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ABSTRACT. The membrane-bound state of the gene 9 minor coat protein of bacteriophage M13 was studied
in various membrane-mimicking systems, including organic solvents, detergent micelles, and phospholipid
bilayers. For this purpose we determined the conformational and aggregational properties of the chemically
synthesized protein by CD, FTIR, and HPSEC. The protein appears to be in a monomeric or small
oligomerico-helical state in TFE but adopts a mixturesghelical and random structure after subsequent
incorporation into SDS or DOPG. When solubilized by sodium cholate, however, the protein undergoes
a transition in time into large aggregates, which contain mahgheet conformation. The rate of this
SB-polymerization process was decreased at lower temperature and higher concentrations of sodium cholate.
This aggregation was reversed only upon addition of high concentrations of the strong detergent SDS. By
reconstitution of the cholate-solubilized protein into DOPG, it was found that the state of the protein,
whether initially a-helical monomeric/oligomeric gf-sheet aggregate, did not change. On the basis of
our results, we propose that the principal conformational state of membrane-bound gene 9 protein in vivo
is a-helical.

M13 is a filamentous bacteriophage which consists of a located at one end of the phage particle. This end appears to
circular single stranded DNA molecule surrounded by a be the protein part that leaves the cell firg)
cylinder of coat proteins. The particles are 880 nmin length  On the basis of the finding that the gene 7 and gene 9
and 6 to 7 nm in diameter and infect strainsksfcherichia proteins retain their amino-terminal formyl grou2sj, they
coli bearing F pili. The molecular mass of a particle is about were proposed to be inserted into the membrane during or
1.6 x 10’ Da, of which 88% is protein and 12% is DNA directly after synthesis. This suggests that the gene 7 and
(1). There are about 2700 copies present of the major coatgene 9 proteins are incorporated in phage as primary
protein, the product of gene 8. The minor coat proteins, translational products. These proteins, therefore, behave
present in 3-5 copies each, are located at the ends: One differently from the gene 8 protein, which is synthesized as
end contains the gene 7 protein (3630 Da) and gene 9 proteina preprotein 24) and is finally processed to yield the
(3681 Da). The other end contains the gene 3 and gene émembrane-bound coat proteig5j. It was shown by sub-
proteins (for reviews see refs—6). cellular location experiments that both gene 7 and gene 9

During the membrane-bound phage assembly process, theroteins are fractionated with tHe. coli inner membrane
coat proteins as well as three phage encoded nonstructura{26).
proteins are involved, the proteins encoded by genes 1, 4, The finding that the gene 7 and gene 9 proteins are located
and 11. Bacterial proteins are also involved, one of which is at the end of the phage particle that emerges a2t $hows
thioredoxin. During the process of assembly the phage DNA that they must play a role early in assembly. It was found
sheds the gene 5 proteins and picks up the coat proteins whilehat deletions in the packaging signal could be compensated
extruding through the cellular envelope membranes (for by mutations in gene 7, gene 9, and gene2T).( This
reviews see ref@—8). suggests an important role for the products of these genes

Whereas a lot of information has become available aboutin initiating the assembly process by interacting with the
the structure of the major coat protein in the phage particle packaging signal of the phage genome. Furthermore, absence
(9—11) and in its membrane-bound staté2{19), the of gene 7 or gene 9 proteins almost completely abolishes
information about the minor coat proteins encoded by genesthe production of phage2]. A complete description of
7 and 9 is scarce and incomplete. The primary structuresassembly requires a detailed knowledge of both cellular
were deduced from the nucleotide sequence of the M13 DNA |ocalization and ultimate location of the coat proteins in the
genome 20). Grant 1) suggested that these proteins are phage and functioning of all components during the assembly
process. Until now, an assembly model was based on

TThis research was supported by the Life Sciences Foundation assumptions regarding the minor coat proteihs7 29.
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result of the Kaiser test, was terminated by treatment with a
capping mixture (AgO/diisopropylamine). After completion
of the required number of acylations, each protasin
adduct was suspended in the mixture FHADT—water (38:
1:1) for 4 h and filtered. The filtrate was added to the 10-
fold volume excess of absolute ether to precipitate the crude
MSVVLYSFASFVLGWCLRSGITYFTRLMETSS S-protected peptide trifluoroacetate. It should be noted that
1 5 10 15 20 25 30 disulfides are not attacked by ethanedithiol in acidic media
FicURE 1: Hydropathy analysis of the gene 9 amino acid sequence (31). The product was subjected to amino acid analysis,
according to the hydropathy scale of Kyte and Doolit88)( using confirming that all amino acids were present. The protein
a S||d|ng window of 9. The N-terminal methionine is assumed to was further Checked by gel electrophores|s1 HPLC' and mass
be formylated 23). S
pectrometry.
Solubilization of Protein in Organic Seént. The protein
as first dissolved in a small volume of TFA (@0 uL/
mg of protein) and dried under a stream of nitrogen. Next,
She protein was washed with TFE, followed by evaporation
of the TFE under a stream of nitrogen, to remove residual
TFA. Finally the protein was dissolved in a known volume
of TFE. The protein concentration was determined by the
procedure of Peterso2) with bovine serum albumin as a

Hydropathic -
index

=
o

presence of a hydrophobic stretch, long enough to span theW
membrane in am-helical way. The gene 9 protein has no
charged residue at the N-terminus, whereas the C-terminu
contains mainly charged and polar residues.

Our work, therefore, is aimed to characterize the membrane-
bound state of the gene 9 protein. We studied the confor-
mational and aggregational properties of the protein in several
membrane-mimicking systems, proceeding from organic

: L standard.
solvents to detergent micelles and phospholipid bilayers. Solubilization of Protein in Detergent.o solubilize the
MATERIALS AND METHODS gene 9 protein in detergent (sodium cholate or SDS), the

method described by Killian3@) was used. Briefly, the

Materials. Fmoc-amino acids and the solid support  desired amount of gene 9 protein dissolved in TFE was added
p-alkoxybenzyl alcohol resin (Wang resin) were purchased to an equal volume of water, containing the desired amount
from Bachem (Bubendorf, Switzerland). The compounds of detergent. The mixture was vortexed for a few seconds.
1-hydroxybenzatriazole, diisopropylcarbodiimide, and ethane- Next, this mixture was diluted to yield a 16:1 ratio of water
dithiol (EDT) were obtained from Fluka (Buchs, Switzer- to TFE by volume. The samples were mixed by vortexing
land). Dichloromethane (DCM), dimethylformamide (DMF), for 2 s and lyophilized. The sample was rehydrated in the
isopropyl alcohol, piperidine, trifluoroacetic acid (TFA), and desired volume.
sodium dodecyl sulfate (SDS) were obtained from Merck  Determination of the Aggregation State of the Prot@ine
(Darmstad, Germany), and 2,2,2-trifluoroethanol (TFE) was aggregational state of the gene 9 protein was determined
obtained from Acros (Pittsburgh, PA). 1,2-Diolecyt- using high-performance size exclusion chromatography
glycero-3-phosphoglycerol (DOPG) was obtained from Avan- (HPSEC) on a Superose 12 column (030 cm) or a
ti Polar Lipids (Alabaster, AL). Sodium cholate was from Superdex 75 column (1.8 30 cm). A flow of 0.4 or 0.5
Sigma (St. Louis, MO). The Superose 12 and the SuperdexmL/min was applied, eluting in 50 mM cholate, 10 mM
75 columns were obtained from Pharmacia (Uppsala, Swe-sodium phosphate, pH 8.0, for all samples but the SDS
den), and the P6-DG column was from BioRad (Hercules, sample. The latter was eluted with 25 mM SDS, 10 mM
CA). sodium phosphate, pH 8.0. On-line detection was done by

Chemical Synthesis and Purification of the Protéiine measuring the absorption and fluorescence. The absorption
gene 9 protein was synthesized by Mr. P. J. H. M. Adams was measured at 280 nm and emission at 340 nm, with an
at the Peptide Department of the Laboratory for Organic excitation wavelength of 280 nm. For molecular weight
Chemistry of the University of Nijmegen. The cysteine calibration of the columns, alcohol dehydrogenase (150 000
residues in the protein were protected as disulfides with the Da), bovine serum albumin (67 000 Da), myoglobine (18 800
Stert-butyl group. The protein was prepared on a Wang resin Da), A-protinin (6500 Da), and bacitracin (1400 Da) were
using a solid-phase technique with a semiautomatic peptideused. The aggregational state of the gene 9 protein in TFE
synthesizer (Labortec SP640) according to the Fmoc proto-was checked by passage over a nanosep filter, with a
col. Apart from the carrier, the steps in each cycle were molecular weight cutoff of 3 kDa, from Pall Filtron (North-
performed as described previousl®9. The removal of borough, MA). The filtrate and residue were tested for the
o-amino protective groups and the efficiency of each new presence of protein by triciresodium dodecyl sulfate
acylation was controlled with the Kaiser t€36); resin grains polyacrylamide gel electrophoresi34j.
were visually judged by observing them after the test against  Fourier Transform Infrared Spectroscopior the FTIR
a white background. Even a slight coloration could be experiments the gene 9 protein stock solution in TFE was
detected in this way, and the pertinent cycle was repeated treated by an additional step to remove traces of TFA, since
if coloration was observed. Each cycle, irrespective of the TFA contributes to the signal in the amide | regidB)
This was done by addgna 2 mM HClsolution to the TFE

1 Abbreviations: CD, circular dichroism; DOPG, 1,2-dioleayk stock in a 1/1 (v/v) ratio, to yiela 1 mM HClconcentration
glycero-3-phosphoglycerol; EDT, ethanedithiol; Fmoc, 9-fluorenyl- in the protein solution. The solution was subsequently

methoxycarbonyl; FTIR, Fourier transform infrared; HPSEC, high- yo5hijized, redissolved into TFE, and used for further sample
performance size exclusion chromatography; L/P, lipid to protein molar ’ ’

ratio; RT, room temperature; SDS, sodium dodecyl sulfate; TFA, Preparation. Samples for FTIR typically contained-6012
trifluoroacetic acid; TFE, trifluoroethanol. mg protein at a cholate/protein molar ratio of 60, or a lipid/




1130 Biochemistry, Vol. 38, No. 3, 1999 Houbiers et al.

protein ratio of 50. Dehydrated films were prepared on a
CaF, window (13 mm diameter) in a cabin continuously
purged with dry air. FTIR spectra were recorded on a Perkin-
Elmer 1750 FTIR spectrometer at room temperature. The
optical bench was purged with dry air (Balston, Maidstone
Kent, U.K.) at a flow rate of 25 L mint. The acquisition
parameters were the following: 4 cfresolution; 128
coadded interferograms; 358000 cnt! wavenumber range.
For the sake of comparison of the samples with cholate, the
spectral intensities were normalized with the cholate peak
intensity at 1560 cm'.

Circular Dichroism.CD spectra were recorded from 190
to 260 nm on a JASCO 715 spectrometer af@5using a
1-mm path length cell, 1-nm bandwidth, 0.1-nm resolution,
and 1s response time. Spectra were corrected for the

510% |
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Ficure 2: CD spectra of the gene 9 protein in TFE (---) and

background with an equally prepared sample without the

protein. Protein concentrations were within the range of 25

to 46 uM and are mentioned in the figure legends.
Reconstitution of Protein into Lipid Vesicldgeconstitu-

incorporated via the cosolubilization method in TFEIHinto
cholate €:-), SDS (—), and DOPG (solid line), directly after
sample preparation. Protein concentrations wereMén pure TFE,
46 uM in 50 mM SDS/10 mM phosphate/pH 8.0, 38/ in 26

tion of the protein into lipid bilayers was performed by two MM cholate, and 24Min 12 mM DOPG. Insert: FTIR absorbance

different methods: (1) using cholate and subsequent dialysiS'Of dehydrated film of gene 9 protein incorporated into DOPG, at
. SN . 'an L/P ratio of 50.

(2) via cosolubilization in TFE/water. In both cases the

desired amount of DOPG was taken from a chloroform

solution. The chloroform was evaporated under a stream ofin TFE. Additionally, the FTIR spectrum of gene 9 protein

nitrogen, and the remaining lipid film was kept overnight in DOPG was recorded. The amide | band, shown in the

under vacuum to remove all traces of chloroform. In the first insert of Figure 2, contains a single band at 1656 tm

method, the lipid film was dissolved in 100 mM cholate and band around this position is generally found foihelical

mixed with cholate solubilized protein (prepared according structures38), but also random structure gives rise to a band

to the method described above under Solubilization of Protein around this position. The decreased CD intensity in deter-

in Detergent). Reconstitution was carried out by removal of gents and phospholipids suggests that the amoumthalix

cholate by dialysis for 48 h (4 12 h) at room temperature,
according to Spruijt et al.3g), using a dialysis membrane
with a molecular weight cutoff of 1214 kDa. The second

is lowered in these systems, as compared to TFE. Probably
part of the a-helical conformation, present in TFE, has
converted into another structure. However, from the FTIR

method is equal to the method of solubilization of protein spectrum in DOPG it is clear that n®sheet structure is

into detergent, as described above, except that, instead opresent. Therefore, it is likely that the remaining structure
detergent, now DOPG is used. After rehydration the vesiclesis random structure, in agreement with the observed FTIR
were sonicated on ice for 3 min with a Branson B15 sonifier spectrum. Thus, the conformation of gene 9 protein in

to minimize scattering by the vesicles in the CD measure-
ments. Titanium particles of the sonifier tip were removed
by centrifugation.

RESULTS

Characterization of Gene 9 Protein in TFE, Detergents,
and Lipids.The gene 9 protein could be dissolved in TFE
and a mixture of TFE/water (1/1, v/v), but the protein was
insoluble in water and strictly hydrophobic solvent, such as
chloroform (as observed from visual turbidity, due to the

detergents or phospholipids is a mixture afhelix and
random coil. Assuming that in TFE the protein is 100%
o-helical, we roughly estimated the amount @felix in
these systems, resulting in-560%+ 10% a-helix in SDS,
cholate, and DOPG. The remaining part is supposed to be
random coil. Such a large contribution of random coil is not
surprising, since in such a small protein a relatively large
part of the amino acids is close to one of the two ends, and
terminal amino acid residues are generally less ordered.
The aggregational states of the protein in the samples,

presence of large precipitates). Completely dissolved geneshown in Figure 2, were checked by HPSEC or ultrafiltration.
9 protein in TFE was used to be solubilized in detergents or The protein dissolved in TFE was observed togpas8 kDa
phospholipids via cosolubilization in TFE/water (1/1, v/v) filter, leaving no residue on the filter, indicating the
and subsequent dilution, lyophilization, and rehydrati&B).( predominant presence of protein monomers. Gene 9 protein

In Figure 2, CD spectra are presented of gene 9 protein insolubilized by SDS and analyzed using HPSEC in 25 mM
TFE, sodium cholate, SDS, and DOPG. Spectra were SDS showed a single peak, corresponding to monomeric
recorded immediately after sample preparation via the protein (data not shown). Gene 9 protein solubilized by
cosolubilization method. The CD spectrum of protein in TFE/ cholate and reconstituted into DOPG, subjected to HPSEC
water (1/1, v/v) was equal to the spectrum in pure TFE (data in 50 mM cholate, eluted as a single broadened peak at a
not shown). The spectrum in TFE features two minima at position indicating an average size of trimers. Since estima-
208 and 222 nm, indicating the presence whelical tion of the protein size by this method is not sufficiently
structure 87). Also the spectra in SDS, cholate, and DOPG accurate to discriminate between monomers or small oligo-
are characterized by these two minima. However, the minima mers, we will refer to this state as “monomeric/oligomeric
are not so well-pronounced, slightly merging into a single state”, bearing in mind that the protein may be present as
broad band. Furthermore, the intensity is much lower than monomer or small oligomers.
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FiGure 4: Typical HPSEC elution pattern of gene 9 protein,

oot bl solubilized in cholate. The void volume at 15 min and the
200 210 220 230 240 monomeric/small-oligomeric peak at 28 min are indicated. The peak
wavelength (nm) indicated by an asterix is due to background of the buffer. The

column was Superose 12 (1530 cm), at a flow of 0.5 mL/min,
with fluorescence detection at 340 nm, exciting at 280 nm, and the
elution buffer was 50 mM cholate, 10 mM phosphate, pH 8.0.
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structures or distorted-helices 88). The spectral changes
after 3 days are shown in Figure 3B: The absorbance at
1657 cmt has diminished, in favor of a new peak at 1624
cm L. Also a new small shoulder at 1697 chis present.

In the literature the two peaks around 1624 and 1697'cm
have been assigned to antiparalesheet structure3g—

Absorbance

40).
11700 16|80 16|60 16|40 16|20 The aggregational state of the protein in cholate was
wavenumber (1/cm) checked by HPSEC (data not shown). Whereas the protein

was found to be monomeric/oligomeric directly after sample
Ficure 3: (A) CD spectra of gene 9 protein in cholate at times preparation, after 3 days over 90% of the protein eluted in
zero (——) and 3 days after sample preparation (- - -) and after the void volume, indicating the predominant presence of large
addition of SDS to the sample at time 3 days (solid line). These aggregates. Thus, the conformational change, as observed
samples were made from the (more concentrated) F TR Samplesb CD and FTIR, is concomitant with a state of increased
of Figure 3B (protein concentration 1.4 mM, cholate 83 mM), but Y . ’ h

diluted with a cholate solution just before the CD measurement, aggregation of the gene 9 protein.

resulting in 35uM protein in 26 mM cholate. The FTIR sample Reversibility of the Aggregated State of the Gene 9 Protein.

in 26 mM SDS. (B) FTIR spectra of dehydrated film of gene 9 : T
protein in cholate at imes zere-(—) and 3 days (- - -) after sample oligomers containing.-helical and random structure and as

preparation and after addition of SDS to the sample at time 3 days |arge aggregates containirfiysheet structure. By addition
(solid line). The cholate/protein ratio was 60; the SDS/protein ratio 0f SDS, we tested whether the aggregated state in cholate
was 36. The spectra were not corrected for background of cholate,was reversible. The CD and FTIR spectra of aggregated
giving rise to a broad band underneath protein peaks. protein in cholate, to which SDS has been added, are shown
in Figure 3A,B, respectively. By comparison of the spectra
Change in Conformational and Aggregational State of the before and after addition of SDS, it is clear that SDS
Cholate-Solubilized Proteiifter 3 days, the conformational  completely restores the-helical conformation as measured
and aggregational states of the gene 9 protein in TFE, cholatepy CD but that the FTIR absorbance at 1657 éris only
SDS, and DOPG were checked again by CD and HPSEC, partly restored. It should be noted that the final SDS/protein
to determine the stability of the protein. For the protein in ratio in the FTIR experiment was much smaller as compared
TFE, SDS, and DOPG the results were similar (data not to CD (see legend Figure 3), explaining the partial disruption
shown), indicating a stable state of the protein in these of the aggregates.
systems. It should be mentioned that the CD spectra of the Since the aggregation of the gene 9 protein is reversible,
protein in TFE or TFE/water (1/1, v/v) did not even change it should be possible to influence the aggregation state, as
after weeks (data not shown). In contrast, the CD spectrumdetermined by HPSEC, to some extent by variation of
of the cholate-solubilized gene 9 protein was significantly conditions. A typical HPSEC chromatogram is presented in
changed after 3 days (Figure 3A). Instead of two minima at Figure 4, showing the void volume peak at 15 min and a
208 and 222 nm, a single minimum around 218 nm was peak at 28 min, representing aggregated and monomeric/
observed, while the zero-crossing and intensity hardly oligomeric protein, respectively. As is shown in Table 1,
changed. To analyze the protein conformation in more detail, the aggregational state is influenced by several parameters.
also FTIR spectra of the cholate-solubilized gene 9 protein From lines 4 in Table 1 it is clear that the protein
were recorded. In Figure 3B, the amide | bands of the aggregates with time and that it is a slow process (hours to
corresponding samples are shown. Directly after preparationdays). Lines 59 show that the aggregation rate depends on
the most intense absorbance is at 1657 Grauggesting a  the temperature. Lowering the temperature t&C4slows
predominant mixture ofi-helical and random structurdg), down the aggregation process, whereas storage2at°C
in agreement with the CD result. There is also some intensity completely stops aggregation. Increasing the temperature to
present around 1680 cr possibly originating from turnlike 75 °C results in a very fast aggregation (seconds). Lines 10
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Table 1: Relative Percentages of Aggregated Gene 9 Protein after 2x10*
Incubation at Several Conditions, as Measured by HPSEC
final concn (mM) temp incubation relative area of - g
samplé after addition of: (°C)° time void vol (%) ) :
1 RT none 0 = g
2 RT 5h 44 o e
3 RT 1 day 88 2 € 0\ wavenumbar (oM} e eem i
4 RT 2 weeks 100 ? 9 k
5 4  1day 20 =3
6 4 2weeks 94 g =
7 -20 1 day 0 =
8 —-20 2 weeks o N
9 75 20s 57
101; cholate, 250 mM RT none 79 2104 L1 11 Coa ol v b g
11 cholate, 250 mM RT 5h 38
1 cholate, 250 mM RT =>1day >38 200 210 220 230 240 250
1% SDS, 250 mM RT <1h 3 wavelength (nm)

FiIcurRe 5: CD spectra of gene 9 protein containing vesicles,
reconstituted via cholate dialysis. The dashed line represents

at RT during 1 day+£sample 3). Incubation times mentioned are after reconstitution started from monomeric/small-oligomeric protein in

addition in column 2 to preincubated sampI&T = room temperature cholate; the solid line represents reconstitution started from ag-
dvalues aret5% ' gregated protein in cholate. The protein concentration wash80

and the concentration DOPG was 1.7 mM, resulting in an L/P of
57. Insert: FTIR absorbance of dehydrated film of gene 9 protein

and 11 show that an increase of the cholate concentration incontaining DOPG vesicles, reconstituted from aggregated protein
an already aggregated sample can disrupt the aggregatels cholate, at an L/P ratio of 50.
slowly to some extent, but eventually aggregation will

1 . .
proceed (line 12). The strong detergent SDS can disrupt1697 cnT* peaks are in accordance with the presence of

i _ 1
aggregates almost completely in a short time, as is clear fromantmarallelﬂ sheet str_ucture363 39. The 1655 cm b_and,
line 13. however, corresponding to-helix or random coil, indicates

Effect of Lipids on the Initial State of Cholate-Solubilized tsr;::ealosfot;‘heeze Srzczr:ggryrzttreuiini"r:e:ﬁ;Zt%b(s’éwﬁi 'gBt;]ev\'/r;':fl
Protein. Cholate-solubilized protein in the monomeric/ ggreg P 9 '

. . . - . preserved.
oligomeric a-helix containing state or in the aggregated
_ﬁ—sheet state, as charact_erized in Figure 3, was reconstitutegh|scusSsION
into DOPG by cholate dialysis. The aggregational state of
the protein after transfer to DOPG was determined using From the literature the gene 9 protein is known to be
HPSEC. The initially monomeric/oligomeric protein retained located in the bacterial inner membrane prior to assembly
this state upon reconstitution. Also when initially aggregated (26). However, no detailed information is available about
protein was reconstituted into DOPG, the aggregated statethe nature of the interaction with the membrane and about
was retained (data not shown). In both cases the initial the conformation of the protein in the membrane-bound state
aggregational state of the protein appeared to be maintaineddrior to assembly. The hydropathy plot (Figure 1) suggests
as the elution patterns remained similar during several days.the possibility for the protein to span the membrane in an
Apparently, the aggregational state of the protein is not a-helical way, which requires the presence of a hydrophobic

a Sample contains 0.56 mM gene 9 protein and 50 mM cholate in
sodium phosphate pH 8.DAlready aggregated protein, as preincubated

affected by reconstitution or upon subsequent aging. segment of about 20 amino acids. Since the protein has not
The corresponding CD spectra of gene 9 protein after been characterized before, in this work the conformational
transfer to DOPG are shown in Figure 5. Wheshelix- and aggregational properties of the protein in various model

containing monomeric/oligomeric protein in cholate was Systems are investigated, moving toward reconstitution and
transferred to DOPG by the cholate dialysis protocol, a determination of the state of the protein in model phospho-
similar CD spectrum was observed in DOPG. This CD lipid membranes.

spectrum was comparable to the spectrum in DOPG as shown Characterization of Gene 9 Protein in TFE, Detergents,
in Figure 2, in which the protein was directly transferred and Lipids.After the protein was dissolved in TFE, it was
from TFE to DOPG, and identical to the CD spectrum of transferred to cholate, SDS, or DOPG by cosolubilization
the o-helix-containing protein in cholate prior to reconstitu- in a TFE/water mixture and subsequent dilution, lyophiliza-
tion (Figure 3A). In contrast, when initially aggregated tion, and rehydration as described by Killian et &3) In
protein was reconstituted into DOPG, the CD spectrum still all systems, including TFE, we found the protein to be in an
showed a single minimum at 219 nm but showed, as a-helix-containing monomeric or small-oligomeric state, with
compared to the CD spectrum of the aggregated protein inno large aggregates present.

cholate (Figure 3A), an additional red-shifted zero-crossing For CD measurements of gene 9 protein in pure TFE two
and a lower intensity. The CD spectrum of the aggregated minima at 208 and 222 nm were observed, typical for an
protein in DOPG appeared to be indicative for the presence a-helical conformation37, 41). These two minima were also

of f-sheet structures3(). The corresponding infrared presentin the other systems but less distinct and less intense.
absorbance by the amide | band of the same aggregatedn pure TFE and TFE/water (1/1, v/v), the negative CD bands
sample in DOPG is shown in the insert of Figure 5. Three are more intense and the minima are better defined, as
peaks are visible: a major band at 1626 ¢ma peak at compared to the gene 9 protein in cholate, SDS, and DOPG.
1655 cn1?, and a small peak at 1697 ¢t The 1626 and  Two effects could explain the intensity increase in TFE. First,
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the helix in TFE may be elongated, compared to the helix trations used, it was found that the aggregational state hardly
in the other systems. In cholate, SDS, and DOPG, possibly changed, since both elution patterns with almost all protein
not the full peptide but only the hydrophobic stretch of about in the void volume peak, as well as patterns with all protein
20 residues (Figure 1) is immersed in a hydrophobic in the monomeric/oligomeric peak, were observed. This
environment. The remaining charged part, likely to be suggests that during the time of elution no disruption of
exposed to the aqueous phase in micelles or vesicles, mayaggregates nor formation of aggregates occurs.
contain other secondary structures, like random structure. Stability of the Protein in TFE, Detergent Micelles, and
This part may also become-helical in TFE, since TFE  Lipids. In TFE and TFE/water (1/1, v/v) the protein can be
induces nativelike helices and segments that hawe-helix stored for prolonged times, without any change in confor-
propensity 42—44), thus increasing the length of the mational or aggregational state. Also in SDS and DOPG,
o-helical strand. According to the literature, the intensity of the CD spectra and HPSEC elution profiles did not change
the CD band for the helix is dependent on the average during several days, indicating conformational and aggre-
number of residues per strand5f. Second, the dielectric  gational stability upon aging. In cholate, however, a con-
constant of the medium could be different in TFE, affecting formational change was observed with both CD and FTIR.
the transition probabilities4g), but this cannot account for  The CD spectrum after 3 days showed a single minimum at
the large intensity difference. 218 nm (instead of the two minima at 208 and 222 nm
The protein in DOPG, measured by FTIR, resulted in a directly after preparation), although the zero-crossing and
single amide | band at 1656 ¢y which may be another intensity hardly changed (Figure 3A). This is not a typical
indication for a-helix structure 88, 47. However, a band  f3-sheet spectrum as deduced from the CD spectra of poly-
at 1656 cm? can also be interpreted as random structure L-lysine in theS-sheet form 87), which has a red-shifted
(38, 48. Combining this with the CD data, we propose that zero-crossing and a decreased intensity compared to the
the conformation in DOPG is a mixture af-helix and o-helical form. However, the appearance of a main band at
random structure. FTIR clearly indicates that/fstructure 1624 cmit and a small accompanying shoulder at 1697 tm
is present, so the decreased CD intensity is probably due toin the FTIR spectrum (Figure 3B) clearly indicate the
a conversion into random structure, which also agrees with presence of antiparall@-sheet structure3g—40).
the observed FTIR spectrum. From the observations we If the FTIR and CD data are combined, the altered CD
roughly estimated the percentageoshelix to be 50-60% spectrum of cholate-solubilized gene 9 protein is supposed
+ 10%, and the remaining part is supposed to be randomto represent mainly antiparallgtsheet structure, with some
coil. The protein in SDS shows a similar CD spectrum, also additionala-helix, random, and turn structure. More recent
indicating the presence of this mixture ofhelical and literature shows that the CD spectrum®E&heet structure
random structure. The FTIR spectrum of the protein in may result in a considerable variation of spectra, all with a
cholate (Figure 3B) shows a low-intensity band around 1680 single minimum between 210 and 225 n#i);, Spectra with
cm L. Often peaks in this area are assigned to tuB8. ( a single minimum and zero-crossing around 2203 nm
However, definitive assignment of turns and discrimination have for example been observed for the flprotein
from unordered structures is difficud9), since data onturns  prealbumin, theJ( protein subtilisin, and the. + j protein
are scarce. In addition, several types of turns exist, giving ribonucleasef?2). (See for definition of these protein classes
rise to a broad distribution of frequencies in the 169560 ref 53). The spectral changes, indicating a conformational
cm ! region. Therefore, the gene 9 protein in cholate might change, are concomitant with the presence of large aggre-
contain turnlike structures or distorted helical parts, but the gates, since all protein is eluted in the void volume in the
main part is a mixture ofi-helical and random structure.  HPSEC analysis. Therefore, we conclude that in cholate the
From the literature it is known that close proximity of protein can exist ag-helix-containing monomers/oligomers
aromatic amino acid residues can give rise to a significant or as mainly 3-sheet-containing aggregates. The cholate
contribution in the CD spectrun®(, 51). This effect could solubilized protein undergoes a transition toward the ag-
make secondary structure estimations unreliable. In the casegyregated state in time. Apparently, cholate is not suitable to
of the gene 9 protein in lipid systems, we do not expect the solubilize the gene 9 protein.
aromatic residues of the protein to be strongly immobilized  Reversibility of the AggregationAddition of the strong
or clustered. Moreover, we have investigated the near-UV detergent SDS to the aggregajggheet protein resulted in
region (256-300 nm) of the CD spectrum of the protein in restoration of the-helix containing conformation, as shown
lipid bilayers (data not shown), where we could find no by CD and FTIR, and in a concomitant disruption of the
detectable contribution of aromatic side chains. This observa-large aggregates, as shown by the disappearance of the void
tion also suggests that the contribution of the aromatic aminovolume peak and return of the monomeric/oligomeric peak
acid residues in the far-UV region (19@50 nm) is with HPSEC. Thus, aggregation of the cholate-solubilized
negligible. gene 9 protein is a reversible process in SDS, affected by
The aggregational state of the protein, determined by a several parameters mentioned in Table 1.
cutoff filter or HPSEC, in TFE or detergents was determined  Effect of Lipids on the Initial Aggregational State of
to be between monomers and small oligomers. We also usedCholate-Solubilized Proteiff.he cholate-solubilized protein
HPSEC analysis in cholate elution buffer to determine the can be reconstituted into vesicles of DOPG. The state of the
aggregational state of the gene 9 protein in DOPG vesicles.protein, whether-helix-containing monomeric/oligomeric
When the sample is applied to the cholate-eluted column, or 3-sheet aggregate, does not change upon incorporation
the conditions are actually changed, because the sample isnto phospholipidsMonomeric/oligomeric protein, solubi-
diluted and mixed with cholate. This may result in a change lized in cholate, was incorporated into DOPG using the
of the aggregation state. However, with the protein concen- cholate dialysis protocol. The CD spectrum in DOPG was
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o-helical 37) and remained identical during several days. relevant in vivo. Thes-structures present in detergent are
The aggregational state, as determined by HPSEC, wasantiparallel strands, as shown by FTIR. If antiparallel strands
monomeric/oligomeric and stable for days as well. When are present in vivo, then one expects the gene 9 proteins to
the states of the protein before reconstitution (Figure 3) and be oriented in two directions before conversion. This is not
after reconstitution (Figure 5) are compared, CD, as well as very likely with two positive charges on the C-terminal end.
HPSEC, vyields similar results. This indicates that transfer Another indication is that, similar to the gene 8 protein, also
from cholate to DOPG does not change the conformational gene 9 and gene 7 protein of infecting bacteriophages may
and aggregational state of the protein. After incorporation enter the membrane and can be reused for synthesis of new
in DOPG, the state of the protein is stable, whereas it is not particles 2). This means that they must be inserted in the
stable in cholate. The state of the protein was similar to membrane in the same way as newly synthesized proteins.
directly transferred protein into DOPG from TFE, as shown It is questionable that this could be done with recycled
with CD in Figure 2. proteins in g3-conformation. Thus, the observed aggregation
Also large aggregates, solubilized in cholate, were incor- probably is a nonnative artifact. This conclusion means that
porated into DOPG using the cholate dialysis protocol. The it is important to control the aggregation of the protein during
CD spectrum in DOPG was a typigaisheet spectrungy), reconstitution or purification.
with a red-shifted zero-crossing, decreased intensity, and a The gene 9 protein adopts anhelical conformation in
single minimum at 219 nm. The presencefegheet in this TFE and in TFE/water (1/1, v/v). TFE, although said to
sample was additionally confirmed by FTIR, showing bands disrupt tertiary interactionss@), can be a good solvent for
at 1624 and 1697 cm, characteristic for antiparall@-sheet single spanning membrane peptides. TFE is known to induce
(38—40). Also some intensity at 1655 crhwas observed,  a-helical structure in proteins or peptides, which have a
showing that still somet-helix or random coil was present.  propensity to forma-helices in the native state. However,
Small differences in the zero-crossing and intensity of the at very high percentages of TFE also other secondary
CD spectra before (Figure 3A) and after reconstitution structures become-helical 64). From these results, TFE
(Figure 5) suggest, however, that the protein might be seems a suitable solvent from which to incorporate the
organized somewhat differently in the planar DOPG bilayers, protein into more membranelike systems such as micelles
as compared to the more random and spherical organizatiorand vesicles.
in cholate micelles. This might influence the homogeneity  Although thea-helical content is lowered upon solubili-
of the structures and protetprotein interactions. Also, in  zation by detergents or reconstitution into DOPG, the rough
cholate some turn structure might be present, as concludedestimate of 56-60% a-helical conformation in these systems
from the presence of a peak at 1680 ¢ifFigure 3B), which is an indication for the ability of the protein to form an
is not present in DOPG. Despite these minor differences, a-helix in membrane-mimicking systems. SDS is often used
the aggregational and conformational state of the protein as a model system to determine membrane protein structures,
remains very similar before and after reconstitution. The although it has been argued recently that it does not mimic
protein remains present as large aggregates, maintaining avell the typical nature of a phospholipid membrane structure
predominantlys-sheet conformation, which cannot be dis- (17, 18. For the gene 8 protein of M13 and the related fd
rupted by DOPG. From these observations it follows that bacteriophage the conformation has been studied in SDS by
when using the cholate-dialysis protocol as a method for high-resolution NMR {3—16), and it appears very similar
reconstitution, care has to be taken to avoid aggregationto the conformation in phospholipids as studied by solid-
during cholate exposure, since the aggregational state isstate NMR by Opella9). Moreover, the transmembrane
preserved in DOPG afterward. Thus in both cases, whetherdomain determined from cysteine scanning in phospholipid
the protein was reconstituted as monomeric/oligomeric membranesi(7) followed exactly the determined transmem-
protein or as large aggregates, a conserving effect of the lipidsbrane helix in SDS.
was observed. Biological Implications.The observation of am-helix-
Conformational and Aggregational Properties of the Gene containing structure of the gene 9 protein in different
9 Protein in Membrane-Mimicking Systen&ummarizing hydrophobic environments (TFE, detergents, phospholipids)
the conclusions, we found that the gene 9 protein is suggests that this state is the functional state in vivo and
predominantlya-helical in TFE and TFE/water (1/1, v/iv) effective in the assembly process. This is consistent with
and can be incorporated in detergent micelles and phosphothe finding that the protein is located in the inner membrane
lipid vesicles, the system most close to the in vivo situation, prior to assembly26). In general, transmembrane domains
by the method of cosolubilization via TFE. An alternative of inner membrane proteins are expected toobleelical.
method of reconstitution via cholate dialysis requires precau- Up to now the conformation of the gene 9 protein was
tion, because cholate is not sufficiently strong to prevent the unknown. Previously a model was described in which the
protein from aggregating. It is surprising that this aggregation products of gene 7 and 9 were assumed tooHeelices,
can be reversed by changing conditions. This in contrast with interacting with each other by their hydrophobic domains to
the gene 8 protein of bacteriophage M13, which forms cover the end of the phage partic®8]. Thus, ana-helical
irreversible aggregate864). conformation present in the gene 9 protein may be suitable
Apparently, the tendency to aggregate is a property of the in different stages of the life cycle of the bacteriophage,
protein. However, it is not conceivable that this feature is where it must be able to exist in various environments. First
important in vivo, since the aggregation-related conforma- it must insert rapidly from the cytoplasm into the membrane
tional change appeared not to be reversible with phospho-phase, second it must recognize and associate with the
lipids. In addition, the observed aggregation occurred on a assembly site, and third it might be essential for initializing
time scale of days, which is very slow for a process to be the phage assembly proce&¥); Finally, it is part of the
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viral particle. The finding that the-helix-containing protein
can be reconstituted in lipids in an-helical conformation
may be biologically relevant and opens the way for more
detailed studies of gene 9 protein in lipid bilayers in the
future.
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