
Bacterial ex 
of a functional r 

Robert 0. Ryan, 1, * Dean Schieve: Monika Wientzek: Vasanthy Narayanaswami: 
Kim Oikawa,t Cyril M. Kay,t and Luis B. Agellon* 
Lipid and Lipoprotein Research Group* and MRC Group in Protein Structure and Function,t 
Department of Biochemistry, University of Alberta, Edmonton, Alberta T6G 2S2, Canada 

Abstract To facilitate structure-function studies of Manduca 
sexta apolipophorin I11 (apoLp-111), its nucleotide coding se- 
quence was cloned from a fat body cDNA library by in vitro 
DNA amplification. The amplification product was cloned in 
the PET expression vector and introduced into E. coli. After in- 
duction, cultures were screened for apoLp-I11 protein produc- 
tion by immunoblotting with anti-apoLp-111 serum. Data ob- 
tained indicated the presence of apoLp-I11 in both cell lysates 
and media of cell cultures harboring the apoLp-111-PET con- 
struct but not in cells containing the parent vector. The protein 
was isolated from the cell-free supernatant of cultures grown in 
minimal media 4 h after induction. Verification that the recom- 
binant protein produced was indeed apoLp-111 was obtained by 
electrospray mass spectrometric analysis. Circular dichroism 
(CD) spectroscopy of the isolated recombinant protein revealed 
a characteristic content of a-helical secondary structure with a 
further induction of helix upon addition of 50% trifluoro- 
ethanol. In urea denaturation studies, monitored by CD, evi- 
dence was obtained that recombinant and natural apoLp-111 
possess indistinguishable thermodynamic properties. In addi- 
tion, lipid binding assays revealed that recombinant apoLp-I11 
formed stable complexes with phospholipids and was capable of 
associating with Iipoprotein surfaces. Examination of the 
fluorescence properties of recombinant apoLp-I11 revealed the 
presence of a noncovalently associated fluorescent contaminant 
that was effectively removed by reverse phase HPLC. Subse- 
quent fluorescence characterization revealed the expected intrin- 
sic quenching of tyrosine fluorescence in buffer. Furthermore, in 
a manner very similar to the native protein, tyrosine fluores- 
cence in recombinant apoLp-I11 was greatly enhanced upon in- 
teraction with detergent micelles, indicating an ability to 
undergo characteristic conformational changes upon lipid inter- 
action. An F148L mutant was isolated whose tyrosine fluores- 
cence quantum yield was considerably higher than that observed 
for natural apoLp-111. In urea denaturation studies, the F148L 
apoLp-111 was found to be less stable than wild type apoLp-111. 
I Bacterial expression of full length, soluble and functional 
apoLp-I11 offers a useful system to probe the structure-function 
relationship of this unique apo1ipoprotein.- Ryan, R. O., 
D. Schieve, M. Wientzek, V. Narayanaswami, K.  Oikawa, 
C. M. Kay, and L. B. Agellon. Bacterial expression and site- 
directed mutagenesis of a functional recombinant apolipo- 
protein. J. Lipid Res 1995. 36: 1066-1072. 
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Apolipophorin I11 (apoLp-111) is an exchangeable am- 
phipathic apolipoprotein present in hemolymph of the 
Sphinx moth, Manduca sexta, that represents a useful 
model for studies of protein-lipid interaction. An intrigu- 
ing aspect of this protein is its apparent dual existence as 
a water-soluble, monomeric plasma protein and lipid sur- 
face binding apolipoprotein (1). Determination of the 
X-ray crystal structure of the homologous apoLp-111 from 
Loctcstu migmtoria in the lipid-free state revealed that the 
protein exists as an up and down five helix bundle 
wherein the amphipathic a-helices are connected by short 
loops (2). The implication from the crystal structure is 
that the protein undergoes a significant conformational 
change upon lipid interaction and it has been proposed 
that it may open about putative hinge regions located in 
the loops between helices 2 and 3 and 4 and 5 (2). Recent 
spectroscopic evidence provides further support for such 
an opening upon lipid interaction (3). 

One aspect that must be considered with respect to 
L. migratoria apoLp-111 is the presence of unusual carbo- 
hydrate moieties bound to Ami6 and Ame3 (4). These 
structures contain fucose, mannose, and N-acetylglu- 
cosamine (5). Interestingly, some mannose and N-acetyl- 
glucosamine residues have covalently bound 2-amino- 
ethylphosphonate moieties (6) .  It has recently been shown 
that enzymatic removal of the carbohydrate moieties of 
L. migratoria apoLp-111 induces structural changes that 
lead to denaturation of the protein (3). Thus, expression 
of recombinant L. migratoria apoLp-111 that lacks, or pos- 
sesses altered, carbohydrate structures is unlikely to be 
suitable for structure-function studies. O n  the other 
hand, apoLp-I11 from Manduca sexta is functionally in- 

Abbreviations: CD, circular dichroism; apoLp-111, apolipophorin 111; 
DMPC, dimyristoylphosphatidylcholine; SDS, sodium dodecyl sulfate; 
PAGE, polyacrylamide gel electrophoresis; LDL, low density lipo- 
protein; IPTG, isopropyl 8 - D  thiogalactopyranoside; HPLC, high per- 
formance liquid chromatography. 
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distinguishable from L. migrutoriu apoLp-I11 (7) and pos- 
sesses > 50% sequence similarity, yet lacks glycosylation, 
or any other post-translational modification. Physical and 
spectroscopic studies of M. sextu apoLp-I11 suggest that 
the protein adopts a helix bundle structure in the absence 
of lipid and undergoes a conformational change similar to 
that proposed for L. migratoriu apoLp-I11 upon lipid inter- 
action (8-10). The present report describes the high level 
expression of full length, functional M. sextu apoLp-I11 in 
bacteria, as well as the fluorescence and stability proper- 
ties of F148L apoLp-111. 

MATERIALS AND METHODS 

Materials 

Natural apoLp-I11 was isolated from adult M. sextu ac- 
cording to Wells et al. (11). Low density lipoprotein (LDL) 
was isolated from human plasma between the density 
limits 1.006 and 1.063 g/ml by sequential density ultracen- 
trifugation (12). 

cDNA cloning, vector construction and recombinant 
protein identification 

An M. sextu adult fat body cDNA library was con- 
structed. The full-length apoLp-I11 cDNA was cloned 
directly from the library by DNA in vitro amplification 
using primers complementary to the 5' and 3' ends of the 
apoLp-I11 nucleotide sequence (13). A 500 base pair am- 
plification product was cloned and the sequence was 
verified (14). The apoLp-111 cDNA was re-engineered and 
transferred into the PET expression vector (Novagen), 
immediately downstream to the pelB leader sequence. 
ApoLp-I11 expression in E. coli BL21 cells harboring the 
plasmid were induced with 2 mM isopropyl p-D thio- 
galactopyranoside (IPTG) and the recombinant protein 
was visualized by immunoblotting. 

Site-directed mutagenesis 

Site-directed mutagenesis was performed according to 
the method of Kunkel (15). Phe14* was converted to Leu 
by preparing a synthetic oligonucleotide with a single 
base substitution. The sequence of the mutated cDNA 
was confirmed, introduced into E. coli BL21 for expres- 
sion, and the isolated mutant protein was analyzed by 
electrospray mass spectrometry. 

Isolation of recombinant apoLp-I11 

Saturated overnight cultures of E. coli cells (grown in 
2XYT media) harboring the apoLp-111-PET plasmid 
were diluted 1:50 with minimal media and grown at 37OC 
to a 0.5 ODGo0. IPTG was then added to a find concentra- 
tion of 2 mM and the culture was incubated at 37OC for 
a further 4 h. The media collected was concentrated by 
ultrafiltration and exhaustively dialyzed against deionized 
H20. Dialysis resulted in the appearance of a precipitate 

that was removed by centrifugation. The clear superna- 
tant containing the recombinant apoLp-I11 was quick- 
frozen and lyophilized. The typical yield was 0.1 mg/ml 
of culture grown in minimal media. At this stage the 
recombinant apoLp-I11 preparations were electrophoreti- 
cally pure. However, samples were observed to have a 
slight yellow coloration that interfered with fluorescence 
measurements. It was surmised that a host-derived small 
hydrophobic molecule associated with the recombinant 
protein. This contaminant was removed by reverse phase 
HPLC with a linear AB gradient of 2 %  B/min, where sol- 
vent A was 0.05% trifluoroacetic acid in water and solvent 
B was 0.05% trifluoroacetic acid in acetonitrile. The frac- 
tions were monitored at 220 nm and those containing the 
pure recombinant protein (as analyzed by analytical 
HPLC) were pooled and lyophilized. 

Circular dichroism spectroscopy 

Circular dichroism (CD) measurements were carried 
out on a Jasco 5-720 spectropolarimeter Uasco Inc., 
Easton, MD) interfaced to an Epson Equity 386125 com- 
puter, Controlled by Jasco software. The thermostatted 
cell holder was maintained at 25OC with a Lauda RMS 
circulating water bath (Lauda, Westbury, NY). The in- 
strument was routinely calibrated with ammonium d-( +)- 
10 camphor sulfonate at 290.5 nm and 192 nm, and with 
d-(-)-pantoyllactone at 219 nm. Each sample was 
scanned 10 times and noise reduction was applied to re- 
move the high frequency before calculating molar elliptic- 
ities. The voltage of the photomultiplier was kept below 
500 V to prevent distortion of the CD spectrum. The cell 
used for the region below 250 nm was 0.02 cm (calibrated 
for path length). Protein concentration was between 0.5 to 
1.0 mg/ml for far UV spectra. C D  spectra were analyzed 
for secondary structure content using the Contin program 
(version 1.0) of Provencher and Glockner (16). Stock pro- 
tein concentrations were established in the ultracentrifuge 
using the Rayleigh interference optical system, assuming 
41 fringes equal to 10 mg/ml (17). 

Fluorescence spectroscopy 

Fluorescence spectra were obtained with a Perkin- 
Elmer MFP-44B Spectrofluorometer, with an attached 
thermostatted cell holder. Temperature was controlled by 
a Lauda RMS water bath at 2OoC, and a microprocessor 
differential corrected spectral unit (DSCU2). The sam- 
ples were measured in a semimicro 1-cm cell, with a band- 
width of 5 nm used for both the excitation and emission 
monochromators. The samples were excited at 277 nm 
and emission was monitored at 300 nm to record either 
the excitation or emission spectrum with the blank mode 
set on the DSCU2. Fluorescence spectra of apoLp-I11 
samples were obtained in phosphate buffer alone or in 
buffer containing 1% dodecylphosphocholine (Avanti 
Polar Lipids, Alabaster, AL). 
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Lipid binding assays 
Routine lipoprotein binding assays (18) were conducted 

at 37OC in microtiter plates containing 150 pg human 
LDL in 50 mM Tris-HC1, pH 7.5, 150 mM NaCl, 2 mM 
Ca2' in the presence or absence of native and recom- 
binant apoLp-111. Reactions were initiated by the addi- 
tion of 400 milliunits Bacillus cereus phospholipase C 
(Boerhinger) and stopped by the addition of an aliquot of 
50 mM EDTA. Absorbances were measured at 340 nm on 
a SLT Labinstruments microtiter plate reader at specified 
intervals. For phospholipid binding experiments dimyrist- 
oylphosphatidylcholine (DMPC; obtained from Sigma 
Chemical Co.) vesicles were prepared by bath sonication 
according to Wientzek et al. (10). ApoLp-I11 - DMPC 
complexes were then prepared by mixing DMPC vesicles 
with apoLp-I11 at a DMPC:apoLp-I11 weight ratio of 
2.5:l (67:l molar ratio) and incubating the sample for 
18 h at 24OC in buffer (0.2 M Tris, pH 7.2, 8.5% KBr, 
0.01% EDTA). After incubation, the complexes were iso- 
lated by density gradient ultracentrifugation. Native 
PAGE analysis was performed on 4-20% acrylamide gra- 
dient slab gels run at a constant 150 V for 24 h (19). Pro- 
tein standards (Pharmacia) with the following Stoke's 
diameters were used for calibration (20): thyroglobulin 
(17.0 nm), ferritin (12.2 nm), catalase (9.2 nm), lactate de- 
hydrogenase (8.2 nm), and bovine serum albumin (7.1 
nm). 

Analytical procedures 

Sodium dodecyl sulfate polyacrylamide gel electropho- 
resis (SDS-PAGE) was performed according to Laemmli 
(21) and stained with Coomassie Brilliant Blue R-250. In 
some cases samples separated by SDS-PAGE were elec- 
trophoretically transferred to polyvinylidene (PVDF) 
membrane and probed with anti apoLp-I11 serum 
(1:2,500 fold dilution) (22). A peroxidase-linked goat anti- 
rabbit IgG together with the chemiluminescence (ECL) 
reagents (Amersham) were used to detect antigen- 
antibody complexes. Mass spectrometric analysis was car- 
ried out on a VG Biotech (Fisons Instruments) spectrom- 
eter by platform electrospray ionization. 

RESULTS AND DISCUSSION 

Identification and isolation of recombinant wild type 
apoLp-I11 

The apoLp-111 cDNA was cloned into the PET vector 
to produce a chimeric protein containing the pelB leader 
sequence joined in frame to apoLp-I11 residues 1 to 166. 
Immunoblots of proteins derived from E. coli cultures har- 
boring the apoLp-111-PET plasmid revealed an approxi- 
mate equal distribution of immunoreactive material in 
the cell pellet and the media. To facilitate downstream 
processing we focussed on the material secreted into the 

media. Figure 1 shows the results of an immunoblot of 
culture supernatants from cells grown with the apoLp-I11 
containing PET construct, control parent PET vector, and 
apoLp-I11 standard. The results reveal that immunoreac- 
tive material appears only in E. coli harboring the apoLp- 
111-PET plasmid, thereby verifying that the immunoreac- 
tive material is not a product of E. coli or the vector itself. 
The immunoblot also reveals the presence of a slower 
migrating immunoreactive band of lesser intensity. This 
band is much more abundant in immunoblots of the cell 
lysates (not shown) and we speculated that it corresponds 
to translated apoLp-I11 that still possesses the pelB leader 
sequence attached. This is consistent with the size differ- 
ence between the bands as well as the greater abundance 
of this band in the cell pellet versus the culture superna- 
tant. Subsequently, we set out to optimize the expression 
conditions. Preliminary results indicated that culture su- 
pernatants from cells grown in minimal media contained 
few contaminating proteins. An apoLp-I11 expression 
time course, monitored by SDS-PAGE, revealed that 
>95% of the protein present corresponded to apoLp-I11 
(Fig. 2). The data showed that, after induction, there was 
a time-dependent increase in the amount of apoLp-I11 
recovered in the media. 

To separate recombinant apoLp-I11 from contaminat- 
ing proteins, including unprocessed apoLp-I11 (with an 
intact pelB leader sequence), we took advantage of the 
solubility characteristics of the protein. Culture superna- 
tants from induced cells were concentrated by ultrafiltra- 
tion and dialyzed against deionized H20. After 3 days of 
dialysis with several changes of HZO, a precipitate formed 
in the solution. The sample was then centrifuged and the 
pellet and supernatant were analyzed by SDS-PAGE and 
immunoblotting. The data revealed that while apoLp-I11 
remained in solution, nearly all contaminating proteins, 

1 2 3  

Fig. 1. Immunoblot of recombinant apoLp-111. Induced E. coli cell 
culture supernatants were separated by SDS-PAGE and electrophoreti- 
cally transferred to a PVDF membrane. Non-specific sites on the mem- 
brane were blocked by incubation with 5% BSA. Incubation with anti- 
apoLp-111 serum was followed by peroxidase-linked goat anti-rabbit IgG 
and detection by chemiluminescence (ECL). Lane 1, apoLp-111 standard 
(2 1s); lane 2, culture supernatant from E. coli harboring the parent PET 
vector; lane 3, culture supernatant from E. coli harboring the apoLp-111- 
PET vector. 
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Fig. 2. Time course of recombinant apoLp-111 
production. E. coli cells harboring  the apoLp-111-PET 
construct were induced with IPTG (2 mM).  At 
specified times, 30 pI of culture supernatant was ap- 
plied  to a 15% acrylamide slab gel and electro- 
phoresed. The gel was stained with Coomassie Brilli- 
ant Blue. Lane 1, apoLp-111 standard  (5 pg); lane 2, 
molecular weight markers; lanes 3-8, culture  superna- 
tants at times 0, l, 2, 3, 4, and 5 h,  respectively. 

including the immunoreactive  species of higher M, than 
wild type apoLp-111, precipitated. Following  this proto- 
col, a typical  500-ml  cell culture in minimal media  yields 
approximately  50  mg  purified recombinant apoLp-111. 

Characterization of the  recombinant  protein 

Electro-spray  mass spectrometry of apoLp-I11  revealed 
a molecular  mass = 18,379, similar to that predicted  from 
the amino acid  sequence (molecular mass = 18,380). Cir- 
cular dichroism  spectroscopy of recombinant apoLp-I11 
revealed that, like natural protein isolated  from M. sexta 
hemolymph, recombinant apoLp-I11  possesses  consider- 
able a-helical structure (Fig. 3). Further, comparison of 
CD spectra of natural and recombinant apoLp-I11  in the 
presence of 50% TFE revealed a similar relative induc- 
tion of helical content. Likewise, CD aromatic spectra of 
native and recombinant apoLp-I11  revealed  similar  spec- 
tral properties.  Provencher-Glockner  analysis of the far 
UV spectra indicated 65% and 69% a-helix for  native 
and  recombinant apoLp-111,  respectively.  An approxi- 
mate 20%  increase  in a-helix content was observed  for 
both  native and recombinant apoLp-I11  in the presence of 
50% trifluoroethanol. In experiments designed to deter- 
mine the stability  properties of natural versus  recom- 
binant apoLp-111, urea denaturation experiments  were 
performed  with the effect  of increasing urea concentration 
monitored by  CD. It was observed that above 2.5 M urea 
nearly  all  the  helical structure was lost. Recombinant 
apoLp-I11  displayed a midpoint of urea-induced denatu- 
ration = 1.08 M urea while the corresponding value  for 

the urea denaturation data (Table 1). The values  ob- 
tained provide further support that recombinant and 
natural apoLp-111s assume similar structures. 

- 
native apoLp-lll was 'a'' M' On the assumption that Fig. 3. Circular dichroism spectra of native and recombinant apoLp- 
denaturation Of apoLp-111 iS a tWO-State process 111. Far UV (190-250 nm) spectra of recombinant (-.--.) and native 
representing a reversible equilibrium between the native (-1 apoLP-III (0.5-1.0 mdml) in 50 mM phosphate, pH 7.0. Far 

and denatured states9 the free enerm Of unfo1ding Of also recorded in buffer containing 50% TFE. Inset: near UV spectra of 
UV spectra of recombinant (----) and native (- - -) apoLp-I11 were 

recombinant and native  apoLp-111  were determined from recombinant and natural apoLp-111  in  buffer. 
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TABLE 1.  Thermodynamic properties for the reversible 
denaturation of apoLp-111 

Sample [UrealK" A G ~ H , O ~  

M kcal/mol 

Natural apoLpIII 1.01 2.59 
Recombinant apoLp-I11 1.08 2.73 
F148L apoLp-111 0.51 1.47 

"[Urea]% is the transition midpoint, the molar concentration of urea 

'AGDH20 is the free energy of unfolding in the absence of urea, de- 
required to give a 50% decrease in negative ellipticity at 221 nm. 

termined according to Pace (23). 

Interaction of recombinant apoLp-I11 with lipid 
Previous studies have revealed that M. sextu apoLp-I11 

can prevent turbidity development induced by incubation 
of human LDL with phospholipase C (18). As this preven- 
tion is directly correlated to phospholipase C activity- 
dependent association of apoLp-I11 with the lipoprotein 
surface, this method provides an opportunity to examine 
the function of recombinant apoLp-I11 in lipoprotein in- 
teractions. Figure 4 reveals that, in the absence of apoLp- 
111, phospholipase C induces an increase in LDL sample 
turbidity. However, inclusion of recombinant or natural 
apoLp-I11 prevents turbidity development, indicating 
that a stable binding interaction has occurred. The simi- 
lar profiles obtained for the two proteins indicates that 
recombinant apoLp-I11 is functional as an apolipopro- 
tein. The interaction of apoLp-I11 with lipids was further 
studied by characterizing protein-phospholipid complexes 
created upon incubation of apoLp-I11 with multilamellar 
vesicles of DMPC. It has been shown previously that 
M. sexta apoLp-I11 is capable of spontaneously transform- 
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Fig. 4. The effect of apoLp-111 on the stability of 
phospholipase C-treated human low density lipopro- 
tein. Human LDL (100 pg protein) was incubated 
with phospholipase C (0.2 units) in the presence and 
absence of recombinant or native apoLp-111 (100 pg). 
Incubations were carried out at 37OC in a microtiter 
plate and the absorbance was determined on a 
microtiter plate reader (340 nm) at specified intervals. 
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ing bilayer vesicles of DMPC into uniform disk-like parti- 
cles (10). When wild type and recombinant apoLp-I11 
were compared with respect to their interaction with 
DMPC vesicles, both created disk-like structures of com- 
parable size, as judged by native gradient gel electropho- 
resis (Fig. 5). 

Fluorescence studies 
A hallmark property of M. sexta apoLp-I11 in the lipid- 

free, helix bundle conformation is a virtual lack of fluores- 
cence emission from its single tyrosine residue (9). In- 
terestingly, interaction with lipid surfaces results in a large 
fluorescence enhancement which is correlated with puta- 
tive protein conformational changes (10). We speculated 
that if recombinant apoLp-I11 adopted the same tertiary 
fold as that of wild type apoLp-111, it would display simi- 
lar fluorescence properties. Preliminary fluorescence 
studies, however, revealed the presence of a contaminat- 
ing fluorophore in preparations of recombinant apolp- 
111. The contaminating substance, which was apparently 
noncovalently associated to the protein, interfered with 
fluorescence measurements. To circumvent this problem, 
recombinant apoLp-TI1 was subjected to reverse phase 
HPLC. This step allowed for separation of the con- 
taminant permitting further spectroscopic analysis. It was 
found that recombinant apoLp-I11 underwent a 7.9-fold 
enhancement of tyrosine fluorescence upon interaction 
with dodecylphosphocholine compared to a correspond- 
ing 10.2-fold increase for the natural, insect-derived pro- 
tein. The observed similar extents of tyrosine fluorescence 
enhancement strongly suggest that the lipid environment- 
induced conformational adaptability of recombinant 
apoLp-I11 is indistinguishable from that displayed by wild 
type apoLp-111, thereby supporting the conclusion that 
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Fig. 5. Interaction of recombinant and native apoLp-111 with phos- 
pholipid vesicles. Recombinant and native apoLp-111 were incubated 
with DMPC vesicles at a molar ratio of 67:l for 18 h at 24OC. After incu- 
bation the sample was subjected to density gradient ultracentrifugation, 
fractionated, and analyzed for protein. Protein-containing fractions 
were subjected to electrophoresis on a 4-20% acrylamide gradient slab 
gel for 27 h at 4OC. The gel was stained with Coomassie Brilliant Blue. 
Lane 1, molecular weight standards; lane 2, native apoLp-111 DMPC 
complexes; lane 3, recombinant apoLp-111 DMPC complexes. 

recombinant apoLp-I11 adopts a helix fold similar to that 
of the natural protein. 

F148L mutant apoLp-I11 

An important question with regard to the fluorescence 
properties of apoLp-I11 centers on the structural reason 
for the observed quench in the lipid-free, helix bundle 
conformation. Previously, we postulated that Phe148 may 
play a role in quenching of Tyr145 in an a-helical confor- 
mation as the aromatic side chains of these residues could 
conceivably orient to form a hydrophobic stacking inter- 
action. Such an interaction could stabilize the orientation 
of Tyr145 toward the putative quenching moiety resident 
on a separate helix in the five helix bundle (10, 24). To ad- 
dress the potential role of Phe148 in the observed tyrosine 
fluorescence quenching of lipid free apoLp-111, this 
residue was mutated to Leu by oligonucleotide directed 
site specific mutagenesis. The mutant protein was 
purified from induced E. coli cultures and characterized. 

Electrospray mass spectrometry of the mutant apoLp-I11 
revealed a molecular mass of 18,349, which corresponds 
closely to that predicted for the specific change made in 
the protein sequence (18,347). Further confirmation that 
the mutation has been introduced was obtained by DNA 
sequencing. Characterization of the mutant protein by 
CD spectroscopy indicated a high a-helix content, similar 
to that observed for the native protein. To assess the effect 
of the mutation on the overall stability of apoLp-111, 
denaturation studies were performed. The data revealed 
that F148L apoLp-I11 displayed a urea-induced denatura- 
tion midpoint and AGDH~O that were considerably 
lower than the corresponding values for the natural insect- 
derived protein or recombinant wild type apoLp-I11 
(Table 1). These data suggest that this mutation has pro- 
duced an alteration in the tertiary organization of the pro- 
tein that is reflected in a decreased inherent stability. In 
addition, fluorescence studies revealed that lipid-free 
F148L apoLp-I11 displays a tyrosine quantum yield that 
is considerably higher than that observed for wild type 
apoLp-I11 (0.055 versus 0.015). The data suggest that 
Phe148 may play a structural role in maintaining the helix 
bundle conformation of apoLp-111. It is conceivable that 
the aromatic side chain of Phe148 may interact with other 
residues in the helix bundle, including Tyrf45, through 
aromatic-aromatic interactions (25), stabilizing a protein 
conformation that maintains Tyr145 in an orientation op- 
timal for interaction with the quenching moiety. Based on 
these considerations it is not possible to draw conclusions 
about the putative role of Phe148 in the fluorescence 
properties of apoLp-111. Further site-directed mutagene- 
sis studies using the expression system described in this 
report will be directed at understanding the role of 
specific amino acids in maintenance of helix bundle sta- 
bility as well as contributions to the unusual fluorescence 
properties displayed by this protein. 
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