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Characterization of protein stability and folding intermediates
can provide insights into normal folding mechanisms as well

as pathological conditions involving protein aggregation (e.g.,
Alzheimer’s disease). A partially unfolded state of special interest
is the molten globule (MG) state, which maintains a compact
organization with pronounced secondary structure but lacks a
tertiary conformation.1�4 MG-like states have been linked to a
number of biological processes such as protein�protein inter-
actions and protein insertion and translocation into membranes,
including the action of lipid binding/transfer proteins.5�12

In filamentous fungi, Het genes play a major role in vegetative
incompatibility processes involving cell�cell recognition.13�16 One
Het gene product, HET-C2, is known to act as a lipid binding/
transfer protein that is specific for simple glycosphingolipids.17,18

Recently, we showed that HET-C2 is organized as a two-layer
“sandwich” dominated byR-helices18 and is folded in amanner very
similar to that of human glycolipid transfer protein (GLTP), which
serves as the prototype and founding member of the GLTP
superfamily.19�21 Like human GLTP,22 HET-C2 acquires and
delivers glycolipids by interacting transiently and reversibly with
membranes.17,18 Thus, HET-C2 displays the defining features of a
peripheral amphitropic membrane protein, which typically has
affinity for both aqueous and nonpolar environments but requires
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ABSTRACT:The glycolipid transfer protein (GLTP) superfamily is defined by the
human GLTP fold that represents a novel motif for lipid binding and transfer and
for reversible interaction with membranes, i.e., peripheral amphitropic proteins.
Despite limited sequence homology with human GLTP, we recently showed that
HET-C2 GLTP of Podospora anserina is organized conformationally as a GLTP
fold. Currently, insights into the folding stability and conformational states that
regulate GLTP fold activity are almost nonexistent. To gain such insights into the
disulfide-less GLTP fold, we investigated the effect of a change in pH on the fungal
HET-C2 GLTP fold by taking advantage of its two tryptophans and four tyrosines
(compared to three tryptophans and 10 tyrosines in human GLTP). pH-induced
conformational alterations were determined by changes in (i) intrinsic tryptophan
fluorescence (intensity, emission wavelength maximum, and anisotropy),
(ii) circular dichroism over the near-UV and far-UV ranges, including thermal
stability profiles of the derivatized molar ellipticity at 222 nm, (iii) fluorescence properties of 1-anilinonaphthalene-8-sulfonic acid,
and (iv) glycolipid intermembrane transfer activity monitored by F€orster resonance energy transfer. Analyses of our recently
determined crystallographic structure of HET-C2 (1.9 Å) allowed identification of side chain electrostatic interactions that
contribute to HET-C2 GLTP fold stability and can be altered by a change in pH. Side chain interactions include numerous salt
bridges and interchain cation�π interactions, but not intramolecular disulfide bridges. Histidine residues are especially important
for stabilizing the local positioning of the two tryptophan residues and the conformation of adjacent chains. Induction of a low-pH-
induced, molten globule-like state inhibited glycolipid intermembrane transfer by the HET-C2 GLTP fold.
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neither post-translational modifications nor anchor proteins for
reversible interaction with membranes.23,24

At present, very limited information about the stability of
the GLTP fold and the physical conditions that can affect folding
status is available. Moreover, it is not known whether partially
unfolded (e.g., MG-like states) play any role in GLTP fold
functionality. What is known is that human GLTP has a highly
cooperative unfolding transition that occurs near 54 �C at neutral
pH,25 consistent with the 55 �C inactivation reported by Nylund
and Mattjus.26 However, HET-C2 exhibits a 4�5 �C lower
unfolding transition temperature midpoint (∼49 �C) at neutral
pH despite being a GLTP fold.18 Further characterization under
various physical conditions is likely to provide an improved
understanding of the key parameters controlling GLTP fold
stability and folding. Our strategy was to take advantage of the
simpler Trp and Tyr composition of HET-C2 (two Trp and four
Tyr residues) compared to that of GLTP (three Trp and 10 Tyr
residues) and to use fluorescence and far-UV and near-UV
circular dichroism (CD) spectroscopy to further elucidate the
relationship between GLTP fold conformation and functionality.
Herein, we have characterized the pH dependence of HET-C2
stability and activity as well as investigated whether partially
unfolded, pH-induced, MG-like states regulate the glycolipid
transfer activity of HET-C2.

’EXPERIMENTAL PROCEDURES

Expression and Purification of HET-C2. HET-C2 was ex-
pressed and purified in a manner similar to that of GLTP18,27

using pET-30 Xa/LIC (Novagen) containing het-c2 ORF of
Podospora anserina (GenBank entry U05236). Transformed
BL21 cells (Escherichia coli) grown at 37 �C overnight in Luria-
Bertani medium were induced with IPTG (0.1 mM) and then
grown for 16�20 h at 15 �C. Purification of rHET-C2 from
soluble lysate protein was accomplished by Ni-NTA affinity
chromatography. The N-terminal His-S tag was removed using
factor Xa, yielding a protein identical in sequence to native HET-
C2. HET-C2 was repurified by fast protein liquid chromatogra-
phy size exclusion chromatography using a HiLoad 16/60 Super-
dex-75 prep grade column (Amersham). HET-C2 fractions were
pooled, concentrated centrifugally (10 kDa cutoff membrane),
and checked for purity by sodium dodecyl sulfate�polyacry-
lamide gel electrophoresis.
Fluorescence Measurements. The Trp fluorescence of

HET-C2 was measured at 25 �C from 310 to 420 nm with a
SPEX Fluoromax spectrofluorimeter (Horiba Scientific, Edison,
NJ) using excitation and emission bandpasses of 5 nm. Excitation
at 295 nm minimized contributions from Tyr, and the protein
concentration was kept at an OD295 to <0.1 to avoid inner filter
effects.25,28,29 Fluorescence polarization measurements of Trp
were performed at room temperature (25 �C) using a Hitachi
polarization accessory. Anisotropy values were calculated using
eq 1:

r ¼ ðIVV � GIVHÞ=ðIVV þ 2GIVHÞ ð1Þ
where IVV and IVH are the background-subtracted, measured
fluorescence intensities obtained with the excitation polarizer
vertically oriented and the emission polarizer vertically and
horizontally oriented, respectively. The grating correction factor
(G) is the efficiency ratio of the detection system for vertically
and horizontally polarized light and equals IVH/IHH. For mea-
surements of 1-anilinonaphthalene-8-sulfonic acid (ANS),

excitation occurred at 375 nm and the emission intensity was
recorded from 400 to 560 nm.
Circular Dichroism Spectroscopy.CD spectra were recorded

using a J-810 spectropolarimeter (JASCO) equippedwith a CTC-
345 temperature-control system at 50 μM HET-C2 and 10 �C
in 10 mM sodium bicarbonate (pH 10), carbonate-bicarbonate
(pH 8 or 9), phosphate (pH 6 or 7.4), citrate-phosphate (pH 3, 4,
or 5), or glycine-HCl (pH 2) being purged continuously with N2.
Spectral and temperature dependence measurements in the far-
UV (185�250 nm) and near-UV (250�320 nm) ranges were
performed as detailed previously (refs 18 and 25 and references
therein). Also detailed are calculations of HET-C2 secondary
structure from far-UV CD spectra using CDPro and of tertiary
structure class using CDPro CLUSTER.
Protein Concentration. The concentration of HET-C2

(molar absorptivity at 280 nm of 17.12 mM�1 cm�1) was
measured using a Beckman DU 640 spectrophotometer at a
1.8 nm bandwidth and averaging results from four calculation
methods.30�33 Spectra were corrected for turbidity by plotting the
log dependence of solution absorbance versus the log of the
wavelength and extrapolating their linear dependence in the
320�440 nm range to the 240�320 nm absorption range using
the DU-640 scatter correction routine. Extrapolated absorbance
values were subtracted from measured values, decreasing the
apparent protein absorbance at ∼280 nm by ∼15%.
HET-C2 Transfer Activity of Glycolipid. Continuous real-

time monitoring of glycolipid intermembrane transfer by HET-
C2 and determination of initial lipid transfer rates were con-
ducted by F€orster resonance energy transfer (FRET) using a
continuously stirred sample (∼100 rpm) maintained at 25 (
0.1 �C (Neslab, RTE-111) while measuring emission intensity
at 425 nm.17 Both fluorescent lipids {1 mol % AV-glycolipid
containing the anthrylvinyl fluorophore at the ω-acyl
position [(11E)-12-(9-anthryl)-11-dodecenoyl acyl chain] and
1.5 mol % 1-acyl-2-[9-(3-perylenoyl)nonanoyl]-sn-glycero-3-
phosphocholine} (Per-PC) were initially localized in the donor
vesicles comprised of POPC matrix and formed by rapid ethanol
injection. Minimal emission by AV-glycolipid occurs upon
excitation (370 nm) because of resonance energy transfer to
nearby Per-PC. A minimal emission change also is elicited by the
addition of pure sonicated POPC acceptor vesicles (10-fold
excess) because of the slow time course of spontaneous lipid
transfer. Addition of catalytic HET-C2 amounts causes a sudden,
exponential increase in AV emission intensity (425 nm) as the
protein extracts AV-labeled glycolipid from donor vesicles and
delivers it to the acceptors (creating separation from the “non-
transferable” perylenoyl lipid). Addition of Tween 20 detergent
at the end of the kinetic time course provides a measure of
maximal AV intensity that can be achieved by “infinite” separa-
tion from the perylenoyl fluorophore. The initial lipid transfer
rate (νo) is obtained by nonlinear regression analysis and fitting
to first-order exponential behavior using ORIGIN 7.0 (Origin
Lab, Northampton, MA). ΔF represents the AV emission
intensity difference after extended incubation with HET-C2
compared to time zero with no HET-C2. The standard devia-
tions in fitting are calculated at 95% confidence intervals, and R2

values are >0.96 for all estimates.

’RESULTS

Our recent determination of the HET-C2 structure by
X-ray diffraction (1.9 Å) shows the global architecture to be
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a GLTP fold.18 However, unlike human GLTP, which has three
Trp residues,19,28,34 HET-C2 contains only two Trp residues. As
illustrated in Figure 1 and Figure S1 of the Supporting Informa-
tion, Trp109 of R-helix 4 acts as a stacking plate in the glycolipid
headgroup recognition center and helps orient the ceramide-
linked sugar for hydrogen bonding with Asp66, Asn70, and Lys73,
thus functioning like Trp96 of human GLTP. Figure 1 also shows
how Arg112 stabilizes the orientation of the Trp109 indole ring
from beneath by cation�π interaction (∼3.4 Å).35 The orienta-
tion of the planar guanidiniummoiety of Arg112 also is influenced
by stacking (∼3.3 Å) against the imidazole ring of His146

(R5�R6 loop).36 The other Trp residue (Trp208) forms the
C-terminus of HET-C2, is surface accessible, and stacks (∼3.2 Å)
against the imidazole ring of His101 on the R3�R4 loop, thus
distinguishing it from Trp85 and Trp142 of human GLTP. Be-
cause of the apparent involvement of the intrinsically fluorescent
Trp109 and Trp208 residues in stabilizing HET-C2 architecture
via their interactions with His146 and His101, pH-induced con-
formational changes in HET-C2 were initially investigated using
fluorescence spectroscopy.
pH Dependence of Trp Fluorescence in HET-C2. As shown

in Figure 2A, the intrinsic Trp fluorescence of HET-C2 has an
emission wavelength maximum (λmax) that is strongly red-shifted
(∼354 nm at neutral pH), consistent with a highly polar environ-
ment for the fluorophore and in agreementwithX-ray data showing
surface localizations for the indole rings of Trp109 and Trp208

(Figure S2 of the Supporting Information). The HET-C2 Trp
emission intensity is relatively high at and above neutral pH with
themaximal intensity occurring near pH 10. Below neutral pH,Trp
emission intensity decreases dramatically. This response contrasts
that of λmax (Figure 2B), which remains constant (∼354 nm) over
the pH 5.5�7 range but displays discernible λmax blue shifts to
∼353 nm at pH 5, 8, and 9 as well as to∼352 nm at pH 4 and 10.
More pronounced λmax blue shifts to∼349 nmoccur at pH2 and3.
The blue-shifted λmax suggests a pH-induced conformational
change that results in decreased polarity of the Trp average
environment. For further evaluation, the anisotropy of the Trp
emission signal was measured (Figure 2C). The overall pattern of
pH-induced anisotropy change correlated remarkably well with
that of the λmax blue shifts. For instance, the Trp anisotropy was
maximal and unaltered between pH 5.5 and 7. Moderate decreases

in anisotropy are observed at pH 5, 8, and 9; slightly larger de-
creases occur at pH 4 and 10, and the most pronounced decreases
are observed at pH 3 and 2. Because diminished anisotropy
indicates an increase in the level of motion of the fluorophore,
we concluded that low pH is particularly effective at inducing

Figure 1. HET-C2 architecture. A GLTP fold has been determined for
HET-C2 (Protein Data Bank entry 3kv0) by X-ray diffraction (1.9 Å).18

Also depicted are the locations of Trp109 and Trp208 along with nearby
residues (Arg112, His146, and His101) that affect their topology.

Figure 2. Effect of pH on the intrinsic tryptophan fluorescence of HET-
C2. (A) Emission spectra of HET-C2 acquired at the indicated pH
values. (B) Fluorescence emission intensity maxima and wavelength
maxima (λmax) plotted as a function of pH. (C) Fluorescence anisotropy
values of HET-C2 at various pH values. The protein concentration was
1 μM. Fluorescence excitation occurred at 295 nm, and emission
measurements were performed as detailed in Experimental Procedures.
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HET-C2 unfolding. Altogether, the fluorescence data suggest that
HET-C2 is relatively stable over a wide pH range (e.g., pH 5�9)
but becomes destabilized under more extreme pH conditions
(pH e4 or g10).
To gain additional insights into the conformational stability of

HET-C2 at various pH values, we used far-UV CD spectroscopy
to monitor the first derivative of the CD signal at 222 nm as a
function of temperature.37 The choice of wavelength was dic-
tated by the well-established property of R-helical proteins
having a strong CD signal at 222 nm that dramatically decreases
in intensity upon unfolding. The heat-induced denaturation
profiles in Figure 3A show that HET-C2 undergoes highly
cooperative unfolding at pH 7.4 between 25 and 55 �C, with a
transition midpoint of ∼49 �C. The relatively low temperature
midpoint for unfolding is consistent with a lack of stabilization by
intramolecular disulfides. At pH 6, the thermal unfolding profile
of HET-C2 remained nearly unaltered. At pH 10, the transition
temperature midpoint decreased to 44 �C and the unfolding

cooperativity decreased, consistent with moderate destabiliza-
tion of HET-C2. Similar destabilization was indicated at pH 4 by
the 43 �C midpoint of the unfolding transition, but there was
significant enhancement in the unfolding cooperativity. At pH 3,
the unfolding transition temperature midpoint was greatly
decreased (Tm ∼ 36 �C) and the unfolding transition was
extremely broad, occurring over the range of 15�68 �C
(Figure 3A). A lower-magnitude transition peak also became
evident near 75 �C. At pH 2, the 75 �C transition peak was
significantly enhanced while only two minor peaks (∼23 and
∼34 �C) were evident at lower temperatures, indicating a highly
unfolded structure. The heat-induced unfolding transitions of
HET-C2 were found to be ∼80% reversible at pH 2 and 3 but
were only 30% reversible at pH 7.4, upon heating 20�25 �C
above the midpoint of the unfolding transition temperature. This
finding is consistent with diminished HET-C2 solubility near
its isoelectric point, which is estimated to be 6.81 from amino
acid composition. Inclusion of dithiothreitol did not improve

Figure 3. pH-induced conformational changes of HET-C2 at different pH values. Far-UV and near-UVCD spectra of 50 μMHET-C2 were recorded at
10 �C using a J-810 spectropolarimeter as detailed in Experimental Procedures. (A) Temperature dependence of molar ellipticity at 222 nm (derivative
plot). Unfolding of HET-C2 is shifted to a lower temperature at pH 3, and unfolding cooperativity is completely lacking at pH 2. (B) Far-UVCD spectra
at different pH values presented in units of molar ellipticity per residue. The negative bands at∼208 nm and positive bands at∼192 nm are characteristic
of high helical content, with large negative n�π* transitions at 222 nm andπ�π* transitions split into two transitions because of exciton coupling. HET-
C2 secondary structure is nearly identical at all pH values tested. (C) Near-UV CD spectra. The strong signal response from Tyr and Trp in HET-C2 at
moderate pH is somewhat disrupted at pH 3 and is almost completely lost at pH 2, consistent with a diminished level of tertiary structure. (D) Change in
HET-C2 secondary structure induced by pH. The plotted values illustrate calculations of HET-C2 secondary structure, presented as part of Table S1 of
the Supporting Information and obtained from the far-UV CD spectra.
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reversibility at neutral pH for GLTP, which responds similarly at
low and neutral pH (R. K. Kamlekar, R. Kenoth, and R. E. Brown,
unpublished observation). Thus, the thermodynamic parameters
attributable to the HET-C2 unfolding transition could not be
reliably ascertained at physiological pH.
Does Extreme pH Induce a Molten Globule-like State for

HET-C2? Partial unfolding to the molten globule (MG) state is
known to occur for many proteins at extreme pH values and has
been especially well-studied at low pH.38,39 To determine
whether HET-C2 could undergo a transition to a MG-like state
at low or high pH, secondary and tertiary structure was analyzed
by CD spectroscopy. Previously, we showed that the secondary
structure of HET-C2 at pH 7.4 is dominated by high helical
content, i.e., 56.6% helix, 8.8% β-structure, 12.1% β-turns, and
24.1% random, as assessed by far-UV CD.18 Figure 3B shows far-
UV CD spectra recorded at various pH values between 2 and 10.
The helical content of HET-C2 remains mostly unaltered over
the entire pH range, except for minor changes observed at pH 2.
Figure 3D illustrates the stability of HET-C2 helical content and
the increase in the level of unordered structure induced by low
pH. The data are based on secondary structural calculations
(Table S1 of the Supporting Information) derived by CDPro
analysis from the far-UV CD spectra.18,25

Near-UV CD spectra (Figure 3C), which assess tertiary
structure, showed significant environmentally induced optical
activity arising from the four Tyr, two Trp, and 12 Phe residues of
HET-C2 in between pH 5 and 9. Signals in the 270�290 nm
region typically originate from Tyr and those in the 280�300 nm
region from Trp, and those in the 250�270 nm region generally
are attributed to Phe.40 In HET-C2, the peak signals at ∼255,
∼262, and ∼277 nm likely belong to the 12 Phe residues,
whereas the prominent negative signal near 280 nm along with
the shoulder peaks at 287 and 293 nm could originate from Tyr
and/or Trp. In any case, the near-UV signal response shows little
variation between pH 4 and 9. At a more basic pH (pH 10), only
marginally decreased signal intensity is evident in the spectra. In
contrast, at pH 3, pronounced change occurs in the near-UV CD
signal, suggesting a considerable loss of tertiary folding, while

nearly complete loss of tertiary folding is evident at pH 2.
Notably, residual signals near 255 and 262 nm, originating from
the protein interior core Phe residues, persist at extreme pH.
Together, the large reduction in tertiary structure content while
maintaining secondary structure and the dramatic loss of ther-
mally induced unfolding cooperativity at pH <4 provide strong
evidence of HET-C2 undergoing a transition to a molten
globule-like state at low pH.
HET-C2Unfolding Assessed by ANS Fluorescence Analysis.

Changes in ANS fluorescence often are used to monitor for-
mation of folding intermediates during protein unfolding and
refolding.28,41,42 The presence of large solvent-exposed hydropho-
bic patches is a general property of a partially folded protein.
Interaction of ANS with exposed hydrophobic sites on a protein is
accompanied by a considerable increase in dye fluorescence
intensity and a substantially blue-shifted emission maximum.41�43

Accordingly, we used ANS fluorescence to study pH-induced
conformational changes in HET-C2. Figure 4 shows that ANS
emission intensity and λmax values remain nearly unchanged in the
presence of HET-C2 from pH 5 to 9. At pH 4, the intensity is
slightly elevated. However, at pH 2 and 3, dramatic increases in
intensity are observed along with substantial λmax blue shifting,
consistent with the appearance of solvent-exposed hydrophobic
surfaces. The findings support the CD data showing that low pH
transforms HET-C2 to a partially folded intermediate state with
molten globule-like properties.
Is Glycolipid Transfer Activity by HET-C2 Helped or

Hindered by the pH-Induced Molten Globule-like State?
Figure 5 shows how pH affects the glycolipid transfer activity
of HET-C2. After preincubation for 10 min at the indicated pH,
glycolipid transfer activity wasmonitored using a well-established
F€orster resonance energy transfer (FRET) assay that allows real-
time kinetic monitoring of fluorescent glycolipid transfer be-
tween membranes.17 Maximal transfer activity was found be-
tween pH 6 and 9 (Table 1). Activity was strongly diminished

Figure 4. ANS fluorescence at different pH values. HET-C2 (2 μM)
was incubated with ANS (10 μM) for 10 min at the indicated pH values,
and the fluorescence spectra were recorded. Samples were excited at
375 nm, and emission was measured from 400 to 560 nm.

Figure 5. pH-induced change in the glycolipid transfer activity of HET-
C2. F€orster energy transfer involving fluorescently labeled glycolipid
(AV-GalCer) and phospholipid (Perylenoyl-PC) was used to assess
glycolipid intervesicular transfer by HET-C2. The stock protein at pH 8
was diluted ∼10-fold into buffer of the specified pH and incubated at
room temperature for 10 min. Assays were initiated by ∼1000-fold
dilution of HET-C2 at the indicated pH. AV-GalCer was excited at
370 nm, and emission was monitored at 425 nm. Additional details are
provided in Experimental Procedures.
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(∼90%) at pH 10 and∼75% diminished at pH 5. A more acidic
pH (e.g., pH 4) resulted in an almost complete loss of activity. At
pH 3 or 2, glycolipid transfer by HET-C2 ceased. Having
membrane vesicles present during HET-C2 incubation at the
indicated pH (prior to assay initiation) did not change the
outcome. These findings suggest that formation of an acid-
induced, molten globule-like state strongly inhibits the ability
of HET-C2 to transfer glycolipid between membranes.

’DISCUSSION

This study provides fundamental insights into the stability and
folding of HET-C2, a fungal GLTP-like protein with a core
architecture that strongly resembles the human GLTP fold.
HET-C2 contains an R-helically dominated, two-layer sandwich
topology characteristic of the GLTP fold in which helicesR1,R2,
R6, andR7make up one layer and helicesR3�R5 andR8 helices
make up the other layer.18 HET-C2 contains two Cys residues,
Cys118 in helix 4 and Cys162 in the R6�R7 loop, that are too far
apart (15.6 Å) to stabilize conformation via disulfide bridging
(Figure S2A of the Supporting Information). An important
consequence is moderate temperature stability at neutral pH
with an unfolding transition temperature midpoint of∼49 �C.18
The 4�5 �C lower unfolding transition temperature midpoint of
HET-C2 compared to that of human GLTP could reflect
adaptation for growth conditions typical for P. anserina, a
saprophytic fungus inhabiting the dung of herbivores. In any
case, the lack of Cys residue conservation (Figure S2 of the
Supporting Information) and of intramolecular disulfide brid-
ging in HET-C2 and GLTP clearly distinguishes the GLTP fold
from other lipid binding/transfer protein folds that also are
dominated by R-helices, i.e., saposins and nonspecific plant lipid
transfer proteins (nsLTP folds).22 The saposin motif is char-
acterized by a set of five helices, sometimes arranged in two
layers, but always connected by a conserved pattern of three
intramolecular disulfide bonds that impart heat stability.44�49 In
nsLTP folds, the core tertiary superstructure consists of multiple
helices, bundled to form a large central, tunnel-like hydrophobic
cavity.50�55 The spatial arrangement of eight cysteines, inter-
spersed to form four interhelical disulfide bridges, stabilizes the
bundlelike structure and is thought to be important for main-
taining tertiary structure when the large central hydrophobic
tunnel is devoid of lipid ligand.52,55 A consequence of the
multiple-disulfide bridging is remarkable heat stability with
unfolding transition temperatures in the 90�100 �C range.50

What Fluorescence and CD Reveal about HET-C2 Stability
and Functionality. Despite the moderate temperature stability,
the HET-C2 GLTP fold remains relatively stable over a wide pH
range extending from 5 to 10, as revealed by intrinsic signal

changes obtained from fluorescence (e.g., Trp) and CD spectro-
scopic analyses. The indole rings for both Trp residues in HET-
C2 are solvent-exposed (Figure S3 of the Supporting In-
formation), resulting in a more highly red-shifted emission λmax
(∼355 nm) compared to that of GLTP (λmax ≈ 348 nm), in
which the solvent accessibility of one of three Trp residues is
relatively restricted. The responsiveness of HET-C2 Trp emis-
sion to the change in pH appears to reflect altered interactions
with neighboring His residues. In the case of Trp208, the indole
ring stacks against the His101 imidazole ring (∼3.2 Å). Water-
bridged hydrogen bonding of His101 with Glu105 helps keep the
imidazole ring favorably aligned for stacking against the Trp208

indole ring. The His101�Trp208π-stack and associated hydrogen
bonding interactions have the net effect of altering the confor-
mation of the C-terminal region of HET-C2 compared to that
of GLTP.18 With Trp109, interaction with His146 is indirect and
occurs by networking through Arg112 as shown in Figure 1 and
detailed earlier. Because of the involvement of the His residues,
which change their ionization state at a relatively moderate pH,56

the responsiveness of the two Trp residues is not surprising.
Quenching by increased levels of protonated histidine probably
contributes to the diminished Trp emission intensity accompa-
nying the stepwise pH decreases between 6 and 4. Considering
the surface location of the His101�Trp208 stack and the aqueous
accessibility of the Trp109�Arg112�His146 network, the net pK
value of ∼5.5 that can be approximated from the Trp fluores-
cence data is reasonable.56,57 It is noteworthy that other residues
known to quench Trp emission, i.e., Cys and Tyr, are not
sufficiently close to be effective quenchers.58 Both Cys residues
(pKa ∼ 8.6) are >17 Å from either Trp residue. All four Tyr
residues (pKa∼ 9.8) are >20 Å distant except for Tyr139, which is
8�10 Å fromTrp109. The closest Lys residues (Lys73, Lys152, and
Lys207) (pKa∼ 10.4) are 8�11 Å distant, weakening their ability
to quench by Hþ transfer.58 In contrast, the proximity of His and
the established ability of protonated histidine to quench Trp
fluorescence are consistent with a major role for His in the
regulation of HET-C2 Trp emission intensity.57�62

Although quenching of Trp by protonated His is likely to
increase over the pH range from 6 to 4, the diminished Trp
anisotropy also suggests an accompanying Trp conformational
change. The local nature of the conformational change is
supported by the nearly unaltered far-UV and near-UV CD
spectra at pH 4, 5, 6, and 7.4 as well as by only slightly altered
thermal midpoints of unfolding. What is noteworthy with respect
to HET-C2 GLTP fold functionality is the robust glycolipid
transfer activity over the pH range of 6�9, but the precipitous
drop in glycolipid transfer activity at moderately acidic pH values
of 5 and 4, when native global folding still remains largely
unaltered. Thus, the local interactions between Trp and His
appear to play a crucial regulatory role in controlling the
glycolipid transfer activity of HET-C2.
At pH <4, the fluorescence data for Trp and ANS and the near-

UV CD spectra indicate global alterations in HET-C2 conforma-
tion that result in a loss of glycolipid transfer activity. The low-
pH-induced changes are likely to alter the two interchain
cation�π interactions involving His101 and His146 and disrupt
one or more of the numerous salt bridges involving Asp and
Glu residues (pKa = 3.9 and 4.3, respectively) (Table 2). Among
the salt bridges, two are complex or networked bridges
(Glu46�Arg75�Glu72 and Asp90�Arg93�Glu205) along with a
half-dozen single bridges that are interchain rather than intrahe-
lical in nature.63While the effect of pH change onGLTP has been

Table 1. Glycolipid Transfer Activity (initial transfer rate) by
HET-C2 as a Function of pH

pH

initial transfer rate of

AV-GalCer (pmol/min)a pH

initial transfer rate of

AV-GalCer (pmol/min)a

2 0.75 ( 0.39 7 16.39 ( 1.46

3 0.25 ( 0.25 8 33.70 ( 0.70

4 1.30 ( 0.08 9 27.79 ( 1.45

5 7.78 ( 0.35 10 3.46 ( 1.04

6 22.07 ( 0.25
aDetermined from F€orster resonance energy transfer data shown in
Figure 5.
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reported by West et al.,34 their focus was exclusively on transfer
activity over the pH range of 4�10 without accompanying
conformational insights.
Functional Consequences of the Low-pH-Induced MG-

like State in HET-C2. MG-like states reportedly help many
amphitropic peripheral membrane proteins perform their biolo-
gical functions by promoting association with membranes.24

Lactalbumin,8 retinol binding protein,38 colicin A,7 diphtheria
toxin T-domain,5 StaR lipid binding domains,10 and barley
nsLTP12 are a few such proteins. The GLTP fold represents
both a novel motif among lipid binding/transfer proteins and a
novel membrane interaction motif among amphitropic periph-
eral proteins that translocate to membranes while carrying out
their function.25 For this reason, the existence and potential role
of a MG-like state for the HET-C2 GLTP fold were of interest.
Such states typically are characterized by maintenance of or
increase in the level of secondary structure, a loss of tertiary
structure, and a loss of cooperativity of melting.1�4 In this
respect, it is noteworthy that our CD spectra reveal the main-
tenance of HET-C2 regular secondary structure and partial loss
of tertiary structure at pH 3, in contrast to the complete loss of
tertiary structure observed at pH 2. Also, a considerable decrease
in the unfolding transition temperature and loss of unfolding

cooperativity are observed at pH 3, but complete loss occurs at
pH 2. The dramatic enhancement of ANS fluorescence inten-
sity is evident upon binding by HET-C2 at pH 3 and 2. Thus,
the experimental data are consistent with the existence of an
MG-like state at low pH. However, it is clear from the activity
measurements that glycolipid transfer activity by HET-C2
is completely lost at pH 3, indicating that the pH-induced,
MG-like state does not promote glycolipid transfer by the HET-
C2 GLTP fold.
It is worthwhile to recall that HET-C2 plays important

functional roles that may occur in a manner independent of its
glycolipid binding/transfer ability. Het genes exhibit extensive
polymorphism and generally encode proteins carrying a HET
domain. In P. anserina, the process of protoplasmic incompat-
ibility involves cell destruction that can be triggered by interac-
tion of het-C alleles (e.g., het-c2 encoding GLTP-like HET-C2)
and het-E, encoding a HET domain and a WD repeat domain
involved in recognition.64 The structural similarity of HET-E and
mammalian APAF-1, a protein controlling cytochrome c-induced
apoptosis, suggests parallels between cell death by incompat-
ibility and programmed cell death mechanisms in higher eukar-
yotes. It has been proposed that cytochrome c binds to APAF-1
in the cytoplasm to form a complex that initiates enzymatic
cascades leading to apoptosis. Cytochrome c is thought to be
released from mitochondria in the MG state during apoptosis.
Within this context, the current observation of the transition of
HET-C2 to the MG-like state at low pH may be significant.
Modifications of the vacuolar compartment are frequently ob-
served during cell death reactions. Vacuole membrane permea-
bilization or rupture followed by liberation of lytic enzymes and
acidification of the cytoplasm is proposed to be involved in cell
death by incompatibility in filamentous fungi. In this acidic
environment, it is tempting to speculate that HET-C2 may
achieve a partially unfolded conformation that is functionally
important to the fungal incompatibility cell death response.
Clearly, additional cell biological experiments will be needed to
further evaluate these ideas.
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Table 2. Inter-Residue Interactions of the HET-C2 GLTP
Folda

salt bridge (<4.0 Å) nature of the interaction

E17�K178 (∼3.6 Å) η1�R8, interchain
*E46�R75 (∼2.8 Å) R1�R2, interchain
D53�K64 (∼3.6 Å) R1�R2, interchain
*E72�R75 (∼2.8 Å) R2�R2, intrahelix
E84�R77 (∼3.5 Å) R2-R3 coil�R2, interchain
*D90�R93 (∼2.8 Å) R3�R3, intrahelix
*E205�R93 (∼2.9 Å) η6�R3, interchain
E105�H101 (∼3.7 Å) R4�R3-R4 coil, interchain
E115�K198 (∼3.4 Å) R4�R8, interchain
K123�E129 (∼3.9 Å) R4�R4-R5 coil, interchain
D133�R136 (∼3.1 Å) R5�R5, intrahelix

cation�π (<5.0 Å)

W96�R112 (∼3.4 Å) R4�R4, intrahelix
W208�H101 (∼3.5 Å) COOH�R4-R5 coil, interchain
F149�K152 (∼5.1 Å) R6�R6, intrahelix
H146�R112 (∼3.4 Å) η5�R4, interchain

H2O-bridging (<3.0 Å)

E105�H2O�H101 (2.6�2.6 Å) R4�R3-R4 coil, interchain
H147�H2O�D66 (2.8�2.5 Å) η5�R2, interchain
E105�H2O�W96 (∼2.8�2.4 Å) R4�R4, intrachain

aThe distances between residue side chains are derived from our HET-
C2 X-ray structure (1.9 Å; Protein Data Bank entry 3kv0),18 which
also identifies residue location within secondary structural elements
(see Figure S2 of the Supporting Information, bottom panel). Salt
bridges are indicated by oppositely charged residues within 4 Å of each
other (e.g., ref 63). Asterisks indicate networked salt bridges involving
Arg75 and Arg93. The cation�π interaction between Arg112 andTrp109 is
predicted as energetically favored by the on-line CaPTURE program
(http://capture.caltech.edu).35 His146 and Arg112 π-stacking and pH-
dependent cation�π interactions (in bold) are supported by experi-
mental data57�61 and by computational modeling of His�Arg interac-
tions in peptides.36
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