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ABSTRACT: The acid-induced unfolding of human platelet profilin (HPP) can be minimally modeled as a
three-state process. Equilibrium unfolding studies have been performed on human platelet profilin1 (HPP)
and monitored by far-UV circular dichroism, tryptophan fluorescence, ANS binding, and NMR
spectroscopy. Far-UV CD measurements obtained by acid titration demonstrate that HPP unfolds via a
three-state mechanism (Nf I f U), with a highly populated intermediate between pH 4 and 5.
Approximately 80% of native helical secondary structural content remains at pH 4, as indicated by
monitoring the CD signal at 222 nm. The stability (∆GH2O) of the native conformation at pH 7.0 (obtained
by monitoring the change in tryptophan signal as a function of urea concentration) is 5.56( 0.51 kcal
mol-1; however, the∆GH2O for the intermediate species at pH 4 is 2.01( 0.47 kcal mol-1. The calculated
m-values for the pH 7.0 and pH 4.0 species were 1.64( 0.15 and 1.34( 0.17 kcal mol-1 M-1, respectively,
which is an indication that the native and intermediate species are similarly compact. Additionally,
translational diffusion measurements obtained by NMR spectroscopy and ANS binding studies are consistent
with a globular and compact conformation at both pH 7.0 and 4.0. The pKa values for the two histidine
(His) residues located on helix 4 of HPP were determined to be 5.6 and 5.7 pH units. These pKa values
coincide with the midpoint of the far-UV CD acid titration curve and suggest that the protonation of one
or both His residues may play a role in the formation of the unfolding intermediate. Stable intermediate
species populate the 2D1H-15N HSQC NMR spectra between pH 4 and 5. A number of backbone and
side-chain resonances show significant perturbations relative to the native spectrum; however, considerable
nativelike tertiary contacts remain. Interestingly, the residues on HPP that are significantly altered at low
pH coincide with segments of the G-actin binding surface and poly-L-proline binding interface. The earlier
reports that a decrease in pH below 6.0 induces structural alterations in profilin, favoring dissociation of
the profilin-actin complex, corresponds with the structural alterations observed in the partially unfolded
species. Our findings suggest that a novel mechanism for pH induced disruption of the profilin-G-actin
complex involve a nativelike unfolding intermediate of profilin.

Dynamic remodeling of the actin cytoskeleton is essential
for cell locomotion, cytokinesis, complex morphogenetic and
developmental programs in multicellular organisms, and
pathological states such as neoplastic transformation and
tumor metastasis. These processes rely on the coordination
of signaling pathways that control the activity and subcellular
localization of the proteins that regulate the assembly,
disassembly, and function of distinct filamentous actin (F-
actin) structures. Of particular importance are the profilins
(∼12-15 kDa), an evolutionarily conserved and essential
family of actin monomer (G-actin) binding proteins. All
profilins share the same basic architecture, which is built
around an antiparallelâ-sheet, sandwiched between two
R-helical segments on each side (Figure 1) (1-3). In
mammals, two isoforms (profilin1 and profilin2) have been
identified that exhibit distinct expression patterns, with
profilin2 preferentially expressed in brain tissue and profilin1
(also referred to as platelet profilin) being present in all tissue

types (4). The profilin isoforms also exhibit different physical
characteristics and display different biochemical properties
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FIGURE 1: Ribbon diagram representation of the X-ray crystal
structure of HPP. The 3D fold of the polypeptide chain consists of
a compactR/â sandwich with seven antiparallelâ-strands and four
R-helices. The backbone atoms are colored gray, and the residues
involved in actin and poly-L-proline binding are shown in red and
green, respectively. Molmol was used to generate this ribbon
diagram.
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toward known in vivo ligands, suggesting specialized func-
tions and regulatory mechanisms (5). Profilin has been
proposed to regulate actin filament assembly in vivo through
several mechanisms including monomer sequestration, the
ability to increase the available pool of monomeric actin for
barbed end addition, and the enhancement of adenine
nucleotide exchange on G-actin (6-10). As F-actin depo-
lymerization results in the release of ADP-actin monomers,
this latter activity may be particularly important for the
regeneration of polymerization competent ATP-actin mono-
mers.

Profilin also binds to polyphosphoinositides, such as
phosphatidylinositol-4,5-bisphoshate (PIP2). This interaction
is of considerable importance because PIP2 competes with
actin for binding to profilin, resulting in a disruption of the
profilin-actin complex. Furthermore, biochemical evidence
shows that the binding of profilin to PIP2 inhibits the PLCγ-
mediated hydrolysis of PIP2 to the second messengers
diacylglycerol and IP3 (11, 12). Thus, profilin may directly
link the organization of the actin cytoskeleton with phos-
phoinositide metabolism. Additionally, profilin binds to
highly proline-rich sequences present in a number of signal-
ing and scaffolding proteins found at the leading edge of
motile cells, including members of the VASP/Mena and
formin families, and these interactions are thought to be
involved in correctly localizing profilin to sites of active
F-actin polymerization (13-18).

Recent evidence supports a role for the interaction with
PIP2 in localizing profilin to the plasma membrane (19-
21), and interactions with proline-rich targeting sequences
may provide an additional mechanism for directing profilin
to the vicinity of the plasma membrane. A complete
understanding of the structural and functional consequences
of these profilin-lipid interactions requires a detailed
consideration of the solution properties immediately proximal
to the phospholipids of the inner leaflet. Experimental and
theoretical approaches suggest that the local pH immediately
proximal to the inner leaflet of the plasma membrane may
be as much as 0.5-2 pH units lower than the bulk
cytoplasmic pH (22, 23). The proposed low pH is purported
to be the consequence of the high local concentration of
acidic phospholipids in the inner leaflet, which directs local
recruitment of protons and results in a locally reduced pH
that persists for∼15 Å from the membrane surface (23, 24).
Importantly, the experimental and computational efforts that
support this reduced pH are based solely on the consideration
of monoanionic acidic phospholipids in the inner leaflet.
Even greater effects might be expected from rafts of
polyanionic polyphosphoinositides such as PIP2, which are
known to accumulate in regions of extensive actin dynamics
(25, 26).

Considerable evidence from studies involving artificial
model membranes supports a physiological role for the
phospholipid-associated pH gradient and electrical potential.
The reduced pH immediately proximal to the plasma
membrane affords the opportunity for cytoplasmic proteins
to achieve non-native conformations, which Ptitsyn has
suggested may play a role in a wide range of biological
processes, including membrane insertion and translocation,
chaperone-assisted transport and folding, and protein deg-
radation (27). Specific examples include the native to molten
globule transition associated with the insertion of the bacterial

toxins (e.g., colicin A (22) and diptheria toxin (28)) into
membranes, protein unfolding events required for the trans-
port of precursor proteins across the mitochondrial inner
membrane (29), and the structural integrity of proteins
involved in electron transport (i.e., cytochromec) (24).

To gain an understanding of the potential functional
consequence of the putative reduced membrane-proximal pH
on the regulation of the actin cytoskeleton, we have examined
the equilibrium structural behavior of HPP1 as a function of
pH, using circular dichroism (CD), fluorescence, and NMR.
These studies demonstrate a three-state unfolding transition
with an initial transition beginning at pH∼6.5 that results
in a fully populated equilibrium intermediate at pH 4-5,
with a second transition below pH 4 leading to the fully
denatured state. The residues most perturbed as the pH is
lowered cluster around the actin binding surface, suggesting
that the membrane proximal environment could regulate the
profilin-actin interaction.

MATERIALS AND METHODS

Chemicals and Reagents.Ultrapure urea was purchased
from Sigma.15N-ammonium chloride, D2O, DCl, and NaOD
were purchased from Cambridge Isotopes (Cambridge,
Massachusetts). Double distilled deionized water was used
in all experiments. All additional chemicals were of reagent
grade.

Human Platelet Profilin (HPP) Purification.Recombinant
15N-labeled and unlabeled HPP were prepared as previously
described (30). Briefly, E. coli BL21 (DE3) cells were
transformed with the pMW172-based expression vector and
grown in either Luria broth (LB) or M9 minimal media
containing 15N-ammonium chloride as the sole nitrogen
source. HPP was purified by poly-L-proline affinity chro-
matography and homogeneity (>95%) was confirmed by
SDS poly-acrylamide gel electrophoresis. The expression of
HPP in LB and minimal media yielded approximately 40
and 25 mg/L, respectively.

Sample Preparations.For NMR spectroscopy, the sample
buffer was exchanged from 10 mM Tris-KCl to 10 mM
citrate-phosphate, and the pH was adjusted by dialysis at 4
°C. The protein was concentrated using a 3000 Dalton cutoff
Centricon filter, and the final protein concentrations used in
the NMR experiments were 0.5-1.0 mM in a sample volume
of 600 µL.

Samples for the histidine titration studies were prepared
by adding 600µL of a 0.2 mM stock of unlabeled HPP in
10 mM citrate-phosphate buffer to a 10 mM citrate-phosphate
buffer in 100% D2O, up to a final volume of 2 mL. The
diluted sample was concentrated to 600µL and the dilution/
concentration cycle repeated three times to deuterate all
exchangeable1H nuclei. The pD of the diluted samples was
adjusted by adding NaOD or DCl and monitored with an
Orion digital pH meter without corrections.

The samples for the pH titration of HPP monitored by
CD were prepared by adding 100µM purified HPP in 10
mM citrate-phosphate buffer at pH 7.2 (final concentrations
of 10-20µM) to Eppendorf tubes containing 10 mM citrate-

1 Abbreviations: HPP, human platelet profilin; CD, circular dichro-
ism; UV, ultraviolet; ANS, 8-anilino-1-naphthalenesulphonic acid;
HSQC, heteronuclear single quantum correlation; TSP, 3-(trimethylsilyl)
propionate; PFG, pulse field gradient.
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phosphate buffer (pre-filtered with a 0.25µm filter) and 1
mM DTT with the pH preset between 2.0 and 8.0 units. The
fluorescence studies were conducted using 5µM protein. The
samples were prepared at each pH in triplicate and allowed
to equilibrate overnight at room temperature. Importantly,
the pH was measured before and after data collection for
consistency. Purified HPP in 10 mM Tris buffer was used
for experiments conducted at pH 8.0.

The urea denaturation studies at pH 4.0 and 7.0 were
performed with HPP at final concentrations of 10-20 µM
and buffered in 10 mM citrate-phosphate and 1 mM DTT.
Protein solutions containing 0-8 M urea were allowed to
equilibrate overnight at room temperature and CD/fluores-
cence spectra were collected as described below.

2D 1H-15N HSQC NMR Spectroscopy.All NMR experi-
ments were performed at 20°C on a Bruker DRX 600 MHz
spectrometer equipped with a 5 mminverse triple resonance
three axis gradient probe. 2D1H-15N gradient selected
sensitivity-enhanced HSQC spectra were collected with 4K
complex points in F2 (1H) and 256 complex points in F1
(15N) dimensions, with 32 scans per t1 point and a recycle
delay of 1.3 s (31). All experiments used a proton sweep
width of 14 ppm and a15N sweep width of 40 ppm with the
1H and 15N carriers set to 4.7 and 120 ppm, respectively.
Spectra were processed with a cosine bell window function
and zero filled to yield data sets with 4K and 512 points in
F2 (1H dimension) and F1 (15N dimension), respectively.
Proton chemical shifts were referenced to internal 3-(tri-
methylsilyl) propionate (TSP).

Pulsed Field Gradient NMR Self-Diffusion Experiment.
Pulse field gradient (PFG) self-diffusion measurements (32)
were recorded at pH 7.0, 4.0, and 2.0 on a DRX-600 MHz
spectrometer. Diffusion measurements were recorded on 0.7
mM 15N-labeled HPP in 10 mM citrate-phosphate buffer
(90% H2O/10% D2O) at 20°C. A total of 16 spectra were
acquired, with increasing PFG strength. The gradient delay
used was 4.0 ms. The self-diffusion coefficient (Ds) is
obtained from a fit of the signal decay to the relationship

whereγ ) 1H gyromagnetic ratio,δ ) PFG duration (s),Γ
) gradient strength (G/cm),∆ ) time between PFG pulse
(s), and A (2τ) ) the echo amplitude. The gradient strength
was calibrated by measuring decay curves on a lysozyme
sample in D2O and using a literature value of 1.08 cm2 s-1

for the self-diffusion coefficient (33).
Histidine Titration. 1D 1H NMR experiments for histidine

titration studies were performed on a Bruker DRX-300 MHz
spectrometer at 20°C. Spectra were collected using
WATERGATE water suppression with a total of 64 scans
and a sweepwidth of 14 ppm, sampled with 1024 complex
points and a recycle delay of 1.3 s. (34). Spectra were
processed with a cosine bell window function, zero filled to
2048 points and were baseline corrected. The pKa values were
determined from fits of the Henderson-Hasselbach equation
to a plot of the chemical shift change as a function of pH
(assuming a single titrating group):

whereδ ) chemical shift and∆δ ) chemical shift difference
between charged and neutral species. KaleidaGraph 3.0 was
used for all curve-fitting procedures.

Circular Dichroism. All CD spectra were collected on a
Jasco 720 spectropolarimeter at room temperature using
either 1 mm or 5 mm path length quartz cuvettes. The
concentrations used were 10-20 µM (0.33-0.67 mg/mL).
Each spectrum was baseline corrected by subtracting the
buffer spectrum, and the data were analyzed without spectral
smoothing. The molar ellipticity was calculated according
to [θ] ) θλ/10dcr, whereθλ is the ellipticity in millidegrees,
d is the cuvette path length in cm, andcr is the mean residue
molar concentration in mol/mL. Three independent measure-
ments, taken at 0.5 nm intervals, were recorded and averaged
for each spectral point in all experiments.

The fraction unfolded (fu) was calculated based on the ratio

whereY ) ellipticity observed at a specific [urea],Yn )
ellipticity of the folded protein, andYd ) ellipticity at 8 M
urea.

The unfolding free energy change at zero molar urea
(∆G(H2O)) was obtained from nonlinear least-squares fits to
the data points with baseline corrections based on the
methods of Santoro and Bolen, according to the equation
below (35). The analysis assumes a two-state model for
unfolding and a reversible process.

where ∆G(H2O) represents the free energy change in the
absence of urea,mG is the ∆G dependence on urea
concentration,yn and yu are the baseline intercepts for the
native and unfolded forms, respectively, extrapolated to zero
urea, andmn and mu represent the slopes of the fitted
baselines. The gas constantR has units of kcal mol-1 K-1,
and the temperatureT is in Kelvin.

Intrinsic Tryptophan Fluorescence. Data were collected
on 5µM samples of HPP at room temperature using a Photon
Technology International (PTI) spectrofluorometer, model
QM-4/2005. The slit-widths were set at 2 nm, the excitation
wavelength was set at 295 nm, and the emission spectrum
was recorded from 305 to 400 nm in 0.5 nm increments.
Spectra were corrected for background contributions by
subtracting scans of samples containing only the buffer at
each pH.

ANS Fluorescence Spectroscopy.Exposed hydrophobic
surface area was probed by 8-anilinonaphthalene-1-sulfonate
(ANS) binding. Experiments were conducted at room tem-
perature with 5µM HPP and 50µM ANS in 10 mM citrate-
phosphate and 1 mM DTT. The excitation wavelength was
set at 385 nm, and the emission sweep-width was from 400
to 600 nm, with a 2 nmslit-width.

RESULTS

Acid-Induced Unfolding of HPP Monitored by CD at 222
nm. As judged by CD, the acid-induced unfolding of
HPP is consistent with a minimal three-state process, i.e.,

fu ) (Y - Yn)/(Yd - Yn)

Y ) {(yn + mn[urea])+ (yu + mu[urea])

exp[-(∆G(H2O)/RT+ mG[urea]/RT)]}/

{1 + exp[-(∆G(H2O)/RT+ mG[urea]/RT)]} (3)

A (2τ) ) A(0) exp[-(γδΓ)2 (∆-δ/3)Ds] (1)

δ(pH) )
δ(neutral)+ ∆δ[10(pKa-pH)]/[1 + 10(pKa-pH)] (2)
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N f I f U. The first transition begins at∼pH 6.5 with an
equilibrium intermediate being fully populated between pH
5.0 to 4.0 (Figure 2). The transition midpoint from the native
state to intermediate state occurs at approximately pH 5.8,
which suggests that ionizeable groups with pKa values in
this range are involved in the partial unfolding of HPP
(N f I). The second transition midpoint occurs close to pH
3.4, suggesting that protonation of the side-chain carboxylate
groups of Asp and Glu may be involved in the transformation
to the unfolded state (If U). The molar ellipticity at 222
nm (i.e., R-helix content) for the equilibrium unfolding
intermediate (pH 4.4) is approximately 84% of that of the
native state (pH 7.0). This observation indicates that the
averageR-helical content of the unfolding intermediate is
comparable to that of the native state.

To rule out the possibility that aggregation contributed to
the observed phenomena, a concentration dependence study

of the pH 4.4 species was performed at room temperature
and monitored by the CD at 222 nm (Figure 2, inset). The
linear relationship between CD and concentration indicates
that aggregation is not involved in the formation of the
unfolding intermediate at the protein concentrations used.

Acid Titration of HPP Monitored by Tryptophan Fluo-
rescence. The intrinsic tryptophan fluorescence intensity and
wavelength maximum are useful probes for monitoring
protein structural fluctuations and conformation dynamics.
The two tryptophan residues on HPP, tryptophan 3, and
tryptophan 31, map to a solvent exposed hydrophobic
surface, with tryptophan 31 being partially buried at the edge
of â-strand 2. Consistent with this environment, the average
maximum tryptophan-fluorescence signal was measured at
a wavelength of 334 nm for the native species. The
fluorescence intensity profile verses pH is complex (Figure
2B). The tryptophan fluorescence maximum occurs between
pH 4.4 and 4.6 and is accompanied by a minor red shift in
λmax, suggesting that the observed fluorescence change is not
due to the increased exposure of the indole group to solvent
but is due to structural modifications within a less rigid
hydrophobic surface. The modest shift inλmax is further
evidence that a similar degree of solvent exposure of the
tryptophan in the native species is maintained in the exposed
hydrophobic surface of the intermediate ensemble. A transi-
tion occurs from the intermediate ensemble to the unfolded
state below pH 3.0, as indicated by fluorescence quenching
and red shiftedλmax to 347 nm.

ANS Binding as a Function of pH. To detect changes in
the solvent accessibility of the hydrophobic core of HPP and
the resulting loss of tertiary structure during the unfolding
transition, the fluorescence of the hydrophobic dye ANS was
monitored with decreasing pH. ANS is a fluorescent dye that
has been used extensively to probe exposed, ordered
hydrophobic surfaces on partially folded polypeptides (36).
In aqueous solutions, ANS fluorescence is minimal; however,
the fluorescence is enhanced many fold with a concomitant
blue shift in wavelength (below 500 nm) when bound within
a hydrophobic cavity. Consistent with this behavior, a fully
folded or unfolded protein exhibits minimal interaction with
ANS; in contrast, interactions are maximal with partially
folded species (36). Figure 3A and B show plots of the ratio
of ANS fluorescence (F/F0) in the presence and absence of
HPP and the associated shift in emission wavelength from
pH 7.5 to 2.2. Figure 3C shows the pH titration of ANS
from pH 2 to 8, which does not exhibit pH dependence.
Relative to the ANS fluorescence alone, the fluorescence
change from pH 7.5 to 5.5 in the presence of HPP is
negligible. However, the ANS fluorescence is enhanced at
pH 5.0 by 3-fold, and a 7-fold increase in fluorescence is
observed at pH 4.0. More dramatically, a fluorescence
enhancement of 35-fold is observed at pH 3.75, and the
maximum fluorescence is observed at pH 3.0 with an increase
of 39-fold relative to that of ANS alone. Over this range,
the wavelength of the fluorescence maximum is also blue-
shifted from 500 to 470 nm. The enhanced ANS fluorescence
at pH 5.0 and below indicates an increase in hydrophobic
surface area interaction, and the blue shifted wavelength is
evidence that the tertiary fold of the intermediate species is
disrupted relative to the native fold. Notably, the ANS
fluorescence emission spectra of the intermediate species
populated between pH 4 and 5 are more similar to the native

FIGURE 2: Acid titration of HPP monitored by far-UV circular
dichroism spectroscopy and intrinsic tryptophan fluorescence. (A)
Equilibrium unfolding of HPP (in 10 mM citrate-phosphate buffer
and 1 mM DTT at room temperature) monitored by the change in
molar ellipticity at 222 nm reveals that HPP unfolds in multiple
stages. The CD trace results from a plot of the average molar
ellipticity of three experiments (standard deviations less than 5%)
and shows that HPP unfolds in two discreet steps (Nf I f U)
with a stable intermediate population between pH 4.0 and 5.0. The
inset shows a linear plot of the CD signal as a function of protein
concentration. (B) Tryptophan fluorescence at 334 nm (b) (left axis)
and the wavelength at maximum fluorescence ([) as a function of
pH. The experimental conditions were identical to those used in
the CD measurements except that 5µM of HPP was used for
fluorescence measurements.
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species than the species at pH 3.0, indicating that the native
structure and equilibrium intermediate share a similar
proportion of exposed hydrophobic surface and compactness.
The ANS fluorescence enhancement decreases as the pH is
lowered below 3.0 and is red-shifted from 470 to 475 nm,
which signals a decrease in available ordered, hydrophobic
binding surface. The inset in Figure 3A shows the emission
spectra of ANS only and ANS in the presence of HPP at pH
7.0, 4.4, and 2.2.

Chemical Denaturation of HPP Monitored by CD.To
determine the stability of the pH 7.0 and 4.0 thermodynamic
states, chemical denaturation using urea was monitored by
CD at 222 nm. Figure 4A and B shows the behavior of the
native state and the equilibrium intermediate, respectively,
presented as the fraction unfolded as a function of urea
concentration. The fitting assumes a two-state transition for

each process. The extrapolated values from best fits to the
data points are shown in Table 1. The∆G(H2O) of HPP at
pH 7.0 was determined to be 6.59( 1.1 kcal mol-1, and the
value obtained for the pH 4.0 species was 4.01( 0.62 kcal
mol-1 with unfolding midpoints of 3.25 and 2.25 M urea,
respectively. At equilibrium, both the native and intermediate
species are fully populated relative to the unfolded species,
with the intermediate species∼99% populated (Keq ) exp-
(∆G/RT) ) 0.0011). Additionally,m-values of 2.08( 0.35
and 1.89( 0.24 kcal mol-1 M-1 urea were obtained for the
native and intermediate states, respectively. Them-value is
a measure of the dependence of∆G on urea concentration
and reports on the relative compactness of the polypeptide
chain. These results indicate that the pH 4 conformation is
compact and stable and represents a distinct non-native
population.

FIGURE 3: The relative change in ANS fluorescence emission maximum in the absence and presence of HPP. (A) Ratio of ANS fluorescence
emission intensity in the presence and absence of HPP as a function of pH at 10:1 ANS to HPP (excitation: 375 nm). The inset shows the
superposition of ANS fluorescence spectra of ANS in buffer (brown), ANS plus HPP at pH 7 (black), pH 4.4 (blue) and pH 2 (red). (B)
Plots of the change in maximum wavelength (λmax) as a function of pH. (C) Fluorescence of ANS alone from pH 2 to 9, along with a plot
of the change in emission in this pH range.
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Chemical Denaturation of HPP Monitored by Intrinsic
Tryptophan Fluorescence. The conformational stability of
HPP was also determined by monitoring the intrinsic
tryptophan fluorescence at 360 nm with increasing urea
concentration. Figure 4A and B shows the relative fluores-
cence for native HPP (pH 7.0) and the intermediate species
(pH 4.0). Values for∆G (H2O) were obtained from a nonlinear
least-squares fit of the data points. The extrapolated∆G (H2O)

at pH 7.0 was 5.56( 0.51 kcal mol-1, with anm-value of
1.64 ( 0.15 kcal mol-1 M-1, and the∆G (H2O) at pH 4.0
was 2.01( 0.47 kcal mol-1 with anm-value of 1.34( 0.17
kcal mol-1 M-1. The unfolding midpoints occurred at 3.4
M urea and 1.8 M urea for the pH 7 and 4 species,
respectively; however, them-value differs by only 18%,
indicating that the global fold and compaction of the
intermediate state is near native. Moreover, a significantly
populated equilibrium intermediate (∼88% relative to the
unfolded state) exists at pH 4, relative to that in the unfolded
state. Overall, the urea unfolding curves of HPP monitored

by far-UV CD and tryptophan fluorescence for the native
species (pH 7) are similar, suggesting a cooperative mech-
anism for unfolding. In contrast, the unfolding curves for
the pH 4.0 species do not coincide, indicating that unfolding
proceeds in a noncooperative manner with the loss of tertiary
structure preceding the loss of secondary structure.

Pulsed Field Gradient Translational Diffusion Measure-
ments. To determine whether NMR spectroscopic measure-
ments of the equilibrium unfolding intermediate were feasible
at high protein concentration (i.e. without aggregating),
pulsed field gradient self-diffusion measurements were made
with 0.71 mM HPP at pH 4.2 and 20°C. Similar measure-
ments were taken for the pH 7.0 and 2.0 species at
concentrations of 0.71 and 0.66 mM, respectively, for direct
comparison. The 1D-1H spectra of HPP at pH 7 and 4.2 are
well resolved with sharp lines in the amide and aliphatic
regions. A typical plot of the signal attenuation as a function
of gradient strength for a single nonoverlapping resonance
is shown in Figure 5 for the pH 7, 4, and 2 species. Diffusion
coefficients (Ds) of 1.04× 10-6 cm2/s ( 0.01 and 1.12×
10-6 cm2/s ( 0.01 were determined for the pH 4.0 and 7.0
species, respectively. SimilarDs values have been calculated
for globular polypeptide chains with molecular weights of
approximately 15-20 (assuming a spherical arrangement)
(32). The measuredDs for the equilibrium intermediate is

FIGURE 4: Urea unfolding of HPP monitored by tryptophan
fluorescence and CD spectroscopy. (A) Plots of the change in
intrinsic tryptophan fluorescence (0) and molar ellipticity ([) with
increasing urea concentration at pH 7.0 and 6.5 shows two-state
behavior with midpoints at 3.4 M urea for the tryptophan signal
and 3.25 M urea for the change in ellipticity. The∆GH2O values
extrapolated from the nonlinear least-squares fit (assuming a two-
state transition from Nf U) of the tryptophan fluorescence and
CD data points are 5.56( 0.51 and 6.59( 1.10 kcal mol-1,
respectively. (B) Equilibrium unfolding of HPP at pH 4.0 monitored
by tryptophan fluorescence at 360 nm (0) and CD at 222 nm ([).
The data represents the fraction unfolded as a function of urea
concentration. The∆GH2O values obtained from a nonlinear least-
squares analysis of the titration curves for tryptophan fluorescence
and CD are 2.01( 0.47 and 4.01( 0.62 kcal mol-1 with the
unfolding midpoint occurring at 1.8 and 2.25 M urea, respectively.
The concentrations of HPP used in the CD and fluorescence studies
were 15 and 10µM, respectively.

Table 1: Thermodynamic Data for Native and Intermediate HPP

probe pH
∆GH2O

(kcal mol-1)a
m-value

(kcal mol-1 M-1)b
Cm

(M)c

CD 6.5 6.59( 1.1 2.08( 0.35 3.25
4.0 4.01( 0.62 1.89( 0.24 2.25

tryptophan 7.0 5.56( 0.51 1.64( 0.15 3.4
4.0 2.01( 0.47 1.34( 0.17 1.80

a Free energy of unfolding extrapolated to 0 M urea.b Change in
∆G as a function of urea concentration.c Midpoint of unfolding titration
curve.

FIGURE 5: Pulsed field gradient translational diffusion measure-
ments of HPP at pH 7, 4, and 2. The attenuation of the signal
intensity as a function of gradients for 0.5 mM HPP in 10 mM
citrate-phosphate buffer and 1 mM DTT at room temperature is
shown. The decay curves for the native conformation at pH 7 and
the unfolded species at pH 2 are colored gray, and the curve for
the intermediate species at pH 4 is colored black.
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similar to that of the pH 7.0 species under identical conditions
and is further evidence that the overall topology of the pH
4.0 species is nativelike and is not aggregated. In contrast,
a measuredDs value of 0.73× 10-6 cm2/s for the pH 2.0
species is consistent with a loss of compactness.

Acid-Induced Unfolding of HPP Monitored by 2D1H-15N
HSQC.The acid-induced unfolding of HPP from pH 6.5 to

2.0 was monitored by 2D1H-15N HSQC NMR spectroscopy
to specifically identify the pH-responsive residues (Figure
6). As seen in Figure 6A, the native spectrum at pH 6.5 is
well dispersed with sharp nonoverlapping lines, characteristic
features of a properly folded polypeptide chain. This allowed
the assignment of all backbone amide (nonproline) cross-
peaks in the native1H-15N HSQC spectrum as published by

FIGURE 6: Acid titration of 15N-labeled HPP monitored by 2D1H-15N HSQC NMR spectroscopy. The 2D1H-15N HSQC spectra of HPP
at pH 6.5, 4.2 (panel A), 3.5, and 2.2 (panel B) are shown at equilibrium. Each sample contains approximately 1 mM HPP buffered in 10
mM citrate-phosphate and 1 mM DTT at 20°C. The panel containing the spectrum at pH 6.5 serves as the reference for serial titration
points, and the1H-15N cross-peaks were labeled according to the published assignments of Metzler et al. (39). A subset of the residues that
broaden (disappear) during the course of the titration is boxed in the pH 4.2 spectrum and is labeled at the native chemical shift. Superposition
of the 2D1H-15N HSQC spectra of native HPP (pH 6.5) and the unfolding intermediate (pH 4.2) is shown in panel C. The native HSQC
spectrum is shown in black with the overlaid intermediate spectrum in gray. The arrows indicate the direction of the chemical shift change,
and nonoverlapping cross-peaks are assigned at the intermediate species chemical shift.
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Metzler et al (37). The assignment of the perturbed cross-
peaks in subsequent spectra was accomplished by comparing
successive spectra, beginning with the native spectrum and
tracking the titrating resonances; however, the spectral
overlap below pH 4.0 precluded further assignments. The
chemical shifts of 49 of the 133 observable residues exhibited
pH dependence throughout the titration series. The perturbed
cross-peaks corresponded to residues with both ionizeable
and nonionizeable side chains and are listed in Table 2. The
dramatic effect of decreasing pH on backbone resonances
can be seen in panel 6A (pH 4.2). The boxes positioned at
the native backbone chemical shift for Asp 75, Ser 76, Leu
77, Leu 78, Asp 80, Gly 81, Glu 82, Phe 83, Ser 84, Met
85, Thr 103, Lys 104, Thr 105, and Lys 107 represent
broadened cross-peaks. Line-broadening is consistent with
slow conformational exchange in the ms toµs regime and
indicates increased backbone flexibility, which is compatible
with local unfolding of the polypeptide chain (38). In
addition, the signal intensities of a number of cross-peaks
gradually diminish, concomitant with the appearance of non-
native cross-peaks. For example, two cross-peaks assigned
to Gly 2 at pH 4.2 are well populated in the titration series
beginning at pH 6.0 and persist to pH 2.0. This is evidence
that theN-terminus is dynamic, undergoing a slow exchange
between unfolded conformations (panel 6A). As seen in panel
6B, the highly structured intermediate species and the
unfolded species are in conformational exchange, and further
acidification drives the equilibrium toward the unfolded state.
The loss of spectral dispersion at pH 2.0 is consistent with
the unfolding of the polypeptide chain. Specifically, the HN

chemical shift distribution collapses to 7.9-8.55 ppm in the
1H dimension, which is characteristic of an unfolded
polypeptide chain (as confirmed by CD and tryptophan
fluorescence data) (39, 40). A superposition of the native
state1H-15N HSQC spectrum and the equilibrium intermedi-

ate state1H-15N HSQC spectrum is shown in Figure 6C. Of
the expected 135 backbone cross-peaks, 121 are visible in
the pH 4.0 spectrum, and 39 exhibit varying degrees of
perturbation. Residues experiencing non-native environments
in the pH 4.2 species display altered line-width and/or
significant chemical shift perturbation relative to those of
the native state. In contrast, the 82 residues that remain in a
nativelike environment at pH 4.2 exhibit narrow line-widths
and identically superimpose with the spectrum at pH 6.5.
Because a majority of the cross-peaks in the pH 4.0 spectrum
are unperturbed, the topology and secondary structural
content of the equilibrium unfolding intermediate is largely
nativelike.

Titration of His 119 and His 133 monitored by 1D1H
NMR.The pKa values of His 119 and 133 were determined
by pH titration of the imidazole group C2-1H, monitored from
pH 8.0 to 4.0 by 1D1H NMR spectroscopy in 100% D2O.
Below pH 4.0, the spectral lines broaden and begin to
overlap, indicative of global conformational changes in HPP.
The 1D1H NMR spectra in the basic regime are dominated
by two narrow lines, which were assigned to the slowly
exchanging C2-1H of the only two histidines on HPP
(assignments were obtained from unpublished13C-edited
NMR experiments). Figure 7 shows a plot of the chemical
shift as a function of pH, and the pKa values for His 119
and His 133 in D2O were determined to be 5.60( 0.02 and
5.71 ( 0.01, respectively from a nonlinear fit of the data.
These pKa values are expected to be slightly higher in H2O
by 0.06 (41). Importantly, the calculated pKa values coincide
with the midpoint of the transition between the native and
the acid-induced equilibrium intermediate. Moreover, the pH-
dependence of a number of cross-peaks (Nf I) tracks with
the titration behavior of either His 119 or His 133 (Figure 8
and Table 2). These results suggest that the ionization state
of one or both His residues influence the overall stability of
native HPP and modulate the formation of the intermediate
species.

DISCUSSION

Structural Description of the Low pH Equilibrium Inter-
mediate. Assignment of the 2D1H-15N HSQC spectrum at
pH 4 unambiguously identified regions on HPP that exhibit

Table 2: Apparent pKa Values of Titrating Residuesa

residue
number

apparent
pKa

R74 4.33
Q79 4.4
D86 4.98
R88 5.49
V100 4.35
T101 5.01
T103 5.91
K104 5.4
D106 4.9
K107 4.8
L110 5.49
V118 5.51
H119 5.45
G120 5.3
G121 5.26
L122 5.65
N124 5.75
K125 4.61
Y128 4.81
E129 4.02
A131 6.41
H133 5.72
L134 5.22
R135 5.88
R136 5.75

a The pKa values were obtained for the curves shown in Figure 8
from pH 7.5 to 3.8.

FIGURE 7: Titration of His 119 and His 133 by 1D1H NMR
spectroscopy. The plots of the side-chain C2-1H chemical shift vs
pH (pH 8.5 to 4.0), for His 133 and His 119 in 100% D2O are
shown. The curves result from best fits of the Henderson-
Hasselbach equation, and a pKa value of 5.71 ( 0.01 was
determined for His 133 (b) and 5.60( 0.02 for His 119 ([).
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non-native structure. Figure 9 shows the 3D structure of
native HPP color coded according to the change in chemical
shift as a function of pH (42). The perturbed residues map
to R-helices 1 and 4,â-strands 4, 5, and 6 and connecting

loops, and residues located in the hydrophobic core. The
residues that comprise the hydrophobic core on HPP were
determined previously from the refined solution NMR
structure (43). For example, the rigid hydrophobic core of

FIGURE 8: Plots of the amide nitrogen chemical shift vs pH for select residues. The chemical shift change as a function of pH (pH 7.5-3.8)
for perturbed residues were extracted from a series of1H-15N HSQC spectra acquired in a manner identical to that used for the set shown
in Figure 6. The solid lines represent best fits to the Henderson-Hasselbach equation as described in Materials and Methods. (A)R-helix
4 15N chemical shift vs pH; panel 1 (N-terminus): V118 (b), H119 (3), L122 (4), I124 (0), K125 (]). Panel 2: G120 (]), G121 (b).
Panels 3 and 4:C-terminal residues ofR-helix 4 15N chemical shift vs pH; Panel 3: Y128 (b), E129 (1), L134 (]), R135 (4), R136 (0).
Panel 4: A131 (]), H133 (0). (B) 15N-chemical shift vs pH for a subset of the residues that include theâ-sheet region. Panel 1: D86 (3),
K104 (]), T101 (4), L110 (O), V100 (0); panel 2: Q79 (]), D106 (0), R88 (3), T103 (4), L110 (b); panel 3: R74 (0), K107 (]).
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native HPP, which consists of residues Ala 20, Val 22, Phe
39, Ile 42, Val 47, Leu 50, Val 51, Leu 63, Leu 65, Cys 70,
Val 72, Leu 77, Leu 78, Met 85, Leu 87, Val 100, Val 102,
Leu 109, Leu 111, and Met 113, is relatively inaccessible to
the solvent as probed by ANS binding (Figure 3). A subset
of these residues, including Val 72, Leu 77, Leu 78, Met
85, Val 100, and Val 102, exhibit varying degrees of
chemical shift alteration and severe line-broadening, indicat-
ing that the hydrophobic core in the intermediate species is
structurally distinct relative to that of the native species.
However, the hydrophobic core remains largely solvent
inaccessible (Figure 3) in the folding intermediate. Neverthe-
less, the broadened cross-peaks, comprising residues Arg
74-Met 85 and Met 103-Thr 108 (Figure 6A) are clear
evidence that the rigidâ-sheet core exhibited by HPP in the
native conformation is altered at pH 4.

The hydrophobic core of HPP is shielded from solvent as
a result of tertiary interactions between theâ-sheet core and
the surrounding fourR-helices (Figure 1). Interestingly, two
new cross-peaks, which are assigned to Gly 2, are prominent
in the pH 4 spectrum, and similarly, Asn 4 and Tyr 6 (solvent
exposed) also exhibit two cross-peaks, which is an indication
that theN-terminus ofR-helix1 is undergoing slow confor-
mational exchange (Figure 6).R-Helix4 is adjacent to
R-helix1, and a majority of the residues are perturbed at low
pH (His 119-Lys 125, Tyr 128-Met 130, and His 133-
Tyr 139), signifying structural rearrangements in the poly-
L-proline binding site. It is noteworthy, that residues that
are adjacent to His 119 and His 133 reflect a titration profile
similar to that of the histidines. Importantly, the amino acid
residues onR-helix 4 interact directly with theâ-sheet of
HPP via side chain-side chain contacts, consequently
bridging distal sites that exhibit significant structural per-
turbations, that is, Arg 135 onR-helix 4 and Phe 83 on
â-strand 5. It appears that local, discrete changes in the tight
tertiary packing could account for the increase in the solvent-
exposed surface of the intermediate species supported by the
change in ANS fluorescence. Additionally, the broadened

cross-peaks observed in the 2D HSQC spectra likely cor-
respond to an increased plasticity in the polypeptide chain.

Correlation between His pKa and Intermediate Formation.
A number of cross-peaks that were assigned to nonpolar
residues exhibited a chemical shift dependence on pH, that
is, Ala 5, Val 72, Ile 73, Leu 77, Leu 78, Gly 81, Phe 83,
Met 85, Gly 93, Val 100, Thr 101, Thr 103, Thr 105, Thr
108, Gly 120, Gly 121, Leu 122, Ile 128, Met 130, and Leu
134. Figure 8 depict plots of the pH-dependent chemical shift
change of both polar and nonpolar residues from pH 7.5-
3.5. Because the chemical shift of each residue is sensitive
to the local environment, a change in chemical shift signals
an altered environment and backbone conformation (44).
Moreover, the pH sensitivity of the nonpolar residues is likely
a consequence of the influence of vicinal charged groups
(i.e., His) on the proximal nonpolar residues. For example,
Gly 120 and Gly 12115N titration profile reflects the trace
and pKa of His 119. Similarly, the titration curves of Leu
134 and Arg 13615N chemical shift profiles correspond to
His 133. Clearly, the ionization state of His 119 and His
133 onR-helix 4 has dramatic effects on the stability of the
native fold and contributes to the formation of the intermedi-
ate species. Whereas His 119, which is locatedN-terminal
to R-helix 4 is exposed to the solvent, His 133 is located
near theC-terminus ofR-helix 4 and is partially buried in a
hydrophobic groove that serves as the polyproline ligand
binding site. The measured side chain pKa values of His119
and His133 are 5.6 and 5.7, respectively, and are ap-
proximately 0.5 pH units lower than the usual pKa values of
the histidine side chain (45, 46). More importantly, these
pKa values coincide with the midpoint of the transition
between native and intermediate states and suggest that the
protonation of one or both histidine residues is responsible
for the transition. Protein folding studies using apomyoglobin
and cytochromec as models have demonstrated the effect
of charged His residues on protein stability. In the case of
apomyoglobin, a non-native conformation has been attributed
to the protonation of buried histidine residues with acidic
pKa values (47). The cytochromec molten globule unfolding
intermediate can be promoted by the disruption of a salt-
bridge between His 26 and Glu 44, which stabilizes an
important omega-loop (48).

Residues that Undergo the Largest Chemical Shift Changes
at pH 4.0 Cluster at the Profilin-G-Actin Interface. As
shown in Figure 9, the bulk of the residues experiencing the
greatest pH-associated perturbations map to the amino
terminus ofR-helix1, R-helix3, throughoutR-helix4, and
portions of â-strands 4, 5, and 6. In particular, His119-
Asn124 and Glu129 onR-helix4, which contact subdomain1
on G-actin, are altered in the intermediate conformation.
Additionally, the residues that make specific contacts with
subdomain3 on G-actin, that is, Ile 73, Arg 74, Glu 82, Ser
84 and Asp 86 onâ-strands 4 and 5, exhibit distinctly
different chemical shifts. Approximately 12 out of the 19
residues that make specific contact with G-actin exhibit non-
native chemical shifts in the intermediate conformation,
suggesting an altered G-actin binding surface. The pH-
sensitive residues on HPP that make specific contributions
to the G-actin binding surface are highlighted in Table 3. A
number of residues, including Asp 75-Met 85 and Thr 103-
Thr 105 that spanâ-strands 4, 5, and 6, and are integral to
the hydrophobic core of HPP, exhibit severe line broadening

FIGURE 9: Residues that change significantly at pH 4.0 are mapped
onto the 3D X-ray crystal structure of profilin. The change in
chemical shift in the1H-dimension and15N-dimension are quan-
titated using the equation below according to Farmer et al. (42),
[(1H)2 + (0.0289)(15N)2]1/2. Residues exhibiting no change in
chemical shift are colored blue; 0.06-0.1 ppm are colored yellow;
0.1-0.2 ppm are colored orange; and>0.2 ppm are colored red.
The residues exhibiting the largest∆-chemical shift are located on
R-helices 1 and 4 andâ-strands 4, 5, and 6. These residues span
the actin and poly-L-proline binding surfaces.
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in the low pH spectra. This line broadening results from the
intermediate conformational exchange between distinct en-
vironments and suggests that this segment of theâ-sheet
structure is less rigid than the other segments of the
polypeptide chain. Potentially, the structural changes ob-
served forR-helix 4 and theâ-sheet region of HPP could
preclude G-actin binding.

Functional Significance of the Intermediate Conformation.
The role of electrostatics on profilin-ligand interactions has
been investigated in vitro and in vivo. The earliest studies
reported that the profilin-G-actin complex could be dis-
rupted below pH 6.0, suggesting a role for electrostatics in
complex formation (49). Additionally, Lassing and Lindberg
reported that the highly charged phospholipid PIP2 can
dissociate the profilin-G-actin complex (50). Recently,
mutational analysis confirmed that His 119 on profilin is
essential for G-actin binding because the substitution of His
119 with Glu abolishes G-actin binding (51). The mutation
of His 133 to Ser 133 abrogates profilin-poly-L-proline
binding in vitro, and this mutation has been demonstrated
to exhibit potent tumor suppression activities in vivo, which
highlights the functional significance of complimentary
charge preservation on ligand binding (52, 53). Another
important determinant for ligand binding is the structure and
orientation of the critical residues constituting the actin
binding interface. Specifically, the X-ray crystal structure
of the profilin-â-actin complex revealed an extensive
binding interface, covering a total surface area of 2250 Å2

(49). This underscores the significance of preserving the
structure and geometry of residues on profilin that specifi-
cally contact G-actin at the interface. Additionally, the
conformations of profilin free in solution and bound to ligand
(G-actin or poly-L-proline) almost superimpose, which
highlights the importance of binding surface topology for
ligand recognition and complex formation. The chemical
shifts of 12 of the 19 residues on profilin that contact G-actin
(Table 3) are significantly altered in the non-native state.
For example, residue Ile 73 on profilin 1 makes specific
contact with Pro 172 and Tyr 290 onâ-actin, Arg 74 interacts
with His 371, Glu 82 contacts Lys 113, Ser 84 contacts Arg
372, Asp 86 contacts Arg 372, Asn 99 contacts Tyr 169,
His 119 contacts Tyr 169, Tyr 133 and Lys 373, Gly 120

contacts Tyr 169, Gly 121 contacts Arg 372 and Lys 373,
Asn 124 contacts Arg 372, Lys 125 contacts Glu 361 and
Glu 364, and Glu 129 contacts Glu 364. The significance of
preserving specific interactions at the profilin-G-actin
interface in the formation of a stable profilin-G-actin
complex was demonstrated by the substitution of Val 60 to
Glu and Gly 120 to Phe (residues on profilin 1 involved in
forming a stable profilin-G-actin complex), which impaired
the interaction (54). It has been reported that the deletion of
the last eightC-terminal residues ofAcanthamoebaprofilin
2 resulted in a conformation that exhibited features consistent
with a molten globule (near-native secondary structure and
greatly reduced tertiary interactions) and reduced G-actin
binding potential (55). In a similar manner, the pH-dependent
conformational change, which is observed throughout the
last 20C-terminal residues andâ-sheet region on HPP, may
be sufficient for G-actin release.

The non-native conformation of HPP may be significant
for G-actin release at the cell membrane. The environment
immediately proximal to the highly anionic inner-leaflet of
the plasma membrane is reportedly 1 to 2 pH units less than
bulk pH (23, 24), and recent evidence suggests that raft-like
domains enriched in phosphoinositides form discrete clusters
in the membrane (25, 26, 56-58). The physical properties
of these microdomains are expected to be distinct with
respect to many physiological characteristics, such as pH,
dielectric constants, ionic concentration, and ligand concen-
tration, which will determine the average protein conforma-
tional states. Indeed, studies have shown that histidine pKa

values vary with the local environment, such as salt
concentration, binding interaction, and side-chain burial,
thereby allowing the environment to select/switch between
allowable backbone conformations (59, 60). Furthermore, the
CD profile and ANS binding show that the transition to the
intermediate conformation begins at approximately pH 6.4,
suggesting that a local decrease of∼0.6 pH units would be
sufficient to promote the near-native intermediate conforma-
tion at the cell membrane. Reportedly, non-native states have
been demonstrated to facilitate peripheral membrane protein
binding and insertion, as in the case of colicin A pore-
forming domain andR-lactalbumin (22, 61, 62).

Table 3: Residues at the Poly-L-pro-Profilin-Actin Interface and Shifted Residues at pH 4

profilin-actin actin-profilin profilin-poly-L-pro site perturbed residues at pH 4.0

Y59 H173 W3 Y6 W31 H133 Y139 W3 N4 A5 Y6 D8 N9 D13
V60 R290 V267 Y24 D26 R55 Y59
S71 D286 Y290 V72 I73 R74-S84 M85 D86
I73 P172 Y169 N99 V100 T101V102 T103
R74 H371 K104 T105 D106 K107 T108
E82 K113 H119 G120 G121 L122 N124
S84 R372 K125 Y128 E129 M130 H133
D86 R372 L134 R135 R136 S137 Q138
R88 E167 Y169 Y139
T89 Y166
K90 D286 D288
T97 E167
N99 Y169
H119 Y169 Y133

K373
G120 Y169
G121 R372 K373
N124 R372
K125 E361 E364
E129 E364
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In summary, these studies examined a pH-induced equi-
librium intermediate of HPP and revealed a subset of the
accessible conformational states encoded in the primary
sequence of HPP, which may be consistent with the
physicochemical properties that exist in proximity to the
plasma membrane. Our observations suggest that a novel
mechanism for dissociation of the HPP-G-actin and HPP-
poly-L-proline complexes at the cell membrane involves
unfolding or partial unfolding of profilin. Potentially, a non-
native conformation such as the species elucidated in these
studies may become fully populated upon localization to the
leading edge, thus abolishing G-actin sequestration and
increasing the local concentration of available G-actin for
rapid filament assembly and cell propulsion.
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