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ABSTRACT. The natural product hypericin is a photosensitive polycyclic aromatic dione compound, which
has been widely investigated because of its virucidal and antitumor properties. Although it has been
suggested that singlet oxygen or a radical species might be responsible for its biological action, its
mechanism of action remains unknown. Due to its amphiphilic characteristics, we considered the possibility
that it might interact preferentially with partially unfolded proteins which exhibit exposed hydrophobic
surfaces. We here demonstrate that hypericin binds to a molten globule species generaiiat fiesio
acetylcholinesterase, but not to the corresponding native enzyme. Irradiation with visible light, under
aerobic conditions, causes chemical cross-linking of the catalytic subunits, to dimers and heavier species,
under conditions where no cross-linking is observed for the native enzyme. Both anaerobiosis and sodium
azide greatly reduce the extent of cross-linking, suggesting that singlet oxygen is responsible for the
phenomenon. This agrees with our observation, using spin traps, that mainly singlet oxygen is produced
by the complex of hypericin with the molten globule of acetylcholinesterase. Cross-linking is enhanced
in the presence of liposomes to which the molten globule of acetylcholinesterase is quantitatively adsorbed.
This may be due to high local concentrations of both hypericin and the protein resulting in close proximity,
and hence in a high yield of cross-linking. Molten globule species are believed to be intermediates in
both protein folding and translocation through biological membranes. Thus, hypericin may serve as a
valuable tool for trapping such intermediates. This might also explain its therapeutic effectiveness toward
virus-infected or tumor cells.

The natural compound hypericin (HyChart 1) is a Chart 1
photosensitive polycyclic aromatic dione compound, which
has been widely investigated because of its strong virucidal
properties {, 2). Various photophysical processes have been
put forward to explain its photosensitizing characteristics;
the fact that its action is strongly enhanced by oxygen
suggests that either singlet oxygeén4), superoxide radical
(5), or a Hy radical %, 6) could be responsible for its
biological action. It has been shown that Hy is effective only
against enveloped viruseg){ this suggests that, as might Ja

. ; . usion @). Nevertheless, the molecular basis for the virucidal
_be expected from its hydrophoblq charactgr, itis sequestered, i of Hy is still the subject of controversy.
in the plasma membrane where it exerts its effdgti has _ The folding and assembly of proteins and multiprotein
furthgr been demonstrgted that Hy produceg phOtOdy.n‘"‘m"complexes is currently the topic of intensive fundamental
cally induced cross-linking of membrane proteins of vesicular

. . : . research 10). It is now generally accepted that nascent
stomatitis and otherwr_u_ses,@),wmch led to the suggestion polypeptide chains, immediately after synthesis on the
that the loss of infectivity may result from inactivation of

ribosome, collapse to a compact structure known as a “molten
globule” (MG) (11, 12), which is then converted to the
unique native structure, with or without the help of molecular

T Supported by a grant from the Israel Science Foundation. I.S. is
Bernstein-Mason Professor of Neurochemistry.

*To whom correspondence should be addressed. Fe872-8- chaperones1@). The MG possesses substantial secondary
934412. E-mail: cilev@weizmann.weizmann.ac.il. structure, but is devoid of the tertiary structure of the native

- Department of Chemical Services. state, and exhibits hydrophobic surfaces as visualized by

§ Department of Neurobiology. bindi f hihili b like 1-anilino-8 hthal

I Department of Organic Chemistry. Inaing or ampnipniiic probes, like 1-anllino-oc-nap alene

1 Abbreviations: Hy, hypericin; MG, molten globule; ANS, 1-anilino- ~ Sulfonate (ANS) {4, 15). Due to their exposed hydrophobic
8-naphthalenesulfonate; AChE, acetylcholinesterase; GdnHCI, guanidinesurfaces, proteins in the MG state can interact with lipid

hydrochloride; DMPC, dimyristoylphosphatidylcholine; DMPO,'5,5 ; . ; ;
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SDS-PAGE, sodium dodecy! sulfatgolyacrylamide gel electro- D€ translocated through plasma membranes in this g@e (
phoresis. When Hy’s amphiphilic character was taken into account
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(see Chart 1), it occurred to us that Hy might interact 60— 60
preferentially with either soluble or membrane-bound pro- -: A
teins in the MG state. This could explain both its selective
action on enveloped viruses and the suggestion that it may
inhibit fusion by viruses. Indeed, virus assembly is currently
a topic of intensive researcl2X), and recent studies have
suggested that partially folded, molten globule intermediates
may play an important role in assembly of capsid viruses
(22, 23).

To test the above hypothesis that Hy might exert its .
virucidal action by preferentially interacting with partially P,
folded intermediates, we utilized a well-characterized MG 1 T ~
species produced frofforpedoacetylcholinesterase (AChE) g0~
by exposure to a low concentration of guanidine hydrochlo- 580 680
ride (GdnHCI) @4, 25). In the following, we show that Hy,
under illumination in the presence of oxygen, produces cross-
linking of both membrane-bound and soluble MG species,
under conditions in which the native enzyme is completely
resistant.
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MATERIALS AND METHODS

Materials. AChE was the Gdimer purified from electric
organ tissue ofrorpedo californicaby affinity chromatog-
raphy after solubilization with phosphatidylinositol-specific
phospholipase C26). Hy, in the form of its sodium salt, 0 : : . ,
Hy-Na (see Chart 1), was prepared as described previously 0 10 20 30 40 50
(27), and employed throughout this study. Dimyristoylphos- [Hypl, UM
phatidylcholine (DMPC) was purchased from Avanti Polar i . .

Lipids, Inc. (Alabaster, AL). GdnHCI (Ultrapure) was from EgﬁEEolr; tgi{ﬁgﬁg&gﬁCiyemfgsm;}s'?gg&r%Azjflrgl);?_'n; ?1?;

Schwartz/Mann Biotech (Cleveland, OH). 5[5imethyl-1- uM) in 10 mM Tris-HCI (pH 7.3), (2) Hy in the presence of native

pyrroline N-oxide (DMPQO) and 2,2,6,6-tetramethyl-4-pip- AChE (15uM), and (3) Hy in the presence of MGAChE (15

eridone (TEMP) were from S|gma (St Louis] MO) DMPO ﬂM) (B) Fl_uorescence titration Of MGAChE with Hy The protem

was repurified before use as described previouzsy. Low- goncentratlon was 16M. The solid line represents the experimental
i . ata fitted to a saturation curve.

molecular weight markers were from Bio-Rad (Hercules,

CA), and cross-linked phosphorylaseobtained from Sigma,  recorded in a Bruker ER 200 D-SRC spectrometer in a flat
provided the high-molecular weight markers. quartz cell (200xL). Photoinduced ESR spectra were
Sample PreparationA MG species of AChE, MG recorded as described previousl§).( Quasielastic light
AChE, was produced as described previously by exposurescattering was performed at 22 as described previously

to 1.5 M GdnHCI @4, 25). Small unilamellar phospholipid  (25).
vesicles were prepared by sonication of DMPIZ,(18).
Protein concentrations were determined as described previRESULTS

ously @4). _ _ _ Figure 1A shows the fluorescence emission spectrum of
Acrylamide Gel Electrophoresis under Denaturing Condi- Hy alone, and in the presence of either naffieepedoAChE
tions. Sodium dodecyl sulfatepolyacrylamide gel electro- 5/ 5 MG species, MGAChE, obtained by treatment with
phoresis (SDSPAGE) was carried out as described previ- 1 5 \ GdnHCI, which was then removed by gel filtration
ously @4). (25). It can be seen that Hy alone exhibits very little
Sucrose Gradient CentrifugatioAnalytical sucrose gradi-  fluorescence, due to the fact that it aggregates in aqueous
ent centrifugation was performed on linear 5 to 20% sucrose sp|ution @9). In the presence of an excess of the native
gradients as described previousBb). enzyme, only a slight increase in fluorescence is noted. In
PhotosensitizationPhotosensitization of Hy, both for the presence of a similar concentration of MGChE,
measuring photoinduced ESR spectra (see below) and inhowever, Hy fluorescence is greatly enhanced, and the
cross-linking experiments, was performed using an HMBO emission spectrum that is obtained resembles that seen when
200 W superpressure mercury lamp as a light source. A glassHy is dissolved in polar organic solvents, where it is known
filter (2 cm thick) containing 1% aqueous CuP®@as used.  to exist as a monomeric speciex9(30). Figure 1B shows
The visible light power employed was ca. 20 mWrin the concentration dependence of the emission of Hy at 600
experiments conducted under anaerobic conditions, samplesim, at a constant MGAChE concentration. A saturation
were deoxygenated by bubbling nitrogen through the samplescurve is obtained, with &a,p, of 4.8 x 10° M~ It should
for 40 min. be borne in mind that this is not a true dissociation constant,
Spectroscopic Measuremerféuorescence measurements both due to the fact that Hy is aggregated in aqueous solution
were performed in a Shimadzu RF-540 spectrofluorometer (29) and because it is not known whether it is bound at
at 23 °C. Excitation was at 590 nm. ESR spectra were independent sites with equal affinity.

Fluorescence (arb. units)




Targeted Cross-Linking of a Molten Globule by Hypericin Biochemistry, Vol. 38, No. 35, 19991403

1 2 ] i ] a

A -
aa
11 11 e
A 114
ocew =
o 4z

B

Ficure 3: Cross-linking of MG-AChE by Hy as demonstrated
by SDS-PAGE: (1) native AChE, (2) MGAChE, (3) native
AChE and Hy with irradiation for 1 h, (4) MGAChE and Hy
with irradiation for 1 h, (5) MG-AChE and Hy with irradiation
10G for 1 h under anaerobic conditions, and (6) molecular weight
markers. Concentrations of AChE and Hy-Na were 17 andM2
] ] ) ) respectively, in 10 mM Tris-HCI (pH 7.3). SDFAGE was
Ficure 2: Detection of reactive oxygen species formed during performed "under reducing conditions, on 5 to 15% gradient
aerobic illumination of Hy. Hy (1M) in 10 mM Tris-HCI (pH polyacrylamide gels, after reduction of the samples with 10 mM

7.3) was irradiated in the absence (A) and presence (B) afM.5 DTT (see Materials and Methods).
MG—AChE. The concentrations of DMPO (A) and TEMP (B) were

0.1 and 0.2 M, respectively. EPR spectra were measured 5 min i 3 3 4 5 &
after irradiation had started. The EPR conditions were as follows:

(A) microwave power of 20 mW, modulation amplitude of 0.8 G, - - . -

and receiver gain of Z 1P and (B) microwave power of 20 mW,

modulation amplitude of 1 G, and receiver gain of % 2L(P. et L1

— 0

It has been clearly established that Hy in the monomeric
form, e.g., either in an organic solver20j or bound to - s
micelles B1), generates singlet oxygen upon irradiation with . o
visible light, whereas when aggregated, e.g., in aqueous ‘ —100
solution, the main form of active oxygen that is generated
is superoxidef). Figure 2A utilizes the spin trap technique, - - - =G
with DMPO, to confirm that aggregated Hy, in agueous
buffer, where it lacks fluorescence (see Figure 1A), generates .
an ESR spectrum which is characteristic of the spin adduct fig re 4: Enhancement of cross-linking of MEAChE by Hy in
of DMPO with superoxide ). In contrast, as is apparent the presence of liposomes: (1) M&ChE and Hy with irradiation
from Figure 2B, using TEMP as a spin tre@2], Hy bound for 20 min, (2) MG-AChE and Hy with irradiation for 1 h, (3)

. ) . . (4) MG—AChE, liposomes, and Hy with irradiation for 1 h, (5)
(Figure 1A), is an effective generator of singlet oxygen. v 0 AChE, liposomes, and Hy with irradiation for 1 h, and (6)

Figure 3 displays the patterns obtained upon SPAGE, high-molecular weight markers. Reaction conditions were as
under reducing conditions, of natii@rpedoAChE and of described in the legend of Figure 3, except that reaction mixtures
MG—AChE, which had been irradiated in the presence of corresponding to lanes contained 5.5 mg/mL DMPC liposomes.

Hv. Und ducin nditions. both native AChE and MG Other conditions were as described in the legend of Figure 3, except
y. Underre U(_: gco ons, bo auve - a o~ that the gel gradient was from 3.5 to 10%.
AChE preparations (lanes 1 and 2, respectively) exhibit a

single ca. 65 kDa polypeptide band, generated by reductionjiposomes, in which it exists in monomeric form, it can
of the intersubunit disulfide bon(‘BS) Upon irradiation in generate both Sing|et oxygen and oxygen radic&&. (V\/e
the presence of Hy, the native enzyme exhibits a pattern (lanenave already demonstrated a strong association of MG
3) similar to that of the CO”trOl, with Only traces of higher- Species of AChE with |iposome$'0, and decided, therefore,
molecular weight species, whereas MGChE (lane 4) o investigate the effect of Hy on the membrane-bound
diSplayS Vel’y little monomer, with the concomitant appeal’- Species_ Figure 4 shows the SPBAGE resu'tsl under
ance of heavier species corresponding to dimers, largerreducing conditions, of MGAChE which had been irradi-
oligomers, and aggregated forms migrating close to the ated in the presence of Hy in the absence (lanes 1 and 2)
origin. Upon similar irradiation in the presence of Hy, but and presence (lanes 3 and 4) of liposomes. In the absence
under anaerobic conditions, much more monomer remainedqgf liposomes, after 20 min, the bulk of the protein still
(Iane 5) Irradiation of either the native or MG SpeCieS in migrated as monomer, whereas after 1 h' On|y a minor
the absence of Hy did not produce any higher-molecular fraction was still monomeric. In the presence of the lipo-
weight species, nor did incubation of MGAChE with Hy  somes, after irradiation for 20 min only a small amount of
in the absence of irradiation (not shown). monomer was already visible, and after 1 h, the monomer
As already mentioned, Hy, due to its amphiphilic char- was barely detectable. Upon irradiation of native AChE with
acteristics, is mainly sequestered in membranous compart-Hy in the presence of liposomes, only traces of heavier bands
ments when added to cell cultured).(When added to  could be observed (lane 5).
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I 2 3 | 5 s bundle, pairs of candidates for cross-linking include K4386N
in the two subunits (distance of 13.0 A), the imidazoles of
’ u i H362 in one subunit and H536 in the other (distance between
& ' —*" centers of rings, 9.0 A), K530Ain one subunit and K357
F " o in the other (12.2 A), and H513Nin one subunit and
- H i K386Ne in the other (14.6 A). Although these distances
- appear to be large, it has been shown that MG states of a
o . — number of proteins are characterized by an absence of fixed
_-__" - - side chain packingl(l, 12). In particular, NMR data support
- - o] ke considerable flexibility of polypeptide chains in MG-like
- - states 88, 39). Furthermore, our own data, concerning both
-~ -m - disulfide reshuffling 24) and interaction of an amphipathic

. ) ) ) o polypeptide sequence with liposomesy), argue for con-
FIGURE 5: Resolution of oligomeric products of cross-linking of  sigerable conformational flexibility in the partially unfolded

MG—AChE by Hy by SDS-PAGE under reducing conditions: (1) . . . .
MG—AChE, (2) MG—-AChE and Hy with irradiation for 30 min, TCAChE dimer. As for production of cross-linked oligomers

(3) MG—AChE, Hy, and DMPC liposomes with irradiation for 30~ (Figures 3-5), examination of the three-dimensional struc-

min, (4) MG-AChE, Hy, DMPC liposomes, and 1 mM sodium ture of TCAChE reveals several candidates with exposed side

azide with irradiation for 30 min, (5) low-molecular weight markers,  chains, in particular, H26, K107, Y137, K192, H264, K270,

and (6) high-molecular weight markers. The DMPC concentration K346, Y472, H486, and K501. Obviously, the conforma-

was 5.0 mg/mL. Other conditions were as described in the legend.,. T Y : ' -

of Figure 3, except that the gel gradient was from 3.5 to 7.5%. tional fI.eX|b|I|ty'|n the MG _state just referenced might make
other side chains, buried in the native crystal structure, that

Use of 3.5 to 7.5% acrylamide gels permitted resolution are available for cross-links between subunits. .
of the cross-linked polypeptide species obtained by irradiation The mean free pathway 60, in biological systems is
in the presence of Hy. Figure 5 (lane 2) clearly shows the 100-500 A (40, 41). Thus, in a dilute aqueous solution of
appearance of dimers, trimers, and tetramers, as well as? Protein to which it was not absorbed,_wz. a native species,
discrete heavier species. When gels were run under the samély would be expected to be ineffective both due to the
conditions for samples in which irradiation was carried out dilution factor and due to the fact that it is aggregatgd (
in the presence of liposomes (lane 3), similar patterns were!n the case of the liposome-bound M@ChE, our data
observed, but the species corresponding to trimer was notablycléarly show enhanced cross-linking (Figures 4 and 5). Since
absent. In the presence of sodium azide, a known quenchePUr published data show that MEAChE is completely
of singlet oxygen, the extent of cross-linking was greatly bound to the liposomel{, 18), and Hy itself is sequestered

reduced (compare lanes 4 and 3). in the membrane, the high local concentrations of both
protein and cross-linker should result in close proximity, and
DISCUSSION hence in a high yield of cross-linking. However, it should

be kept in mind that Hadjur et al32) have presented

The main finding of this study is the demonstration that evidence that Hy in the lipid phase may photoreact by both
the photosensitive drug, Hy, cross-links a partially unfolded, type I and type Il mechanisms; this might be an alternative
MG, state of a protein, whereas it has no detectable effectexplanation for the enhanced cross-linking of MGChE
on the fully folded native species. It should be noted that hound to liposomes. It should be noted, however, that in a
the MG—AChE preparation, which is derived from the native system generatingDH radicals, we observed peptide bond
dimer, is long-lived (several hours) under the experimental cleavage, rather than cross-linkingTdAChE (42); further-
conditions, during which period heavier species cannot be more, it has been reported that the quantum yield for singlet
detected by either sucrose gradient centrifugation or quasielasoxygen production by hypericin bound to DMPC liposomes
tic light scattering 25). is quite high, 0.4343). Both types of data support a type ||

The ability of Hy to cross-link preferentially the MG  mechanism in our system. The necessity that Hy be very
species of AChE, under conditions in which the native close to its target for th#, which it generates to be effective
species is not affected, can be ascribed to the fact that Hy isis similar to the requirement that adriamycin be complexed
absorbed to the hydrophobic surfaces of the MG as ato DNA so that the oxygen radicals generated by this drug
monomeric species, as evidenced by its fluorescence emiswill serve as an effective “chemical” nucleas#d).
sion spectrum in the presence of MBChE. As already As mentioned in the introductory section, it is widely
mentioned, it is the monomeric species of Hy which accepted that the MG intermediate is involved in protein
generates singlet oxygen preferentially upon irradiation, and folding (11, 12), and may also be involved in translocation
it is this species which is believed to be responsible for the of proteins across membraneX0). Thus, Hy may serve as
cross-linking of various proteins34). In various model a valuable tool for trapping nascent polypeptides at early
polypeptides and in proteins, it was shown that certain amino stages of their folding, as well as partially unfolded species
acids, namely, histidine, lysine, and tyrosine, are attacked occurring during the course of translocation or generated by
preferentially by*O,, with subsequent formation of chemical stress responses. It may also permit the trapping of transient
cross-links 85, 36). Our data suggest that, in the case of intramolecular complexes. As already mentioned, our-MG
MG—AChE, cross-linking occurs both between the two AChE preparation is long-lived, and significant amounts of
subunits within the dimer and between dimers (Figure 3). aggregates appear only after many hours. Yet, oligomeric
In the three-dimensional structure BEAChE (37), there is species appear rapidly upon irradiation in the presence of
a four-helix bundle at the subunit interface. Within this Hy. Finally, we would like to draw attention to the important
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implications of the phenomenon observed in this study. First,

Hy may provide a tool for studying folding, oligomerization,
and assembly of proteins both in solution and at the

membrane surface, as well as partially unfolded species that
exist during the course of translocation or generated by stress

responsesi@). Second, our data may offer an explanation
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compounds. Since nascent proteins are believed to reach the

fully folded native conformation via a MG intermediatel(
12), they should be very vulnerable to Hy, particularly if it
is kept in mind that, in vivo, folding occurs at the surface of
the endoplasmic reticulunil®). Protein synthesis in cells
which are undergoing rapid division (e.g., cancer cells or
virus-infected cells) should be particularly susceptible.

Indeed, as already mentioned, partially unfolded states were

observed in assembly of capsid virusez2, (23), and
treatment of a virus infection with an inhibitor of protein
folding and traffic was recently reported5).
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