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Structure of the Viral TAP-Inhibitor ICP47 Induced by Membrane Association
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ABSTRACT. Herpes simplex virus type | protein ICP47 (IE12) turns off antigen presentation by specifically
binding to and blocking the major histocompatibility complex- (MHC-) encoded transporter associated
with antigen processing (TAP). Due to the lack of translocated peptides inside the endoplasmic reticulum,
MHC class | molecules fail to assemble and therefore Mip€ptide complexes do not reach the cell
surface for immune recognition by cytotoxic T-lymphocytes. Here we investigated the structure of ICP47
representing the first natural inhibitor of an ATP-binding-cassette (ABC) transporter identified so far.
First, we demonstrate that the N-terminal half of ICP47 is as active in inhibition of human TAP as the
full-length protein and therefore serves as an ideal model to investigate structural and functional aspects
of the inhibitor. Second, from circular dichroism analysis, the viral inhibitor of TAP appears to be mainly
unstructured in aqueous solution. However, in the presence of membrane mimetics or lipid membranes
an o-helical structure is induced. Third, circular dichroism and fluorescence spectroscopy reveal that
membrane adsorption and conformational change of ICP47 are directly dependent on the surface charge
density of the lipid membrane. Therefore we conclude that docking to membranes induces a conformational
change in ICP47 that may be prerequisite to blocking TAP function.

The recognition of a virus-infected cell by T-lymphocytes It is obvious that persistent viruses are forced to evade
is strongly dependent on the presentation of fragmentsimmune surveillance for survival. The Adenoviridae and
derived from viral proteins in association with major histo- Herpesviridae have been discovered to intervene specifically
compatibility complex (MHC) class | molecules (Townsend with MHC class I-restricted antigen presentation (Hill &
& Bodmer, 1989). The majority of these antigenic peptides Ploegh, 1995). Herpes simplex virus type | DNA codes for
are generated by protein degradation in the cytosol or an immediate early protein ICP47 (IE12), which was shown
nucleus. These peptides are translocated into the endoplasto block surface expression of MHC class | molecules (York
mic reticulum (ER) lumen by the MHC-encoded transporter et al., 1994). It has been demonstrated that this viral protein
associated with antigen presentation (TAP), where they areprevents peptide translocation into the ER lumen by specif-
needed for correct assembly of MHC molecules (Howard, ically interacting with human TAP. Therefore, assembly and
1995). Subsequently, peptide-loaded MHC class | moleculestrafficking of MHC class | molecules is impaired (Fret
leave the ER and present their peptide on the cell surface toal., 1995; Hill et al., 1995). Recently, we and others were
cytotoxic T-lymphocytes (Jackson & Peterson, 1993; Yewd- able to demonstrate that purified ICP47 inhibits peptide
ell & Bennink, 1992). import into insect cell microsomes by preventing peptide

In vitro assays using permeabilized cells (Neefjes et al., binding to the human TAP complex (Ahn et al., 1996;
1993; Androlewicz et al., 1993) or isolated microsomes from Tomazin et al., 1996).

mammalian cells (Shepherd et al., 1993) gave strong . . T

. . ) TAP is a member of the evolutionarily highly conserved
gx'éj?:g_tg:t gﬁgggﬁ trggfgr%rltolnéﬁ;hngse!jST;n c\)/¥a_|§ AAPTIi::{ superfamily of ABC transporters found in bacteria (Fath &
. P ’ g P ; Kolter, 1993), in archaea (Bult et al., 1996), and in eukarya
insect cells demonstrated that this membrane protein complex

; . . éHiggins, 1992). Prominent members of the ABC family
mediates peptide transport across the microsomal membran include the human P-glycoprotein and the multidrug resistance-
even in the absence of cofactors derived from a highly glycop 9

developed immune system (Meyer et al., 1994). The associated protein (Mrp), both of which confer a multidrug

transport mechanism of TAP could be dissected into two resi§tance .phenotype upon overexpression. Further, the
steps (van Endert et al., 1994). First, peptide binding to TAP cystic fibrosis transmembrane conductance regulator (CFTR),

was shown to be specific and ATP-independent (Androlewicz the peroxisomal membrane' proteins PMP70 and ALDP
& Cresswell. 1994: van Endert et al., 1994: Uebel et al., (adrenoleukodystrophy protein), and the human sulfonylurea

1995), whereas TAP binds ATP even in the absence of receptor (SUR) represent mammalian ABC proteins of
peptid’es (Miler et al., 1994; Russ et al., 1995). Second medical importance. Another example involved in human

peptide translocation is strictly ATP-dependent (Neefjes et pathogenesis, HiyB cE;cherichia CO'?S re_sponsible for the
al., 1993; Androlewicz et al., 1993; Shepherd et al., 1993). Secretion ofa-hemolysin (HlyA), which is targeted to the
extracellular medium by its C-terminal signal sequence
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ana-helical structure was observed. We further demonstrate by the competition equation (Uebel et al., 1995) and the
that membrane adsorption and conformational change ofconcentration needed for 50% inhibition ¢t was deter-
ICP47 are promoted by negatively charged phospholipids. mined from at least three independent competition assays.
These interactions with membranes might be the initial steps Peptide synthesis and the radiolabeling procedure have been
by which the viral inhibitor assembles with the TAP complex described previously (Uebel et al., 1995).

and blocks its function. Vesicle Preparation Stock solutions of different lipids
in chloroform/methanol (3/1) were mixed, yielding the
MATERIALS AND METHODS appropriate molar lipid ratio. The organic solvent was

evaporated under Nlow. The remaining lipid film was

; ; ; dried under vacuum. The lipid film was hydrated in 50 mM
o-phosphatidylcholine (DMPC), palmitoyloleyl-t-phos- ) .
phatidylcholine (POPC), dimyristoyl-b-phosphatidylglyc- 5\*/‘0255%“6‘?9 bu.ffer (p.::.' 7.0) ar}d somcatedf g%'nlg_'a Bre;]nson
erol (DMPG), dilauryl-Le-phosphatidic acid (DLPA), and ) microtip SOI’}I lerl at4% \r/(\a/quencg 0 rz V\g} a
dimyristoyl-L-o-phosphatidic acid (DMPA) were purchased generator output of only tg) reduce cavity efiects.
from Avanti Polar Lipids. Dihexadecyldimethylammonium During son|f|g:at|on (duty cycle 50% for 5 min, duty cycle
bromide (DHDAB) was ordered from Aldrich (Steinheim, 100% fo_r 1 min), samples were kept at a constant temperature
Germany). The purity of the lipids was controlled by thin- above lipid phz_ase transition. Before measurement, th_e
layer chromatography. The phosphate buffer %20,/ transparent vesicle suspension was centrifuged for 10 min

NaH,PQ,) was adjusted to pH 7.0 and stored &t until at 2300@ to eliminate metal contamination. To prevent
use. Aqueous solutions were filtered through a Millex-GV phase transition effects, samples were equilibrated at the

sterilizing filter unit before use (0.22m diameter pores; temperature used in the experiment. The average vesicle

Millipore S. A., Molsheim, France). Trifluoroethanol (TFE) gimens_io?shwere me_zasureg t? be 80 nm in diameter by
and sodium dodecyl sulfate (SDS) were the highest quality yn§m|c '9 t_scat_termg and electron microscopy.
available (Sigma, Deisenhofen, Germany). Circular Dichroism Spectroscopy CD spectra were
Isolation of Full-Length and Truncated ICP4Full-length reqorded on an Auto Dichrog(aph Mark IV (ISA prin _Yvon)
ICP47 containing an additional hexahistidine tag at the using a 1 mmQuartz-Suprasil cuvette (Hellma, Miueim,

N-terminus was expressed B coli and purified by metal Germany). The temperature of the samples was controlled

- ) _by a circulating water bath. Vesicles were prepared 1 h
zg;irgtgd c:rr:\T :Jg%ra(pArrl]); a;r’:dalr'(?vgsges' pf_:_?lze pl:l;tI;/Co??hie be_fore data acquisition and ICP47 was i_ncubatgd at I_east_45
protein was verified by SDSPAGE and HPLC. Truncated min before measurement tq_al[ow binding. Th's. period is
ICP47(1-53) MSWALEMADTFLDNMRVGPRTYADVR- ~ Necessary to approach equilibrium and has previously been
DEIN KRGREDREAARTAVHDPERPLLR was synthesized determlneq through blnd|_ng assays. The protein and lipid
on a multiple peptide synthesizer (MultiSynTech, Bochum, concentratlons were adjusted to MM and 3.0 mM,
Germany) by conventional Fmoc chemistry and purified by respectively. Each spectrum was _the average of 10 scans
preparative HPLC using a reversed-phasecdlumn. The from 195 to 250 nm wavelength with 0.1 nm steps and an

purity of ICP47(1-53) was found to be-95% according to integration time of 0.1 S All spectra were baqurognd—
analytical reversed-phase HPLC. Identity of ICP476B) corrected for spectra obtained from the same solution without

was verified by mass spectrometry. Protein concentrationsPrOtéin. CD spectra were smoothed and converted to mean

: o I .
were determined using the MicroBCA protein assay (Pierce, residue ellipticity [P]m (de_g cnt dmol™). The ratio ‘_)f the
Rockford, IL). secondary structurerthelix, -sheet, or random coil) was

analyzed mathematically by using the CONTIN fit (Provench-
er & Glockner, 1989) or graphically by using the ellipticity
at 222 nm characteristic fax-helical proteins.

Fluorescence Spectroscopyhe tryptophan fluorescence

Materials All phospholipids, including dimyristoyl-L-

Preparation of TAP-Containing Insect Cell Microsomes
The heterologous expression of human TAP in insect cells
has been reported previously (Meyer et al., 1994). Insect

cell microsomes were prepared by a combination of dif- ded usi Fi loa-2 i A i
ferential and sucrose gradient centrifugation as described inwaj ;‘T\;’gg 0% uicvg a ggrg)??' d thqrescggpe Spif] rorq_ﬁ er
detail (Meyer et al., 1994). Isolated microsomes were an software ( hdustries, Edison, NJ). e

resuspended in PBS/L mM DTT, snap-frozen in liquid fluorescence of the tryptophan residue at position 3 of ICP47
nitrogen, and stored at80 °C ' was excited at 290 nm and the emission spectrum was

hibiti - . recorded from 315 to 500 nm. The temperature of the
dilzfgj InwitlhIt;)snsgisggffg?I:El;cggt?/:/?tlaglmgé?;imgg :’;/’gé% samples Was.controlled by a circulating water bath. For
bovine serum albumin, 1 mM DTT, 2 mM MgEhnd 0.05% direct comparison, the same samples have been analyzed by

' X P o CD spectroscopy. The protein or lipid concentration was

poly(ethylene glycol)] to a final protein concentration of 25 adjusted to 5.8M or 1.1 mM, respectively
ug/mL and the were homogenized by drawing through a 23 ' ' ' '
gauge needle. From this suspension, AbQvas incubated RESULTS
with 100 nM radiolabeled peptide RRYQKSTEL and the
appropriate amount of unlabeled competitor for 45 min at N-Terminal Fragment Embodies the A&iDomain of
4° C. Thereafter, 35@L of ice-cold assay buffer was added ICP47. In order to facilitate the structural analysis, we first
and the microsomes were pelleted by centrifugation (8 min, investigated whether a truncated fragment of ICP47 remains
1200@ at 4 °C). Vesicle-associated radioactivity was fully active in inhibition of human TAP. In this respect, we
guantified byy-counting after one washing step with 500 performed inhibition studies with systematic scans of over-
uL of ice-cold assay buffer. The amount of bound peptide lapping fragments derived from ICP47. All of these 25-
was corrected for nonspecific binding in the presence of a mer peptides were found to be inactive, suggesting that a
400-fold excess of unlabeled peptide. The data set was fittedlarger domain including certain structural characteristics is
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Ficure 1: Activity of truncated and full-length ICP47. Peptide
binding of radiolabeled peptide (100 nM RRYQKSTEL) to insect 2
cell microsomes containing human TAP was analyzed at various _ b
concentrations of full-length His-ICP47 (squares) or truncated % o
ICP47(1-53) (circles) at £C. All data were obtained by duplicate £
or triplicate measurements (error bar&SD) and fitted by the 2
competitor curve as described (Uebel et al., 1995), leading to an E -4
affinity constant of 50 nM for His-ICP47 (solid line) and 60 nM >
for ICP47(1-53) (dashed line), respectively. Within the range of ﬁ 61
error, the binding constants for full-length and truncated ICP47 are 2 gl
identical. g
_E -104 _ 50 mM buffer
required to block peptide binding to the TAP complex (S.U. & - Qamuisos
and R.T., unpublished results). Sequence comparison of | M= . 16 mM 858
ICP47 derived from various virus strains (Watson et al., -14

T T T T T
190 200 210 220 230 240 250

1981; Whitton & Clements, 1984; McGeoch et al., 1985,
Koszinowski, personal communication) revealed a highly
conserved N-terminal region within residues32. There- Ficure 2: Circular dichroism of ICP47(%53) in aqueous solution
fore we speculate that this conserved region might cover theat different concentrations of TFE (a) or SDS (b). The secondary
active domain of the viral TAP inhibitor. In order to address Structure of ICP47(53) was analyzed by CD spectroscopy at 20

. - . °C as described in Materials and Methods. The protein concentration
the question experimentally, we synthesized ICP4HQ3) was adjusted to 0.1 mg/mL (16M) in 50 mM sodium phosphate

by solid-phase techniques and purified the fragment by puffer (pH 7.0) containing increasing concentrations of TFE (percent
reversed-phase chromatography. The C-terminal argininevol/vol) or SDS (millimolar).

(position 53) was attached to increase the solubility of the

synthetic product. Using a TAP inhibition assay as previ- reaching from 5.0 to 9.0 did not influence the secondary
ously described (Ahn et al., 1996), we compared the activity structure of ICP47(%53) (not shown). Therefore, it is
of this fragment with the full-length protein expressedsin highly unlikely that a conflicting charge distribution in the

wavelength [nm]

coli. As summarized in Figure 1, we found the truncated
ICP47(1-53) to be fully active with respect to inhibition of
peptide binding to human TAP. The binding constants of
His-ICP47 and ICP47(153) for human TAP appear to be
identical and were determined to be 50 and 60 nM,
respectively. So we conclude that ICP4783), lacking the
redundant N-terminal fusion tag and the C-terminal domain,
covers the active domain of the TAP inhibitor. Thus, this
fragment represents an ideal model to investigate structural
and mechanistic aspects of this pathogenic factor.

protein causes unfolding. However, secondary structure
predictions suggest that ICP47%3) contains twax-helical
regions spanning positions—33 and 35-43. Earlier
observations in our group demonstrated that ICP47 is very
hydrophobic and dissolving it in organic solvents does not
abolish its activity. This led to the speculation that ICP47
might assume a higher structural order in a lipidlike
environment.

Membrane Mimetics Induce am-Helical Structure of
ICP47. ltis known that an apolar environment can stabilize

ICP47 Is Mainly Unstructured in Aqueous Solutiomhe the a-helical structure of N-terminal signal peptides for
relevance of a larger sequence region of ICP47 required forprotein secretion, which appear also to be unstructured in
inhibition of TAP implies that a higher structural order of aqueous solution (Gierasch, 1989). To imitate such a lipid
the viral protein may be critical for its activity. Therefore, environment, we first analyzed the secondary structure of
we investigated the secondary structure of ICP4H3) by ICP47(1-53) in the presence of various membrane mimetics
means of circular dichroism spectroscopy. Surprisingly, the such as trifluoroethanol (TFE) or sodium dodecyl! sulfate
CD spectrum of ICP47(53) shows no characteristics of (SDS). Starting from a random-coil structure in aqueous
secondary structure in phosphate buffer (Figure 2a). Thesolution, drastic changes of the secondary structure were
same result was obtained for full-length His-ICP47 (not observed with increasing concentrations of TFE. The CD
shown). Screening for conditions that support protein spectra developed a characteristic minimum at 206 nm and
folding, we studied the influence of protein concentration a shoulder at 222 nm at the expense of the minimum at 198
and different pH values on the secondary structure of nm, indicating that TFE induces arthelical conformation
ICP47(1-53). Protein concentrations from the detection in the active domain of viral inhibitor (Figure 2a). The
limit of 0.05 mg/mL up to 0.4 mg/mL and pH values spectra and the-helical content do not change significantly
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Ficure 3: Circular dichroism of ICP47(153) in the presence of 25 8
lipid membranes. CD spectra of 48 ICP47(1-53) were recorded b =
in 50 mM sodium phosphate buffer (pH 7.0) and in the presence L, g
of various lipid vesicles. Small unilamellar vesicles were prepared T 207 ©
from neutral lipids (DMPC), equimolar mixtures of POPC and the TE‘ | &
positively charged lipid (DHDAB), or equimolar mixtures of DMPC £ 51 6 ;
and different negatively charged lipids (DLPA or DMPG). The final 5 g
lipid concentration was kept constant (3 mM). All spectra are % E
background-subtracted using the same vesicle preparation in the S 40 =
absence of protein. The vesicles are prepared as described in 2 La s
Materials and Methods. 3 E
| 5 1 L o
above 40% (v/v) TFE. Again, similar results were obtained 8 3
for the recombinant full-length His-ICP47 (not shown). Since 0] |, o
truncated and full-length protein behave similarly with no 1000 7525 50/50 25775 0/100
respect to structural changes observed in agueous versus vesicles DMPG/DMPG vesicles

lipidlike environments, we concluded that the fragment FiGURE 4: Helical structure of ICP47(153) is induced by

covers not only the active domain but also the region nhegatfilvely chafrged ”Pidls- %Sing gilf_cu(;af dicEroism SEECUOSCOW'
underlying structural reorganization. the influence of negatively charged lipids on the secondary structure

.7 . . of ICP47 was investigated. The protein and lipid concentration were
In addition to this we studied the secondary structure of agjusted to 16:M and 3 mM, respectively. Experiments were

ICP47(1-53) in the presence of SDS micelles, which provide performed in 50 mM phosphate buffer (pH 7.0) at°&7 (a). The
a simple hydrophobic/ hydrophilic interface related to Vvesicles were prepared as described in Materials and Methods.
membranes. Here, a drastic conformational change from aFor different conditions, thei-helical content of ICP47(253)
random coil to artx-,helical structure was observed (Figure was estimated by a CONTIN fit or by the molar ellipticity at

g 222 nm ().

2b). When the SDS concentration drops below the critical

value of about 1.0 mM, the-helical dichroism is reduced. 54 24°C (DMPG), membrane adsorption and the confor-
Above that SDS concentration, the CD spectra remain pational change of ICP47 can be analyzed at different

constant.. v Ch lical temperatures, where the membrane is in either a crystalline
i Negfaféiif I\f/:llrgeg Memb_ran?_s Promﬁte H‘I'eFIEa Sggcs or a fluid state. In comparison to CD spectra obtained in
ure o - Membrane MImeUcs such as or pure phosphate buffer, no drastic changes, besides slight

h?ve thtt_admtrlnsm prog)_erty of_::ducmghellc?I cotnform?non h shoulders at 206 and 222 nm, were observed in the presence
0! peptidesper se 10 avold an overestimation ot Such pure DMPC vesicles. With increasing molar ratios of

effects, we analyzed the secondary structure of ICP47 in theDMPG found i f thehelical

presence of lipid membranes. As summarized in Figure 3, det t’da ??7%]3:' mcrejls)e (,)Attd'ff € 'CSDK/?SSSMW;S
- . . ; . etected a igure 4a). ifferen

lipid vesicles that contain negatively charged lipids, such as ratios the helical content of ICPAZ¢53) was estimated

hosphatidic acid (PA), phosphatidylglycerol (PG), or phos- ™. . : N
Ehatigylserine (PS() (I;ttzr nc?t shov}\//r?)?/induc(e(&t)nelicgl using the CONTIN fit or comparison of the ellipticity at 222

conformation, whereas neutral or positively charged lipid "M: Which is characteristic far-helices (Figure 4b). Due
vesicles, such as phosphatidylcholine (DMPC or POPC) or (0 this analysis, ICP47(153) appears to be mainly unstruc-
dihexadecyldimethylammonium bromide (DHDAB), hardly ~tured in aqueous solution (3#helical content). However,
affect the secondary structure of ICP4783). Therefore, with increasing negative charge den§|ty of the lipid vegcles,
we conclude that the viral TAP inhibitor adopts a more & more and more-helical structure is formed, reaching a
oa-helical structure when bound to membranes and that Plateau (26-25% a-helix) at 25-50 mol % DMPG. At
negatively charged lipids induce membrane adsorption andhigher molar ratios of DMPG, this effect is reverted. In
conformational change. comparison to these experiments performed afGywe

To investigate the effect of the membrane charge density Observed similar conformational changes of ICP47%3)
in more detail, we chose neutral DMPC vesicles doped with induced by negatively charged lipids at 20 and KD,
various ratios of negatively charged DMPG. These mixtures although the lipid bilayer is in a crystalline state. Since
were found to be ideal, since these lipids do not phase- incorporation of-helices into a crystalline, densely packed
segregate over the entire mixing range. Furthermore, duelipid layer is energetically as well as sterically highly
to the main phase-transition temperatures of 2G.$DMPC) disfavored, we conclude that ICP47 adsorbs to the outer
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1,2 off and the infected cells are masked from immune recogni-
— ] TN o SO butfer tion. In the present study we have investigated structural
3 L A \f\\ To o 25D aspects of the viral TAP inhibitor by means of TAP inhibition
2 | //0 ‘\\\ To D59 DMRG assays, circular dichroism analysis, and fluorescence spec-
% o0& . P BN troscopy. We report that an N-terminal fragment of ICP47
€ retains full activity in comparison to the full-length protein,
g 0‘6__ demonstrating that the active domain of ICP47 is covered
S oal by the first 53 amino acid residues. Since this synthetic
g | fragment lacks the apparently redundant C-terminal half and
é 02 a fusion tag used for purification of the recombinant full-
] length protein, it serves as an ideal model to investigate
0 : ————— structural and mechanistic aspects of the viral TAP inhibitor.
300 330 360 350 420 450 Fragments (25-mers) stepwise overlapping the sequence of

wavelength [nm] ICP47 were found to be completely inactive. Thus we
Ficure 5: Bathochromic shift of the tryptophan fluorescence of conclude that a larger domain of ICP47 is required to retain

ICP47(1-53) in the presence of negatively charged lipid vesicles. || activity and that a higher structural order of the active

The tryptophan fluorescencé.(= 290 nm) of ICP47(%+53) was . . . : PR, .
recorded from 315 to 500 nm at 2. The protein and lipid domain might be involved in TAP inhibition. Surprisingly,

concentrations were 58V and 1.1 mM, respectively. The molar ~ the full-length protein as well as its active fragment
ratio of DMPC and DMPG was varied from 0 to 1. All spectra are ICP47(1-53) appears to be mainly unstructured in agueous
background-subtracted using an identical vesicle preparation in thesolution as observed by circular dichroism analysis. Since
absence of protein. variation of the protein concentration (0:66.4 mg/mL) and

) . .. pH value (5.6-9.0) did not affect the secondary structure,
membrane leaflet rather than incorporating into the lipid e can exclude that high protein concentrations or a certain
bilayer. _ pH value are responsible for a lack of a defined structure by

Adsorption of ICP47 to Negately Charged Membranes  yiermolecular interaction.

ICP47 contains a single tryptophan residue at position 3, However, in the presence of membrane mimetics, a drastic
directly adjacent to the predicted-helix (3-13). If we conformational change of ICP47 to a moréelical structure
assume that thiso-helix is responsible for membrane a5 gphserved. This resultis in line with secondary structure
adsorption and conformational change, then this tryptOphanpredictions, which propose two helices located within
would serve as an ideal probe for ICP47 membrane interac-yasiques 313 and 35-43 (Figure 6a). From the CD spectra
tion. Thus we have analyzed the tryptophan fluorescence ypiained in 40% TFE, we calculated arhelical content of
of ICP47(1-53) in aqueous solution and in the presence of 5,64t 49-50% for ICP47(%-53), which was not significantly
lipid vesicles at various temperatures. At10 and@7the i creased at higher TFE concentrations. Therefore, we
fluorescence emission has its maximum at 355 nm, indicating conclude that both predictedhelices are formed under these
that the tryptophan is completely solvent exposed (Figure ¢ongitions. A conformational change of ICP47 is already
5). While hydrophobic side chains are usually buried in gpserved at low TFE concentrations, indicating a high helical
folded doma}ms,_ the quoresc_ence data give further eV'dencepropensity of the viral inhibitor (Nelson & Kallenbach, 1989).
that ICP47 is highly dynamic and mainly unstructured in * gacayse the interaction of TFE with proteins or peptides
aqueous solution. After addition of pure DMPC vesicles at 5 hoorly understood so far, we investigated the secondary
20 °C, the wavelength of the emission maximum remains gi,crure of ICP47(253) in buffer containing various
constant and the fluorescence intensity increases slightly, oo centrations of the ionic detergent SDS. Helix formation
reflecting only a very weak interaction of ICPAE3) with gta1ts above 0.1 mM SDS and is completed at 1 mM SDS.
neutral changed phospholipids. By increasing the molar ratio N further conformational changes are observed above 1 mM
of DMPG/DMPC vesicles, we observed drastic changes of g or pelow 0.1 mM SDS. That the transition occurs in a

the fluorescence emission. The emission maximum Was arrow concentration range of the detergent can be explained
shifted to 335 nm and the fluorescence intensity increased;, to ways: (i) the critical factor for helix formation might
2-fold. The changes of the secondary structure observed inpe the presence of SDS micelles which are only formed
different lipid charge densities are in very good agreement 5p6ve the critical micellar concentration (cmc). Using
with the changes in tryptophan fluorescence. Maximum qynamic light scattering, we could demonstrate that under
changes of the fluorescence intensity were observed at SO ese experimental conditions micelles start to form in this
mol % DMPG, whereas a slight opposite effect was detected concentration range. (ii) About 60 SDS molecules typically
at 100 mol % DMPG. Similar fluorescence spectra were it up one detergent micelle depending on the ionic
recorded at 10 and 37C, indicating that the adsorption strength, pH value, and presence of other amphipathic
process is not strongly influenced by the physical state of gjecules. At 1 mM SDS we can calculate that at least every
the lipid bilayer. inhibitor molecule is bound to one micelle and therefore
saturation has occurred. Taken together, both effects can
DISCUSSION account for the SDS-dependent conformational change of
The immediate early protein IE12 (ICP47) plays a key ICP47(1-53). However, the second explanation seems
role in the persistence of Herpes simplex virus. HSV-ICP47 unlikely because the transition happened more or less
binds specifically to the MHC-encoded peptide transport spontaneously rather than following a Langmuir isotherm
complex (TAP1TAP2), thereby blocking the supply of expected for protein adsorption to interfaces.
peptide for the correct assembly and trafficking of MHC class  Strong support for the biological relevance of the confor-
I molecules. Consequently, the antigen presentation is turnedmational change of ICP47 was obtained by CD analysis of
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first predicted a-helix is amphipathic, composed of a
hydrophilic face as illustrated by arrhelical wheel (Figure
6a).

Further evidence for specific docking of the predicted

a-helix to negatively charged membranes was obtained by
fluorescence spectroscopy. Here, tryptophan located at
position 3 (Figure 6B) served as a reporter molecule to study
the membrane interaction of this N-terminal region. Tryp-
tophan is often found at the ends of membrane helices within
the interfacial region and could therefore serve as a mem-
brane anchor. In the presence of negatively charged
membrane vesicles, a drastic increase of the fluorescence
intensity and a bathochromic shift of the fluorescence
maximum were observed. These data support the results
obtained by secondary structure analysis. ICP47 is mainly
unstructured in aqueous solution and the tryptophan residue
is not buried in a folded cavity. Tryptophan is located in a
hydrophilic environmentinax = 350 nm) and the fluores-
cence is efficiently quenched by collision with water
molecules. In the presence of negatively charged lipids,
tryptophan senses the lipid environmeit & = 335 nm),
and due to membrane adsorption, quenching by water is less
efficient. Membrane docking and helix formation is also
induced if the membrane is in a crystalline state, indicating
Y that the amphipathic helix might adsorb to the outer leaflet
inhibition of peptide rather than incorporating into the lipid bilayer, which would
translocation . . . "
. . _ be energetically highly disfavored at these phase conditions.
Ficure 6: Model illustrating the structure, membrane adsorption,

and conformational change of the viral TAP inhbititor. (a) The It is interesting to note that adsorption of a negatively
secondary structure was independently predicted using programscharged amphipathia-helix is promoted by a negatively

of the Genetic Computer Group (GCG, Madison, WI) and Mac- charged lipid interface. However, membrane partitioning is

Match 1.1d (Scott Presnell, UCSF, Ca). The first predictduelix : L :
of ICP47 is shown in an-helical wheel representation, underlining a complex function of the membrane affinity and the potential

its amphipathic character. (b) Model of the membrane interaction fOr Sécondary structure formation (Deber & Goto, 1996;
and specific blocking of TAP function by ICP47. Wimley et al., 1996). Polypeptides whose solvation energies
of the peptide side chain and backbone promote partitioning
ICP47(1-53) in the presence of lipid membranes. As will adsorb to the membrane and undergo transition from
summarized in Figure 3, only negatively charged lipids random aqueous-based structures to intramolecularly hydrogen-
contribute to the helical conformation of the viral inhibitor. bonded structures at the membrane interface. This effect
Furthermore, this effect is not restricted to a single type of has been widely observed for signal sequences (Gierasch,
lipid head group or lipid chain length. Thus we conclude 1989; Tamm, 1991) and for various peptide hormones
that the charge density in the lipid bilayer is the critical factor (Schwyzer, 1995).
for ICP47-membrane interaction. To support the biological Bacterial ABC transporters such as hemo|ysin B (H|yB)
relevance of our studies, we investigateddHeelical content  are responsible for nonclassical secretion of various toxins
of ICP47(1-53) in more detail using mixtures of the neutral  including a-hemolysin, proteases, and lipases. These sub-
lipid DMPC and the negatively charged lipid DMPG. The strates are recognized by a topogenic, nonclassical secretion
data reflect a strong increase of thénelical content above  signal at the C-terminus covered by-500 amino acids.
25 mol % DMPG, which correlates with the amount of ~Although the C-termini of different signal sequences are not
negatively charged lipids found in the ER membrane [48% sequence-related, they are functionally equivalent and het-
phosphatidylcholine, 24% phosphatidylethanolamine, 12% erologous complementation between them has been reported
phosphatidylinositol, 5% phosphatidylserine, 5% sphingo- (zhang et al., 1993). Furthermore, deletions within the
myeline, 6% other, summed up to 22% negative lipids C-terminal signal region cause severe reduction in HlyA
(Yorek, 1993)]. From the CONTIN fit or the ellipticity at  transport; however, point mutations have failed to identify
222 nm, theo-helical content of ICP47¢153) was calculated  a discrete, continuous sequence responsible for recognition
to a maximum of 26-25% in the presence of negatively and subsequent translocation (Kenny et al., 1992; Stanley et
charged membranes or SDS, indicating that only one of theal., 1991). CD analysis and NMR spectroscopy revealed that
two predictedy-helices is formed. Unpublished data of our the signal sequences Bf coli a-hemolysin andPasteurella
group demonstrate that the deletion of the firdtelix causes  leukotoxin are highly unstructured in aqueous solution,
complete inactivation and loss of an inducesghelical whereas a mora-helical structure is formed in the presence
structure of the viral inhibitor, whereas deletion of the second of TFE, SDS, or negatively charged lipids (Sheps et al., 1995;
predictedo-helix only decreases the binding affinity for TAP  Yin et al., 1995; Zhang et al., 1995). Interestingly, these
(L.N. and R.T., unpublished results). Therefore, we propose results are similar to the finding obtained for the unrelated
that the N-terminal region forms am-helix required for viral inhibitor of TAP, which represents a polypeptide of
membrane anchoring and TAP inhibition. Interestingly, the similar length and similar predicted secondary structure.

b random-coil

HSV-ICP47

h |

membrane
adsorption /.
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We therefore propose the following model of ICP47-
mediated blocking of TAP function (Figure 6b): By docking
to the membrane, the viral inhibitor, similar to other

nonclassical bacterial secretion signals, changes its confor-

mation from a random coil to aa-helical structure. It is
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