GuHCl 4.07 (4.18) 1.69(1.74) 0.26 (0.27) 0.73 0.25 0.02 0.48 038 0.14 350 348 332 350 1.03 1.99
(9) hPTH 13-34 4.84 2.10 0.32 0.72 0.27 0.01 0.47 040 0.13 350 345 328 348 1.11 1.83
(10) hPTH, POPS 6.26 1.99 0.44 0.70 0.26 0.03 0.32 0.41 027 347 337 327 341 105 1.92
(11) hPTH 1-34, POPS 5.81 1.98 0.45 0.68 0.28 0.04 0.32 041 027 347 337 327 342 105 193
(12) hPTH 13-34, POPS 6.51 2.15 0.54 0.65 0.30 0.04 0.28 0.43 0.29 346 345 329 340 1.06 1.90
(13) rPTH 1-34 4.47 1.95 0.34 0.67 0.31 0.02 042 044 0.14 350 345 331 348 1.04 1.96
(14) rPTH 1-34,6 M GuHC] 3.64 (3.74) 1.73 (1.78) 0.34 (0.35) 0.68 0.30 0.02 0.44 0.40 0.16 350 345 331 350 1.04 1.93

¢ The excitation wavelength was 295 nm. Parameters are given for a global fit to 11 data sets collected as a function of emission wavelength (310-420
nm, the same emission wavelengths were measured for each sample). Stokes Raman scattering at 328 nm from H;O was used to determine the
instrument response function (fwhm 60 ps). Data were collected at 10 ps/channel in 2048 channels. ¢ Peptides were typically at a concentration of
10 M in 1 mM phosphate. The pH was 7.5 unless otherwise indicated. Unilamellar POPS vesicles in 1 mM phosphate, pH 7.5, were added to give
a peptide:lipid ratio of 1:50. ¢ Fluorescence decay times recovered from global analysis. The standard errors, derived from the diagonal elements of
the covariance matrix in the nonlinear least-squares analysis, are typically <0.01 ns. ¢ The fractional fluorescence of the three decay time components
atan emission wavelength of 350 nm. Standard errors (see above) are typically 0.005. ¢ The emission wavelength independent fractional concentrations
of the three decay time components (see text). Estimated error % 0.01. S Approximate emission maximum of the spectrum associated with a specified
decay time component. ¢ Steady-state emission maximum (corrected for instrumental distortion). Estimated error = 1 nm. * The reduced x? for the
global fit (x2 = 1 for an ideal fit). ! The serial variance ratio for the global fit (SVR = 2 for an ideal fit). / Values given in parentheses are corrected
for the observed quenching of N-acetyltryptophanamide in the same solvent system (scale factor 1.33 for 35% TFE and 1.03 for 6 M GuHCI).

the case of synthetic peptides, incomplete deprotection, side
reactions, etc., may not easily be detected by conventional
methodologies such as HPLC or amino acid analysis. ESI-
mass spectrometry was used to confirm the composition of
the key samples. This recently developed technique [see Jar-
dine (1990)] allows the determination of the molecular weights
of proteins, without fragmentation, to better than 0.01%
accuracy. We found that “pure” synthetic peptide samples
were frequently contaminated with varying amounts of
material having slightly higher or lower molecular weight
than that expected. Similar results were reported by Smith
et al. (1990) for synthetic hPTH 1-44. The samples used in
this study had a mass purity of at least 90%.

The aim of this investigation was to exploit the fluorescence
properties of the single tryptophyl residue at position 23 of
hPTH to probe local conformational features and the nature
of the changes induced by different solvents and by frag-
mentation of the hormone. A starting point is hPTH in
aqueous solution, pH 7.5. The observed steady-state fluo-
rescence emission maximum of 346 nm, in agreement with
thedata of Brewer et al. (1974), is typical of a solvent-exposed
tryptophyl residue. Time-resolved measurements revealed
triple-exponential decay kinetics, the relative contributions
and associated spectra (DAS) of the decay components are
shown in Figure 2. If we compare these parameters with the
corresponding values for hPTH 1-34 in the same solvent (Table
I), it is apparent that they are closely similar, strongly
suggesting that the 35-84 sequence in hPTH has nosignificant
effect on the structure or environment of the 1-34 sequence,
at least in the region of residue 23. This result is consistent
with earlier reports that the structure (Zull et al., 1990; Neu-
gebauer et al., 1992) and function [see Jiippner (1989)] of
hPTH are mainly confined to the 1-34 region. It is also of
interest to note that alignment of the 5 known PTH sequences
shows that 20 of the 32 conserved residues are found within
the 1-34 region of the 84 amino acid polypeptides (K. J. Wil-
lis and M. Zuker, unpublished observations).

NMR studies (Smith et al., 1987; Coddington & Barling,
1989) found evidence for pH-dependent structural changesin

hPTH 1-34 over the range pH 3-7. The CD difference
spectrum (pH 7 — pH 3) for hPTH 1-34 resembles that of an
a-helix (Figure 1), and this transition is characterized by a
single pK, of 5.4 £ 0.1. According to the analysis method of
Taylor and Kaiser (1987), the change in mean residue el-
lipticity (2.1 X 103 deg cm? dmol! at 222 nm) is consistent
with the loss of only two helical residues at pH 3. A two-
dimensional NMR investigation, of hPTH 1-34 at pH 3 (Lee
& Russell, 1989), found no evidence for the a-helical content
of 7-11 residues determined from CD data collected at neutral
pH (Zull et al., 1990; Cohen et al., 1991; Neugebauer et al.,
1991). Our results suggest that the discrepancy between the
two techniques can not be fully accounted for by a pH-de-
pendent loss of a-helix (Cohen et al., 1991).

The origin of the single pK, of 5.4 is unclear, since the value
is somewhat high for an acidic residue and low for a histidine.
According to the NMR data of Smith et al. (1987), one of
the three histidine residues in hPTH 1-34 has a pK, of 6.8,
the other two titrating with a pK, of 6.3. The glutamate
residue at position 22 cannot be responsible since rPTH 1-34,
in which Glu-22 is replaced by Gln, shows analogous CD
properties and pH behavior.

Fluorescence parameters for hPTH 1--34 at pH 3.6 (Table
I) are generally similar to the corresponding values at pH 7.5.
Partial protonation of the adjacent Glu-22 probably accounts
for the 9% quenching of the long decay time component (Fei-
telson, 1970). The quenching alsoresultedina slightly reduced
fractional fluorescence contribution for this decay component;
note, however, that the fractional concentrations (see below)
are largely unaffected by the pH change. This observation
is in accord with the NMR study at pH 3 (Lee & Russell,
1989) which found that a local “non-random” structure in the
2024 region, first detected at neutral pH (Bundi et al., 1976,
1978), persisted at pH 3. It also suggests that the loss of
helical content over the pH range 7-3 occurs in another part
of the molecule.

The solvent TFE induces hPTH 1-34 to adopt a more
ordered structure. This ordered structure is largely helical
according to CD studies (Cohen et al., 1991; Neugebauer et
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FiGURE 2: Decay-associated emission spectra for hPTH excited at
295 nm. (A) Peptide in 1 mM phosphate, pH 7.5. (B) Peptide in
1 mM phosphate, pH 7.5, containing 6 M GuHCI. Steady-state
spectra are indicated by a solid line with no symbols. The squares,
circles, and triangles represent in (A) the 5.08-, 2.10-, and 0.42-ns
decay time components and in (B) the 4.20-, 1.74-,and 0.27-ns decay
time components, respectively. DAS-propagated errors, computed
from the standard errors of the fractional fluorescences, are within
the contours of the plotted symbols.

al., 1992), and the effect reaches a plateau at a TFE
concentration of approximately 35%. An NMR structure for
hPTH 1-34 in 11% TFE (Klaus et al., 1991) shows a linear
molecule containing two a-helices, residues 3-9 and 17-28,
joined by a nonstructured region. It is likely, therefore, that
Trp-23 is in an a-helical conformation in 35% TFE.

In addition to its effect on the peptide conformation, TFE
also quenches Trp fluorescence. After correction for this
general solvent quenching, on the basis of data from a model
compound, the fluorescence parameters for hPTH 1-34 in
35% TFE were very similar to those observed in the absence
of this solvent. This suggests that the local structure probed
by Trp-23 in hPTH 1-34 is unaffected by TFE, implying that
this region of the peptide also exists in a largely a-helical
conformation in aqueous solution.

Further evidence to support the presence of ordered structure
in the region of position 23 in aqueous hPTH 1-34 is provided
by the fluorescence data for the peptide in 6 M GuHCI. This
denaturant is well suited to fluorescence studies since it has
virtually no effect on the fluorescence properties of the model
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compound NATA. Previous biophysical studies have shown
that GuHCl at 6 M concentration disrupts organized structure
in PTH (Brewer et al., 1974; Smith et al., 1987). In this
study, significant changes in both the decay times and their
relative contributions were observed for hPTH 1-34 on
addition of 6 M GuHCL.

In Table I, the first nine entries appear to fall into two
separate groups. Entries 1-5 have similar fluorescence
parameters, and since they include the data for the PTH pep-
tides in 35% TFE, it is proposed that they are characteristic
of Trp-23 in an a-helical conformation. Entries 6-9 also have
similar fluorescence parameters, but are distinct from those
of entries 1-5. Since the former group includes the data for
the PTH peptides in 6 M GuHCI, we proposed that in this
case the fluorescence parameters reflect an unordered Trp-23
conformation.

It is interesting to note that the fluorescence properties of
hPTH 13-34 in aqueous solution were largely unaffected by
the presence of 6 M GuHCI. Since hPTH 13-34 behaves
analogously to the longer peptides in both 35% TFE and 6 M
GuHC], this result suggests that in aqueous solution the helical-
like structure in the region of position 23 is not predominant
inthe 13-34 fragment. A reduced a-helical content in hPTH
13-34 compared to hPTH 1-34 is also indicated by their
respective CD spectra (Figure 1) and has been presented as
evidence for a-helical content in the 1-12 sequence (Zull et
al., 1990). The fluorescenceresults demonstrate thatit cannot
be assumed that fragments will display the same local
structural features as the corresponding sequence in the intact
molecule.

According to CD data, complexation with POPS vesicles
results in a doubling of the a-helical content in hPTH, hPTH
1-34, and hPTH 13-34, indicating a significant interaction
(Neugebauer et al., 1992). The lipid-bound fluorescence
parameters of the three PTH peptides were found to be very
analogous. Contrary to the increase in secondary structure,
the fluorescence properties, while not identical, paralieled the
values observed in solution with the exception of the 13-34
fragment. The results for the lipid-bound state are therefore
consistant with the earlier findings concerning the significance
of the 35-84 sequence, the likely helical nature of the probed
local structure, and the stability of this local structure in the
aqueous 13-34 fragment.

The hPTH 1-34 fragment has a regular distribution of
hydrophobic amino acid residues along the entire peptide chain
and has the potential to form an amphiphatic helix (Epand
et al., 1985). Helical net projections of the 1-34 sequence
illustrate that Trp-23 would be in a largely zwitterionic helix
and adjacent to a triad of positive charges (residues 25-27).
These features suggest that in the lipid-bound state Trp-23
would likely belocated near the outer surface of the membrane
in the aqueous milieu (Segrest et al., 1990). The fluorescence
data (Amax = 341 nm) clearly support this proposal.

In the preceding discussion, we have attempted to establish
a correlation between the likely structure of the peptide in the
region of the tryptophyl residue and the observed fluorescence
properties. The fractional concentrations of the three decay
times, ¢;, appear to reflect the expected structural differences
more consistantly than the changes in the decay times. For
example, in Table1the ¢, values for entries 1-5 (Trp-23 main-
chain conformation “helical™) have a mean of 0.36 with limits
of error of £0.02 at the 0.95 probability level, while the mean
for entries 69 (Trp-23 “unordered” is 0.48 £ 0.01. It is
important, therefore, to comment on the physical significance
of this parameter.
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FiGURE 3: Nomenclature for defining the geometry of rotation of
atryptophylresidue. Following the recommendations of the [UPAC-
IUB Commission on Biochemical Nomenclature (1970), the C,~C;
rotamers are defined by the angle x! = N-C,~CgC, dihedral angle.
The rotamers g*, g-, and t correspond to x! = 60° £ 60°, —-60° +
60°, and 180° * 60°, respectively. Cg—C, rotamers are defined by
the angle x? = C,~Cg-C,—C;, dihedral angle. The two minimum
energy conformations, perpendicular and antiperpendicular, are near
x2 = 90° and -90°, respectively. In the diagram, the t rotamer is
illustrated with x2 at an unfavorable 180°.

The derivation of the c¢s assumed that the complex
fluorescence decay kinetics were due to ground-state heter-
ogeneity,’ resulting from the presence of distinct conformers
of the Trp-23 side chain, each having different decay times
(Donzel et al., 1974; Szabo & Rayner 1980). In this model,
the ¢’s correspond to the relative conformer, or rotamer,
populations. Surveys of crystal structures of proteins (Janin
et al., 1978; Bhat et al., 1979; Ponder & Richards, 1987) and
oligopeptides (Benedetti et al., 1983) have shown that the
side chains of amino acid residues exhibit marked preferences
for a small number of configurations corresponding to the
fully staggered rotamers. For example, Ponder and Richards
(1987) found that the C,—Cgs rotamers of 29 Trp residues
were tightly clustered into 3 configurations of relative
frequency 0.26 (g*), 0.47 (g°), and 0.26 (t). (See Figure 3
for a description of the C,—Cgs rotamers.) The observed con-
formational distributions can be predicted on the basis of simple
steric considerations [see Vdsquez et al. (1983) and refrences
cited therein].

Recently, direct corrections between the fluorescence decay
kinetics and NMR-determined Trp side-chain conformations
have been established. Specifically, the normalized preex-
ponential* terms were found to have the same value as the
NMR-determined relative C,—Cg rotamer populations [Ross
etal., 1992;see also Coluccietal. (1990)]. A 20-24 fragment
of hPTH has been studied in detail by NMR (Bundi et al,,
1978). Three C,~Cg rotamers were found for the Trp-23
indole side chain of relative population 0.37 (g%), 0.47 (g°),
and 0.16 (t). These values are remarkably similar to the
fractional concentrations of the three decay times observed
for aqueous hPTH 1-34.

Can the rotamer model account for the changes in the
fractional concentrations which appear to be correlated with

3 Decay measurements at the red edge of the PTH fluorescence
emission, in D,O solution, showed no evidence for excited-state reaction
(Willis et al., 1991).

4 In the study of Ross et al. (1992), the DAS had the same shape and
therefore o; = ¢;.
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the helix to random-coil transition? Side chains restrict the
¢, ¥ conformational space such that the observed dihedral
angles for the peptide bonds fall into the three general regions:
right- or left-handed a-helicies and the extended S-structure
(Ramachandran et al., 1963). (Dihedral angles in these
regions do not necessarily imply secondary structure.) Main-
chain peptide bonds attached to the a-carbon, with positions
defined by the ¢, ¥ dihedral angles, restrict rotation of the
side-chain C,~Cgs bond due to interactions with the atoms at
the y-position (see Figure 3). There is therefore a correlation
between main-chain conformation and side-chain rotamer
populations (Janin et al., 1978; Benedettiet al., 1983; Vdsquez
et al., 1983).

For example, the data of Janin et al. (1978) suggest that
the transition from a right-handed a-helix to an extended 8
conformation (averaged over 12 residue types including Trp,
1500 residues total) would decrease the g~ population by 7%,
the g* population would remain unchanged, and the t
population would increase 7%. [The Janinetal. (1978) paper
defines g* and g~ oppositely to the convention adopted here.]
These values may be compared with the ca. 10% average
decreasein ¢y, 10%increasein ¢, and 3% decrease in ¢; between
entries 1-5 (Trp-23 main-chain conformation “helical”) and
6-9 (Trp-23 main-chain conformation “unordered™) of Table
I. While it seems likely that the fractional concentrations are
correlated with the C,~Cg rotamer populations, we are
reluctant to attempt to make specific assignments in the
absence of direct rotamer population data for the actual
systems we have studied by fluorescence spectroscopy. The
influence of the Cg—C, rotamers on the fluorescence decay
kinetics of Trp residues is not clear (Engh et al., 1986; Gordon
etal., 1992) although it appears to be secondary to that of the
C.—Cg rotamers (Ross et al., 1992).

From the survey of Janin et al. (1978), the identities of the
i+1 and i-1 residues are not expected to directly influence the
side-chain rotamer populations adopted by an amino acid
residue. InrPTH, the local sequence in the region of Trp-23,
R2-M-Q-W-L-R-K?, differs from that of hPTH, R2-V-E-
W-L-R-K?%, and distinct fluorescence decay parameters were
found (Table I). The data for rPTH1-34 more closely
resembled those observed for hPTH 1-34 under denaturing
conditions. Also, in contrast to hPTH 1-34, the rPTH 1-34
fractional concentrations were largely unchanged following
denaturation. Thissuggests that despite the similarity of their
CD spectra the local structure detected by fluorescence in
hPTH is not present in rPTH. As the CD spectrum is the
average of contributions from all of the residues in the pep-
tide, a localized structural difference may not give rise to
significant spectral changes. A helical main-chain confor-
mation in the region of Trp-23 of hPTH could potentially
allow a Glu-22 (¢) to Lys-26 (i+4) salt bridge, which may be
involved in stabilizing the local structure. This salt bridge
cannot be present in rPTH owing to the Glu-22 to Gln
substitution.

While it is clear that TFE and acidic lipids can stabilize the
helical structure in hPTH 1-34, the extent of organized
structure in aqueous solution is less certain. Our fluorescence
results are consistent with the NMR study of Lee and Russell
(1989) which found no detectable secondary structure with
the exception of a local nonrandom structure around Trp-23.
It has been suggested that this region in PTH and a related
sequence in glucagon may be important in receptor recognition
and could also serve as a nucleus for conformational rear-
rangements on binding (Sasaki et al., 1975; Boesch et al.,
1978).
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A model for the solution structure of hPTH proposed by
Zull et al. (1990) assigns a “random” structure to the 19-34
sequence in aqueous solution and suggests that residues 6-12
are helical. This model was based on CD investigations of
PTH fragments in which it was assumed that their structures
were unchanged from that of the corresponding sequence in
the intact molecule. As our data suggest, this may not be the
case. Our CD results also suggest that the peptides used in
the Zull et al. (1990) study may not have been fully dissolved.
Furthermore, the deconvolution of the CD spectra of small
peptides, in the absence of a strong a-helical CD pattern, is
uncertain (Woody, 1985).

Owing to its location in the molecule, Trp-23 fluorescence
gives little information on the structure of the N-terminal
sequence of hPTH. Our data provide no evidence for extensive
interaction between the N- and C-terminal regions of hPTH
1-34, to form a hydrophobic core, as indicated by the “compact
paired helix” model of Cohen et al. (1991).

In conclusion, we have shown that fluorescence studies can
complement other spectroscopic techniques such as CD and
NMR in the determination of the conformations of peptide
hormones. It is often advantageous to be able to probe local
structure and interactions at a defined location in the peptide,
particularly within a functionally significant domain. This
study has provided new information on the structural changes
in the region of residue 23 of hPTH induced by sequence
deletion, by changes in solvent composition, and by complex-
ation with acidic lipids. Additionally, the results suggest that
the fluorescence decay kinetics of a tryptophyl residue can be
correlated with the main-chain conformation and therefore
potentially report on the local secondary structure. If this
proves to be correct, it will be of considerable value in defining
the conformation of tryptophyl residues in, for example, pep-
tide agonists and antagonists. It could also be important in
protein folding studies. This is illustrated by recent data on
the temperature denaturation of staphylococcal nuclease
(which has a single Trp). Eftink et al. (1991) reported
significant changes in the preexponential terms, but not in the
fluorescence decay times, on denaturation.
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