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ABSTRACT: We have investigated the conformational changes incurred during the acid-induced unfolding
and self-association of recombinant porcine growth hormone (pGH). Acidification (pH 8 to pH 2) of
pGH resulted in intrinsic fluorescence, UV absorbance, and near-UV CD transitions centered at pH 4.10.
At pH 2.0, a red shift in the fluorescence emission maximum of∼3 nm and a 15% loss of the far-UV CD
signal at 222 nm imply that the protein did not become extensively unfolded. Acidification in the presence
of 4 M urea resulted in similar pH-dependent transitions. However, these occurred at a higher pH (∼5.2).
At pH 2.0 + 4 M urea, an 8 nm red shift in the fluorescence emission maximum suggests that unfolding
was greater than in the absence of urea. The presence of a prominent peak centered at 298 nm in the
near-UV CD spectrum, which is absent without urea, signifies further differences in the intermediates
generated at pH 2. Sedimentation equilibrium experiments in the analytical ultracentrifuge showed that
native pGH and the partially unfolded intermediates reversibly self-associate. Self-association was strongly
promoted at pH 2 while urea reduced self-association at both pH 8 and pH 2. These results demonstrate
that acidification of pGH in the absence or presence of 4 M urea induced the formation of molten globule-
like states with measurable differences in conformation. Similarities and differences in these structural
conformations with respect to other growth hormones are discussed.

The detection of partially folded intermediate states,
including molten globules, along a protein’s folding pathway
is crucial to understanding the principles of protein folding
(1-5). Molten globules are intermediates in the folding
pathway of many proteins (6) and can be bound to molecular
chaperones (7). More recently, the involvement of folding
intermediates in several human diseases has reiterated their
importance (8, 9). It is now apparent that molten globule
folding intermediates cover a broad range of conformations
and degrees of unfolding, subject to the solvent conditions
employed (3, 10-13). Despite these variations, the charac-
teristics of molten globules include (i) a significant amount
of nativelike secondary structure, (ii) a collapsed state with
hydrodynamic properties more akin to the native state, (iii)
a lack of well-defined tertiary structure, (iv) enhanced solvent
exposure of hydrophobic surfaces, and (v) a less cooperative
unfolding transition compared to that of the native state (3-
5, 13).

Molten globules have been observed frequently at low pH,
where intramolecular charge repulsion appears to be an
important driving force for partial protein unfolding. Re-
cently, De Filippis et al. (14) showed that the acid-induced
molten globule of a fully active mutant of human interleu-
kin-6 is involved in the pathogenesis of inflammation. Hence,
there is increasing evidence of pathophysiological roles for
the acid-induced molten globule or folding intermediate.

Porcine growth hormone (pGH)1 is a member of the class
of large pituitary polypeptide hormones. It is a single-chain
polypeptide containing 191 amino acids arranged to form
an antiparallel fourR-helix bundle (15). The tertiary struc-
tures of human growth hormone (hGH;16) and bovine
growth hormone (bGH;17) are very similar to that of pGH.
This is consistent with pGH sharing 91% and 68% primary
sequence identity with bGH and hGH, respectively.

Previous studies on the acid-induced unfolding of bGH
and hGH showed that an intermediate(s) is (are) formed at
pH 2.0. However, the observed structural properties of these
intermediates are different. At pH 2.0, bGH exhibits char-
acteristics similar to those attributed to the molten globule:
little or no tertiary structure and a 50% loss of secondary
structure compared to the native protein (18, 19). In contrast,
acidification (pH 2.0) of hGH results in conformations that
maintain close secondary and tertiary structural similarity
to that of the native state. When subjected to Gdn-HCl-
induced denaturation at pH 2.0, hGH was shown to form
highly stabilized equilibrium intermediates (20).

In view of the differences observed for the acidification
of bGH and hGH, this report characterizes the acid-induced
unfolding of pGH and subsequent structural alterations. The
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acid-induced equilibrium denaturation was followed by
various probes of tertiary (UV absorption spectroscopy,
intrinsic fluorescence, and near-UV circular dichroism) and
secondary (far-UV circular dichroism) structure. Changes in
self-association were followed by size-exclusion chroma-
tography and analytical ultracentrifugation. Our findings
indicate that, at low pH( 4 M urea, pGH forms intermedi-
ates with the characteristics of molten globules. The proper-
ties of these molten globules, including their self-association,
differ in many respects to those observed for bGH and hGH
under similar conditions.

EXPERIMENTAL PROCEDURES

Materials. Recombinant-derived methionyl-pGH was pro-
duced at BresaGen Ltd., Adelaide, Australia. A combination
of N-terminal sequence analysis (Applied Biosystems, Inc.,
Model 470A protein sequencer), mass spectrometry (Perkin-
Elmer SCI-EX API100), and SDS-PAGE was used to verify
the identity and homogeneity of the product. Urea was
ultrapure grade from Merck. All other chemicals were
analytical grade. Superose 12 HR10/30 size-exclusion col-
umns were from Pharmacia. Proteins used for molecular
weight calibration of the Superose 12 column were purchased
from Sigma.

Acid Denaturation Experiments. Solutions of pGH at final
concentrations of 0.05, 0.22, and 0.5 mg/mL were prepared
by dissolving lyophilized pGH at pH 8.0 in either a
combination buffer (20 mM each of sodium acetate, sodium
bicarbonate, MES, and Tris-HCl) or 100 mM sodium
phosphate. Duplicate solutions were also prepared in the
same buffer plus 4 M urea. Titrations were typically carried
out by the careful addition of small aliquots of 1 M HCl
with continual mixing. Following adjustment of pH, the
samples were incubated for approximately 1 h at room
temperature and centrifuged (12000g, 10 min). The protein
concentration of the supernatant was checked by absorbance
at 278 nm using an extinction coefficient of 15 714 M-1 cm-1

(21). All pH measurements during titrations were conducted
at 25 ( 0.5 °C using an Activon Model 209 pH meter.
Apparent midpoints of pH transitions were determined by
fitting the data to a sigmoid curve function (22).

Intrinsic Fluorescence. Intrinsic fluorescence measure-
ments were recorded at 25°C on an Aminco Bowman AB-2
luminescence spectrometer. All fluorescence data were
obtained using an excitation wavelength of 295 nm, slit
widths of 4 nm for both monochromators, and a scan rate of
60 nm/min. Fluorescence intensities and maximum emission
wavelengths (λmax) were determined from emission spectra
acquired in the range 310-400 nm and corrected for buffer
contributions. The concentrations of pGH used were 0.05,
0.22, and 0.5 mg/mL.

UV Absorbance. UV absorbance measurements were
recorded at 25°C on a Cary 3 spectrophotometer. Absor-
bances at 290 and 278 nm were obtained from zero-order
spectra acquired from 250 to 310 nm. Second-derivative
spectra were derived from the zero-order spectra using an
in-house computer program based on the method by Savitsky
and Golay (23). The concentrations of pGH used were 0.22
and 2.0 mg/mL.

Size-Exclusion Chromatography. Hydrodynamic radii were
determined using a Superose 12 HR10/30 column (30× 1.0

cm i.d.) with a Pharmacia FPLC system. A stock solution
of pGH (10 mg/mL) in 5 mM sodium bicarbonate, pH 8.0,
was diluted to a final concentration of 0.22 mg/mL in 100
mM sodium phosphate/4 M urea at pH 8.0 and pH 2.0. A
100 µL sample was injected onto a Superose 12 column
preequilibrated in 100 mM sodium phosphate at the same
pH and urea concentration as the sample. The flow rate used
was 0.5 mL/min. Protein elution was monitored by the
absorbance at 280 nm. Protein molecular weight calibration
curves for the Superose 12 column in 6 M Gdn-HCl were
determined and utilized to calculate the Stokes radius of pGH
at each pH (24).

Circular Dichroism. CD spectra were recorded using a
Jasco J-720 spectropolarimeter. Stock solutions of pGH (8.8
and 2.2 g/L) in 5 mM sodium bicarbonate, pH 7.5, were
diluted 10-fold with either 25 mM Na2HPO4/25 mM sodium
acetate( 4 M urea or 100 mM Na2HPO4/25 mM sodium
acetate( 4 M urea, which had been adjusted to various pH
values. The final protein concentrations (∼0.88 and∼0.22
g/L) were determined by reading the absorbance at 278 nm
(corrected for light scattering at 350 nm) and using an
extinction coefficient of 15 714 M-1 cm-1 (21). The absor-
bance at 350 nm was alwayse5% of the absorbance at 278
nm. The pH of each diluted protein sample was checked
using a narrow-bore pH probe (Amicon).

Samples were kept at 25°C in the spectropolarimeter using
a water-jacketed cell holder connected to a Neslab RT-111
water bath. For far-UV spectra (180-260 nm), four to six
scans of 0.22 g/L protein in 0.1 cm path-length cells were
coadded. For near-UV spectra (260-310 nm), six to ten
scans of 0.88 g/L protein in 1 cm path-length cells were
coadded. The spectra of buffer collected in the same manner
were subtracted from the sample spectra. Data were con-
verted to mean residue ellipticity, [θ]MRW, using a mean
residue weight of 114.5.

Sedimentation Equilibrium Using Analytical Ultracen-
trifugation. Sedimentation equilibrium experiments were
performed using a Beckman XL-A analytical ultracentrifuge
set at 25°C. The ultracentrifuge cells were fitted with
Yphantis-style six-channel centerpieces. Three different
concentrations (typically 2, 1, and 0.5 g/L) of sample (125
µL) were loaded parallel to the solvent channels containing
buffer alone (130µL). The final concentrations of buffer
components were 80 mM Na2HPO4/20 mM sodium acetate/1
mM sodium bicarbonate( 4 M urea, pH 8 or pH 2.

Samples were centrifuged to sedimentation equilibrium at
speeds of 9000-27 000 rpm. Scans were collected in
continuous scan mode (0.01 cm steps, 13 acquisitions per
step) at 2-4 h intervals using wavelengths of 280-300 and
350 nm. Sedimentation equilibrium was judged to have been
reached when the difference in concentration distribution
between two consecutive scans was zero. Baseline deviations
were corrected by subtracting the scans collected at 350 nm
from those collected at 280-300 nm.

Sedimentation Equilibrium Data Treatment and Model
Fitting.2 Apparent point-average weight-average molecular
weight values (Mw,app) were calculated from plots of ln[c(r)]

2 A package of programs for the workup of raw data and for the
fitting of models is available via anonymous FTP at the address
bbri.harvard.org. Change to directory rasmb.spin.ms_dos.sedprog-
ralston.
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versusr2 plots (25), wherec(r) is the concentration of protein
(g/L) at radial positionr.

Plots ofMw,appversus concentration are qualitatively useful
in assessing the self-association of a solute (Figure 6), but
substantial error is introduced intoMw,app values through a
numerical differentiation step. Therefore, as a means of
assessing the quality of the sedimentation equilibrium data
and for the purposes of fitting self-association models, we
replotted the data in terms of theΩ function, Ω(r) (26).

whereφ ) (1 - VjF)ω2/2RT, Vj is the partial specific volume
of the protomer in milliliters per gram,F is the density of
the solvent in grams per milliliter, andω is the angular
velocity in radians per second.M1 is the molar mass of the
protomer (the smallest species participating in the self-
association of the protein),c(rF) is the total concentration of
protein at the radial reference positionrF, and a1 is the
thermodynamic activity of the protomer. A value of 0.737
mL/g was used forVj calculated from the sequence (15) using
the method of Cohn and Edsall (27). The value ofF was
calculated from the density of the buffer components and
water using the program SEDNTERP v1.03 (Amgen). In
some cases, the value ofM1 used was that of the pGH
monomer (21 860), while in others, no detectable monomer
was present and the value ofM1 used was that of the dimer
(43 720).

Plots ofΩ(r) versusc(r) for the three loading concentra-
tions of protein at sedimentation equilibrium were calculated
using a common value ofc(rF) (e.g., Figure 7A). Overlap of
the data over the common concentration range is a very
sensitive indicator that both chemical and sedimentation
equilibria have been attained (26, 28); i.e., overlap indicates
that pGH was pure and that all pGH molecules were able to
participate in the self-association and no irreversible ag-
gregates were formed.

The Ω data were fitted with models of discrete (e.g.,
monomer-dimer) and indefinite (e.g., SEK 1;29) self-
association (e.g., Figure 7B). For each model, the concentra-
tion of the protomer,c1(r), was written as an explicit or
implicit function of c(r). The SEK 1 model describes the
sequential addition of protomers, P, where the addition of
each protomer is described by a single molar equilibrium
constant,K:

wherek ) K/M1.
For all models, the Adams-Fujita approximation (30) was

used to relate the thermodynamic activity of the protomer,
a1(r), to the concentration of protomer,c1(r):

whereB, the second virial coefficient, is a measure of the

nonideality of the solute which principally arises from the
size and shape of the solute and its effective charge in the
buffer conditions employed. With this approximation, a
single value ofB is sufficient to describe all species in a
self-association so that, for example, the nonideality of the
solute monomer would equalB, that of the dimer would equal
2B, etc.

The models were fitted to theΩ function data by nonlinear
regression (28, 31). Values of the thermodynamic parameters,
K andB, (SE, were returned where SE is the approximate
(asymptotic) standard error of the variable parameter calcu-
lated from the inverse matrix set up from partial derivative
equations of the fitting function (32). Models which ap-
propriately described the data resulted in a random distribu-
tion of residuals (e.g., Figure 7C) as determined by a runs
test at the 5% level.

RESULTS

Conformational Changes Determined by Fluorescence
Spectroscopy. The fluorescence emission of tryptophan is
highly sensitive to the polarity of its environment, thus
providing a useful tool for probing conformational changes
in proteins. We have measured the fluorescence emission
of the single tryptophan of pGH, located at residue 86 in
helix 2, to follow the conformational changes upon acidifica-
tion of pGH in both the presence and absence of 4 M urea.
In the absence of urea, the relative fluorescence intensity at
340 nm (I340) of 0.22 mg/mL pGH (10µM) exhibited a 4-fold
increase through the transition from pH 8 to pH 2 (Figure
1A). The apparent midpoint of the transition was at pH 4.10
(Figure 1A). A small red shift, from 331( 1.0 nm at pH 8
to 334( 1.0 nm at pH 2.0, in the wavelength of maximum
emission (λmax) was observed (Figure 1B).

In the presence of 4 M urea, theI340 of 0.22 mg/mL pGH
increased 2.5-fold across the transition from pH 8 to pH 2

Ω(r) )
c(r) exp[φ1M1(rF

2 - r2)]

c(rF)
(1a)

)
a1(rF)c(r)

a1(r)c(rF)
(1b)

P y\z
K

P2 y\z
K

P3 y\z
K

P4 ... y\z
K

... Pn

c(r) ) c1(r)/[1 - kc1(r)]
2 if kc1(r) < 1 (2)

a1(r) ) c1(r) exp[BM1c(r)] (3)

FIGURE 1: (A) Acid-induced denaturation of pGH as measured by
intrinsic tryptophan fluorescence at 340 nm (I340). The protein
concentration was 0.22 mg/mL in buffer containing 20 mM each
of sodium acetate, sodium bicarbonate, MES, and Tris-HCl( 4
M urea at various pH values. Excitation was at 295 nm. (B) Effect
of pH on the fluorescence emission maximum (λmax) of pGH.
Symbols represent (b) -4 M urea and (O) +4 M urea.
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(Figure 1A). The apparent midpoint of the transition was at
pH 5.16 (Figure 1A). Theλmax increased from 336( 1.0
nm at pH 8.0 to 344( 1.0 nm at pH 2.0 (Figure 1B).

The effect of protein concentration on the acid-induced
denaturation was examined at 0.05, 0.22, and 0.5 mg/mL
pGH in the presence and absence of 4 M urea (Figure 2).
Assuming a two-state mechanism, the transitions observed
at each protein concentration were compared by plotting the
apparent fraction of the unfolded protein,Fapp, versus pH

whereIobs is the observedI340 at a given pH andInat andIunf

are the observed values for the native and unfolded forms,
respectively, extrapolated to each point in the transition zone
(33). Least-squares analysis of the experimental data was
used to determineInat andIunf in the pre- and post-transition
zone (33). Transitions in the absence of urea are almost
superimposable with midpoints centered at pH 4.1 (Table
1). In the presence of 4 M urea, the transition midpoints are
centered at pH∼5.2 (Table 1), and the transitions are sharper.

Conformational Changes Followed by UV Absorbance.
The zero-order UV absorbance spectra of native pGH at pH
8 ( 4 M urea display an absorption maximum at 278( 0.1
nm. The prominent shoulder centered near 290 nm is due
mainly to the absorption of the single tryptophan residue
(Figure 3A). Acidification from pH 8 to pH 2 in the absence
of 4 M urea produced a general blue shift in the spectrum
with the absorption maximum shifted to 276.5( 0.2 nm
(Figure 3A). In the presence of 4 M urea, a similar blue
shift in the absorption maximum to 276.2( 0.2 nm is
observed at pH 2.0. In addition, there is a red shift in the
spectrum at wavelengths above∼293 nm (Figure 3A).

A plot of the molar extinction coefficient at 290 nm (ε290)
as a function of pH reveals a decrease (hypochromicity) of
∼2500 and∼2100 M-1 cm-1, with midpoints at pH 5.11
and pH 3.59, in the presence and absence of 4 M urea,

respectively (Figure 3C). As observed in the fluorescence
studies, the inclusion of 4 M urea yields a sharper transition
upon acidification.

In zero-order absorption spectra, contributions from both
tyrosine and tryptophan residues overlap considerably.

FIGURE 2: Effect of protein concentration on the acid-induced
denaturation of pGH as measured by intrinsic tryptophan fluores-
cence at 340 nm. Data are expressed as the apparent fraction of
unfolded pGH as a function of pH:Fapp ) (Iobs - Inat)/(Iunf - Inat),
whereIobs is the observed fluorescence intensity at 340 nm andInat
andIunf are the observed values for the native and unfolded forms,
respectively. (A) Effect of protein concentration in the absence of
4 M urea: 0.05 mg/mL (9); 0.22 mg/mL (b); 0.5 mg/mL (2). (B)
Effect of protein concentration in the presence of 4 M urea: 0.05
mg/mL (0); 0.22 mg/mL (O); 0.5 mg/mL (4). Data are fitted using
the method of Pace (33): 0.05 g/L (‚‚‚); 0.22 g/L (---); 0.5 g/L
(s).

Table 1: Midpoints of the Acid-Induced Transitions of pGH, in the
Presence and Absence of Urea, Measured by Different
Spectroscopic Techniques

midpointameasure-
ment

protein
concn (g/L) -4 M urea +4 M urea

no. of
expts

I340 0.05 4.10( 0.02 4.93( 0.04 2
I340 0.22 4.08( 0.06 5.16( 0.06 3
I340 0.50 4.10( 0.05 5.02( 0.03 2
ε290 0.22 3.59( 0.03 5.11( 0.04 3
θ285 0.22 3.94( 0.03 5.42( 0.08 1
θ300 0.22 nt 5.24( 0.03 1
θ222 0.22 3.89( 0.04 5.18( 0.05 1

a Data fitted by nonlinear regression using the equation described
by Pace (33) for I340 or using a sigmoidal function (22). Errors represent
the standard error (32) returned from the nonlinear regression fit (n )
1), the range of values (n ) 2), or the standard error of the mean value
(n ) 3). nt ) no transition.

FIGURE 3: Acid-induced denaturation of pGH as monitored by UV
absorbance. The protein concentration was 0.22 mg/mL in buffer
containing 20 mM each of sodium acetate, sodium bicarbonate,
MES, and Tris-HCl( 4 M urea. (A) Zero-order absorbance spectra
at pH 8( 4 M urea (---), pH 2 (-‚‚‚-), and pH 2+ 4 M urea (s).
(B) Second-order derivative spectra (d2A/dλ2) obtained from the
zero-order absorbance spectra at pH 8( 4 M urea (---), pH 2.0
(-‚‚‚-), and pH 2.0+ 4 M urea (s). (C) Effect of pH on the
absorbance at 290 nm (ε290) in the absence (b) and presence (O)
of 4 M urea.

Fapp) (Iobs- Inat)/(Iunf - Inat)
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Resolution can be improved and peak positions more
accurately located if the derivative of absorbance with respect
to wavelength is calculated (34). Figure 3B shows the
calculated second derivative of each of the zero-order
absorption spectra shown in Figure 3A. Note the cor-
respondence of the minima in the second derivative of the
absorption spectrum with the peaks and shoulders in the zero-
order absorption spectrum.

The wavelength minima attributed to the phenylalanine
chromophores in the 250-270 nm region of the spectrum
(35) do not change in the four conditions examined,
indicating no net change in the average polarity of these
chromophores.

The blue shift seen in the zero-order absorption maximum
(Figure 3A) can be more clearly seen as a minimum in the
276-278 nm region (Figure 3B); this band is attributed to
one of the higher vibrational modes of the Tyr1Lb transition.
There is no significant change in the wavelength of the 284
nm minimum, attributed to the Tyr1Lb [0-0] transition (35).

The red shift above 293 nm seen in the zero-order
spectrum at pH 2.0 in the presence of 4 M urea (Figure 3A)
is due to a red shift in the Trp1Lb band from 290.9 nm at
pH 8 ((4 M urea) to 291.5 (pH 2) and 292.6 nm (pH 2+
4 M urea) (Figure 3B). At pH 8, the inclusion of 4 M urea
results in a decrease in the intensity of the Trp1La [0-0]
band at 299.5 nm. In studies using hGH, Bewley and Li (35)
predicted that the extent of the red shift of this band
compared to its [0-0] position in water of 292 nm correlates
with the strength and alignment of a hydrogen bond between
the indole ring>NH of Trp86 and a carboxylate residue.
However, for pGH at pH 2( 4 M urea, the Trp1La signal
is difficult to identify possibly due to blue shifting into the
intense positive band centered near 295 nm (Figure 3B).

Conformational Changes Determined by Circular Dichro-
ism.A decrease in the CD intensity in the near-UV is usually
associated with a loss of tertiary structure or a localized
unfolding of the protein in the vicinity of a particular
aromatic group. Figure 4A shows the near-UV CD spectra
for pGH at pH 8 and pH 2 in the absence and presence of 4
M urea. At pH 2 in the absence of urea, most of the tyrosine-
attributed signal at 285 nm is lost. A plot of mean residue
ellipticity ([θ]MRW) at 285 nm,θ285, versus pH showed
midpoints centered at pH 3.94 and pH 5.42 in the absence
and presence of 4 M urea, respectively (Figure 4B).

Figure 4A also shows that there is a weak broad band
centered at 298 nm which at pH 2+ 4 M urea becomes the
prominent band in the spectrum. Figure 4C shows the effect
of pH on the [θ]MRW at 300 nm,θ300, in the presence and
absence of 4 M urea. In the presence of 4 M urea, the
midpoint of the transition is centered at pH 5.24. The increase
in θ300 observed here is comparable to that seen in the Gdn-
HCl-induced self-association of bGH (36) and pGH (21, 37).

Far-UV CD was used to monitor changes in secondary
structure by measurement of [θ]MRW at 222 nm,θ222 (Figure
4D). A decrease inθ222 of approximately 15% and 25% in
the absence and presence of 4 M urea, respectively, was
observed.

Size-Exclusion Chromatography.Previous studies have
used size-exclusion chromatography to determine the hy-
drodynamic radii of the multiple forms present during the
Gdn-HCl-induced unfolding of pGH and bGH (21, 38).

Figure 5 shows the elution profiles of pGH in the presence
of 4 M urea, at pH 8 and pH 2. In the absence of urea, no
protein was recovered from the column between pH 5 and
pH 2, presumably due to nonspecific interaction with the
column matrix. Even in the presence of 4 M urea, recovery
in this pH region was greatly reduced. At pH 8, a single
peak with a radius of 18 Å, consistent with pGH in the folded
state (21), was observed (Figure 5). At pH 2, the majority
of the protein eluted earlier, with a hydrodynamic radius of
47 Å. The elution volume of this peak was very close to
that previously seen for the Gdn-HCl-induced associated
form of pGH (21). The second, smaller peak at pH 2, with
a radius comparable to that of the folded state of pGH at pH
8, is consistent with that of the monomer partially denatured
by acid.

FIGURE 4: Acid-induced denaturation of pGH as monitored by far-
and near-UV CD. The protein concentration was 0.22 mg/mL in
80 mM sodium phosphate/20 mM sodium acetate( 4 M urea. (A)
Near-UV spectra of pGH at pH 8 (---), pH 8+ 4 M urea (‚‚‚), pH
2.0 (-‚‚‚-), and pH 2.0+ 4 M urea (s). Effect of pH on the mean
residue ellipticity at (B) 285 nm, (C) 300 nm, and (D) 222 nm, in
the absence (b) and presence (O) of 4 M urea.

Folding Intermediates of Porcine Growth Hormone Biochemistry, Vol. 39, No. 40, 200012349



Self-Association of pGH Measured by Sedimentation
Equilibrium. We have also examined the ability of pGH to
self-associate using the thermodynamically rigorous tech-
nique of sedimentation equilibrium in the analytical ultra-
centrifuge. Figure 6 shows the apparent weight-average
molecular weight (Mw,app) distributions for pGH at sedimen-
tation equilibrium at pH values of 8 and 2( 4 M urea. Self-
association takes place under all conditions and is strongly
promoted by the drop in pH and by the absence of urea at
either pH.

Figure 7A shows a typical plot of theΩ function versus
radial concentration of pGH at sedimentation equilibrium for
three different loading concentrations of pGH. The overlap

of the data shows that all pGH molecules were able to
participate in the self-association and no irreversible ag-
gregates were formed (see Experimental Procedures for
details). Self-association models were fitted to theΩ plots
and returned estimates of the thermodynamic parameters, the
molar equilibrium constant(s),K, and the second virial
coefficient, B, a measure of the nonideality of the solute.
(Figure 7B; Table 2; see Experimental Procedures). Models
which appropriately described the data resulted in a random
distribution of residuals (e.g., Figure 7C) as determined by
a runs test at the 5% level.

At pH 8 + 4 M urea, a monomer-dimer model adequately
describes the data over an extended concentration range
(0.4-4 g/L), and the self-association, as judged by the value
of K, is very weak (Table 2). The returned value ofB was
(4.3( 0.6)× 10-7 L mol g-2. On the basis of the estimated
charge of pGH3 and a Stokes radius of 2.2 nm (40), we
calculate a theoretical value of 4.5× 10-7 L mol g-2 (31,
41).

In the absence of urea at pH 8, a monomer-dimer model
fit the Ω plot well but returned a negative (and therefore
physically meaningless) value ofB (data not shown). A
negative value ofB indicates that the self-association model
underestimates the number and/or size of the oligomers that
are present at significant concentration. On the other hand,
the “indefinite” SEK 1 model, in which a single value ofK
describes the sequential addition of monomers without limit

3 A charge of-2 was estimated for pGH on the basis of its amino
acid sequence and using standard pKa values for the residues. Counterion
binding is expected to reduce the net charge by∼50% (39).

FIGURE 5: Size-exclusion chromatograms for pGH eluted from a
Superose 12 column at pH 8.0+ 4 M urea (‚‚‚) and pH 2.0+ 4 M
urea (s). The protein concentration upon injection was 0.22 mg/
mL, and elution of protein was monitored by absorbance at 280
nm.

FIGURE 6: Self-association of pGH as measured by sedimentation
equilibrium in the analytical ultracentrifuge. Apparent weight-
average molecular weight values (Mw,app) were calculated from
absorbance values measured from the equilibrium distribution of
protein in the ultracentrifuge cell. Data obtained at pH 8 (A) and
pH 2 (B) in the absence (b) and presence (O) of 4 M urea. Each
data point represents an average of three values taken from three
separate concentration gradients centrifuged to equilibrium (see
Experimental Procedures for details).

FIGURE 7: Analysis of sedimentation equilibrium data of pGH using
the Ω function. (A) In this example, four different loading
concentrations of pGH (], 0.5 g/L;O, 1 g/L; 4, 1.5 g/L;0, 2 g/L)
at pH 2+ 4 M urea were centrifuged at 15 000 rpm to equilibrium.
The absorbance values measured from the equilibrium distribution
of protein were converted toΩ values using a reference concentra-
tion [c(rF)] of 0.7 g/L and a molecular weight of the protomer of
43 720 (equivalent to the dimer of pGH). The overlap of the data
from the separate loading concentrations indicates that all steps in
the self-association of pGH are fully reversible and that the sample
is homogeneous. In (B), the data from (A) were averaged four points
at a time and fitted (solid line) with a self-association model
describing dimers of pGH associating to form tetramers and
octamers. The returned values of the parameters are shown in Table
2. (C) Residuals of the fit shown in (B). A runs test showed that
the distribution of the residuals was random.
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(see Experimental Procedures for details) returned a value
of B an order of magnitude larger than the theoretical value.
When the value ofB was fixed at the theoretical value, both
the monomer-dimer-trimer and monomer-dimer-tetramer
fit the data equally well with the value ofK for the
monomer-dimer step∼5 times larger than that obtained in
the presence of urea (Table 2). Thus, in the absence of urea
both the strength and extent of self-association of pGH are
increased. Other types of discrete self-association (e.g.,
monomer-trimer or monomer-tetramer) resulted in poor
fits to the data as judged by the sums of squares of the
residuals and a runs test performed on the distribution of
the residuals.

At pH 2, self-association was strongly promoted (Figure
6B) to the extent that significant concentrations of monomeric
pGH could not be detected over the total concentration ranges
observed. Note that the values ofMw,app at very low
concentration at pH 2( urea are larger than the monomer
molecular weight of 21 860, indicating that the protomer for
self-association was larger than the monomer. To confirm
this, plots of theΩ function versus concentration were
generated using the molecular weight of the monomer and
small values (∼0.2 g/L) of the reference concentration,c(rF).
Fits to these plots with various self-association models, using
the monomer as the protomer, passed through or very close
to the origin (data not shown). This shows that no detectable
monomer was present at the reference concentration and that
the protomer for the self-association was the dimer or some
larger species (26, 28, 31). Therefore, we used self-
association models at pH 2 in which the protomer was taken
to be the dimer.

At pH 2 in the absence of urea, the SEK 1 model (dimer,
tetramer, hexamer, ...) fit the data well, and the returned value
of K describing the sequential steps in the self-association
was 1-3 orders of magnitude larger than values ofK
obtained at pH 8( urea (Table 2). [Extrapolation of the fit
for this model to zero concentration confirmed that a
significant percentage (9%) of the protein at the reference
concentration of 0.5 g/L was in the form of the dimer.]

At pH 2 + 4 M urea, two discrete models, dimer-
tetramer-hexamer and dimer-tetramer-octamer, fit the data
equally well. As at pH 8, the presence of 4 M urea reduced
both the strength and extent of self-association (Table 2).

DISCUSSION

In protein folding studies, the presence and concentration
of intermediates are dependent upon a number of factors.
These include pH, temperature, the concentrations of salts
and denaturants, and, importantly, the intrinsic properties of
the protein employed (3, 13). For acid-mediated partial
unfolding, three broad classes of protein have been recog-
nized: (I) those that unfold and then refold to a molten
globule, (II) those that unfold via the molten globule, and
(III) those that remain essentially native (13). hGH falls into
category III, while bGH falls into category II. This study
shows that acid-induced unfolding of pGH also falls into
category II with folding intermediates that possess many of
the classic characteristics of the molten globule. These
characteristics include retention of substantial secondary
structure, substantial loss of tertiary structure, maintenance
of a compact shape similar in size to that of the native state,
and a propensity to aggregate. However, the folding inter-
mediates for pGH and bGH have quite distinct properties,
emphasizing the range of structural variability of intermedi-
ates even among closely related proteins.

pH-Dependent Unfolding of pGH in the Absence of Urea.
A comparison of the unfolding transition midpoints is shown
in Table 1. In the absence of urea, the midpoints of the
transitions obtained for the three probes of tertiary structure
(I340, θ285, andε290) are not coincident. The lack of coinci-
dence indicates that conformational changes affecting the
intrinsic fluorescence,I340, of Trp86 (Figure 1) occur prior
to conformational changes affecting the arrangement of other
chromophores (Figures 3 and 4).

For Trp86, the 4-fold increase inI340 (Figure 1A) is
accompanied by a 3 nm redshift in theλmax with decreasing
pH (Figure 1B). This compares with a red shift of 14 nm
for the complete unfolding of pGH at near neutral pH by 6
M Gdn-HCl (21). The increase in the relative fluorescence
intensity with minimal change in theλmax suggests removal
of an intramolecular quenching group without a significant
change in the polarity of the environment surrounding Trp86.

Elucidation of the residue(s) responsible for the quenching
of the native state tryptophan fluorescence of bGH and pGH
has proved elusive (18), but the pH midpoint forI340 suggests
that the removal of the quenching group is mediated by the
titration of Glu and/or Asp residues. A model of pGH (42)
based on the hGH/hGH receptor crystal structure (16) shows
that Trp86 is located in a hydrophobic core composed of
Phe54, Ser55, Leu82, Ile83, Ser85, Leu87, Pro89, Val90,
Leu93, Leu113, Leu161, Cys164, Phe165, and Asp168. The
obvious quenching group is Asp168, which, as seen in hGH
(16), is hydrogen bonded to the Nε1 of Trp86. However, all
of the above residues, including Asp168, are conserved in
hGH, which, unlike pGH and bGH, does not have a quenched
native state fluorescence (18, 43). The Cys53-Cys164
disulfide bridge may be the Trp fluorescence quencher in
native pGH and bGH (18) since subtle structural differences
between the native conformations of growth hormones could

Table 2: Sedimentation Equilibrium Results for pGH under Various
Solution Conditionsa

model K (M-1) × 10-5
B (L mol g-2)

× 10-7

pH 8 monomer-dimer- 0.29( 0.03 (K12) 4.5d

tetramerb 0.025( 0.06 (K24)
pH 8 +

4 M urea
monomer-dimer 0.056( 0.001 4.3( 0.6

pH 2 SEK 1 (dimer,
tetramer,
hexamer, etc.)

7.5( 0.2 22.3( 1.6

pH 2 +
4 M urea

dimer-tetramer-
octamerc

7.3( 0.6 (K24)
0.085( 0.09 (K48)

6.2( 1.1

a Plots ofΩ(r) versusc(r) were fitted with self-association models
using nonlinear regression techniques. Returned values of the equilib-
rium constants,K, and the second virial coefficient,B, are shown(
standard error.b A monomer-dimer-trimer model fit the data equally
well on the basis of sums of squares of the residuals and random
distribution of residuals as judged by the runs test.c A dimer-tetramer-
hexamer model fit the data equally well on the basis of sums of squares
of the residuals and random distribution of residuals as judged by the
runs test.d Parameter value fixed during nonlinear regression. A
theoretical value forB, BT, was calculated from the size and shape of
the solute (BE) plus a contribution from the net charge on the solute
(BC) (31, 41; see text for further details).
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result in different orientations of the disulfide bridge with
respect to Trp86.

The reduction in molar absorption at 290 nm (ε290) by 2000
M-1 cm-1 with decreasing pH (Figure 3C) is similar to that
previously seen in the Gdn-HCl-induced denaturation of pGH
and bGH (21, 42). In those studies, the decrease inε290 was
attributed to the removal of the internalized Trp86 to the
polar solvent exterior. In this case, the lack of red shift in
the λmax of fluorescence emission coupled with the loss of
the near-UV CD signal at 285 nm (θ285; Figure 4B) suggests
that a change in the average environment of the seven
tyrosine residues of pGH is responsible for a significant
proportion of theε290 loss. A similar conclusion was made
in the early acid-induced denaturation studies of bGH (44).
The reduction in absorbance at 290 nm produced by transfer
of a Tyr residue from the protein interior to water is∼600
M-1 cm-1 (45). A model of pGH (42) shows that Tyr159 is
completely buried while Tyr29 and Tyr175 are almost fully
buried. Exposure of these residues to solvent is indicated by
the loss of theθ285 signal with decreasing pH (Figure 4A)
and would be responsible for a significant proportion of the
observed hypochromicity.

pH-Dependent Unfolding of pGH in the Presence of 4 M
Urea. The inclusion of 4 M urea in the acid-induced
unfolding results in a pGH population with similar loss of
the asymmetrical environment of tyrosines (Figure 4B),
similar loss ofR-helix (Figure 4D), and similar hypochro-
micity (Figure 3C) as that observed in the absence of urea.

There are also clear differences in the intermediates
observed at pH 2 in the presence and absence of urea and in
the pH-dependent transitions that lead to those intermediates.
At pH 2 + urea,λmax for intrinsic fluorescence red shifts by
8 nm (Figure 1B), indicating increased, but not necessarily
complete, exposure of Trp86 to the solvent. An intense CD
band is observed near 300 nm at pH 2+ urea (Figure 4A),
indicating that Trp86 is in a highly asymmetric environment
despite its increased solvent exposure. A similar band has
been observed for bGH in 4 M Gdn-HCl, pH 8.5 (36),
indicating some similarity between the intermediates formed
by these two growth hormones under different solvent
conditions.

The acid-induced unfolding transitions observed in the
presence of urea are shifted up by∼1 pH unit compared to
those in the absence of urea (Table 1). The shift to higher
pH is unlikely to result from a shift in pKa of titrated
carboxylic acid groups. The inclusion of chemical denaturants
during acid titration of proteins generally normalizes the pKa

values of titratable groups to those found for the free amino
acids in solution. For Asp and Glu residues, these values
are∼3.9 and 4.3, respectively, well below the apparent pH
midpoint of ∼5.2. In their study on bGH, Edelhoch and
Burger (46) also observed a shift in the midpoint of the acid
transition to higher pH values in the presence of increasing
urea concentrations. They claimed that the shift in the
midpoints to higher pH could not be attributed to a shift in
the pKa of carboxyl groups.

It is more likely that the shift in the pH midpoint in the
presence of 4 M urea results from the titration of one or
more critical histidines. A change in the pKa for a histidyl
side chain from a value below that of the transition pH in
the native state to a value higher than the transition pH in
the intermediate would promote a shift in the chemical

equilibrium toward the intermediate (47), as dictated by Le
Chatelier’s principle.

In the model of the structure of pGH, histidines 22 and
170 are within hydrogen-bonding distance of each other (<3
Å), located in a shallow cleft which roughly divides the
molecule in two (42). Their interaction may produce a
situation qualitatively similar to that seen for His24 and
His119 in apomyoglobin (47). In native apomyoglobin, His24
is hydrogen bonded to His119, resulting in a very low pKa

for His24 of ∼3. His24 is not protonated until the native
state unfolds to the intermediate whereupon its pKa is raised
to ∼6.5 (47). This change in pKa largely dictates the acid-
induced unfolding of apomyoglobin to its intermediate with
a transition midpoint at pH 4.4 (47). In bGH, early NMR
studies showed that either His20 or His22, located on helix
1, has a low value of pKa (4.67;48). Due to the combined
effects of its partially buried location (42) and its interaction
with His170, we speculate that it is His22 in pGH that has
the depressed value of pKa in the native state. In the acid
plus urea-induced intermediate, the pKa of His22 would need
to be raised above the transition midpoint of∼5.2 to serve
as a driving force for the formation of the intermediate. In
hGH, due to the insertion of an amino acid in the primary
sequence separating the helix 1 histidines, both are located
on the solvent-exposed face of the helix (16). Furthermore,
the equivalent position for His170 in pGH is occupied by
aspartate in hGH.

Self-Association of NatiVe pGH and pGH Unfolding
Intermediates.Using size-exclusion chromatography, we
were unable to elute protein in the absence of urea possibly
because the protein irreversibly adhered to the matrix. In 4
M urea at pH 2 (Figure 5), 69% of the protein was recovered
in two peaks, the early eluting peak corresponding to an
associated form (21). Sedimentation equilibrium was used
to quantify the mode, strength, and reversibility of the self-
association of pGH under various solution conditions. Our
data show that pGH self-associates reversibly at pH 8 (Figure
6, Table 2) whereas native hGH does not self-associate (49).
Results from less rigorous methods indicate that native bGH
is monomeric (36), but no sedimentation equilibrium data
are available, as far as we are aware.

The sedimentation equilibrium results for pGH (Figures
6 and 7) highlight the problem of relying solely on nonther-
modynamic methods such as size-exclusion chromatography
and correlations with other physical phenomena to quantify
the self-association of proteins in general and growth
hormones in particular. For example, the use of size-
exclusion chromatography, tryptophan fluorescence, and
circular dichroism has not resulted in a satisfactory deter-
mination of the mode and strength of the self-association of
bGH folding intermediates (36, 50). Brems, Havel, and co-
workers frequently used changes in the value ofθ300 as a
measure of the self-association of folding intermediates of
bGH (36, 50). However, it is clear from our results with
pGH that not all intermediates result in the generation of a
θ300 signal (Figure 4A,C), and, in fact, the strongest self-
association we observe (pH 2 minus urea) is not accompanied
by changes inθ300 (Figure 6, Table 2). Thus, the use ofθ300

as a measure of self-association may partly or completely
underestimate the level of self-association.

Figure 8 shows models of the self-association of pGH
under the four conditions used in this study. Both urea and
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pH have large effects on the mode and strength of self-
association. Native pGH at pH 8 undergoes a weak but
discrete self-association where the largest species appears
to be the tetramer, while the presence of 4 M urea at pH 8
almost eliminates self-association, presumably by altering
the interactive surface landscape (51, 52). Note that theI340

for Trp86 at pH 8 in the presence of urea is∼25% larger
than in the absence of urea (Figure 1A) and thatλmax is red
shifted by>5 nm (Figure 1B). This indicates that Trp86 is
more exposed to solvent in the presence of urea than in its
absence at pH 8. The effect of urea on self-association is
unlikely to result from a covolume or “crowding” effect since
this would normally enhance self-association (53).

At pH 2 ( urea, pGH intermediates undergo strong
monomer-dimer self-association to the point where mono-
mer cannot be detected over the protein concentration range
observed. The value ofK for this dimerization isg∼5 ×
106 M-1. We speculate that this dimer is an off-pathway
folding intermediate. It is capable of further reversible self-
association described by values ofK at least 1 order of
magnitude smaller than that for the formation of the dimer
(Table 2). In the absence of urea, the self-association
proceeds by unlimited addition of dimers which we represent
as occurring in a classical “head-to-tail” fashion (Figure 8).

The presence of 4 M urea at pH 2 does not measurably
affect the strong formation of dimer, and this infers that this
concentration of urea does not alter the binding sites
responsible for this interaction. However, head-to-tail self-
association is replaced by a discrete self-association where
the largest species appears to be the octamer. This implies
that the presence of urea at pH 2 acts to remove some binding
sites from the surface of pGH and create new self-association
sites. One of these new binding sites may involve the residues
found in helix 3 of the native protein’s four-helix bundle.
The addition of a helix 3-containing peptide to a Gdn-HCl-
induced folding intermediate of bGH reduces its polymeri-
zation (54). Furthermore, this reduction correlates with a loss
of a prominentθ300 peak (54), a peak we also observe for
pGH at pH 2+ 4 M urea.

Thus, the critical off-pathway folding intermediate for pGH
(and probably bGH) may be the highly favorable formation
of a dimer. The mode of self-association of this dimer then
depends on its exact conformation. Certain conformations
of the dimerized intermediate (e.g., at pH 2+ 4 M urea)
undergo further discrete self-association, which may involve
helix 3 residues and which correlates with changes inθ300.
Other conformations of the off-pathway dimer undergo more
extensive self-association, which does not correlate with
changes inθ300 and which may not involve helix 3 residues
(e.g., at pH 2 minus urea). We are currently undertaking
experiments to test this. pGH thus provides further evidence
that, within a family of proteins, folding intermediates can
display a great range of structural variability and ability to
polymerize.
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