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Abstract 

a-Lactalbumin  (a-LA) associates  with dimyristoylphosphatidylcholine (DMPC) or egg lecithin (EPC) liposomes. 
Thermal  denaturation  of  isolated  DMPC or EPC  a-LA complexes was dependent  on  the  metal  bound  state of 
the  protein.  The  intrinsic  fluorescence  of  thermally  denatured  DMPC-a-LA  was sensitive to  two  thermal  transi- 
tions: the T,. of the lipid vesicles, and  the  denaturation of the  protein.  Quenching experiments suggested that  tryp- 
tophan accessibility increased upon  protein-DMPC  association, in contrast with earlier  suggestions that  the limited 
emission  red shift  upon  association  with  the  liposome was due  to  partial  insertion  of  tryptophan  into  the  apolar 
phase of the bilayer (Hanssens I et al., 1985, Biochim Biophys Acta 817:154-166). On  the  other  hand,  above  the 
protein  transition (70 “C),  the  spectral blue shifts  and reduced accessibility to  quencher suggested that  tryptophan 
interacts  significantly with the  apolar  phase  of  either  DMPC  and  EPC.  At  pH 2, where  the  protein  inserts  into 
the bilayer rapidly,  the isolated DMPC-a-LA  complex  showed a distinct  fluorescence thermal  transition between 
40 and  60  “C,  consistent with a partially  inserted  form  that possesses some  degree of tertiary  structure  and  un- 
folds  cooperatively.  This result  is  significant in light of  earlier  findings  of  increased helicity for  the  acid  form, 
i.e.,  molten  globule  state  of  the  protein  (Hanssens I et al., 1985, Biochim Biophys Acta 812154-166).  These re- 
sults suggest a model  where a  limited expansion  of  conformation  occurs  upon  association with the  membrane  at 
neutral pH  and  physiological  temperatures, with a concomitant increase  in the  exposure  of  tryptophan  to  exter- 
nal  quenchers;  i.e.,  the  current  data  do  not  support a model where an  apolar,  tryptophan-containing  surface is 
covered by the lipid phase  of  the  bilayer. 
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a-Lactalbumin is the  modifier  protein  of  the  lactose  synthetase 
complex (E.C.2.4.1.22) (Brodbeck & Ebner, 1966; for reviews, 
see Ebner, 1970, 1973; Hill & Brew, 1975). The complex formed 
between galactosyltransferase,  a-LA, nucleotide substrate,  and 
metal  ion  cofactor increases the  affinity  of GT  for glucose as 
the galactosyl acceptor,  shifting  the specificity of  GT  from  pro- 
tein glycosylation  to  the  production of lactose. a-LA  has been 
shown to be highly homologous  to  the C-type lysozymes, the  two 
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sharing similar primary, secondary, and tertiary  structures (Brew 
et  al., 1967; Browne  et  al., 1969; Stuart  et  al., 1986; Acharya 
et  al., 1989, 1991). Although it is generally accepted  that  a-LA 
evolved from C-type lysozyme,  its  function,  i.e.,  in  lactose  syn- 
thesis, is clearly distinct  from  the lytic  activity of  its  ancestral 
protein  (McKenzie & White, 1991). 

Native a-LA is typically  isolated with stoichiometric levels of 
calcium  bound  at a unique,  strong  Ca2+-binding  loop  that  has 
been observed  in  all  crystal structures of a-LA  reported to date, 
but  this  structural  feature is absent in most C-type lysozymes 
(Hiraoka et al., 1980; Stuart et al., 1986; Acharya  et  al., 1989, 
1991). The binding of calcium stabilizes the  protein against  ther- 
mal  as well as  guanidine  HCl  and  urea  denaturation  (Hiraoka 
et al., 1980; Permyakov et  al., 1985). The so-called Ca2+-binding 
“elbow”  has been also  shown to bind  Mg2+,  Na+,  and K C  weakly 
(Permyakov  et  al., 1981a,  1981b, 1985). Fluorescence measure- 
ments  show that  the removal  of  calcium at physiological temper- 
atures  induces a conformational  change, which is accompanied 
both by increased  emission  intensity and a red shift  (Permyakov 
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et al., 1981a, 1985; Murakami et al., 1982; Ostrovsky et al., 
1988), increased affinity for the fluorescent hydrophobic probe, 
bis-ANS (Musci & Berliner, 1985a), and retardation on phenyl- 
Sepharose (Lindahl & Vogel,  1984). The  apo-form also shows 
a higher maximal activity than  Ca2+-LA in the lactose synthase 
complex (Musci & Berliner, 1985b). Two conserved tryptophan 
residues on  a-LA have been implicated in the interaction with 
GT (Barman, 1972; Barman & Bagshaw, 1972;  Bell  et ai., 1975; 
Grobler et al., 1994), although  a  putative role of tryptophan in 
the  control of protein  function in vitro is unproven at present. 

a-LA conformation is also modulated by other metal ions and 
pH  (Murakami & Berliner, 1983; Permyakov, 1985, 1988b; 
Aramini et al., 1996). In  particular, native a-LA possesses a 
relatively strong secondary Zn2+ site (K,,,, = 5 X lo5  M”), 
which  causes subtle conformational changes upon binding to the 
calcium-loaded protein as monitored by intrinsic fluorescence 
(Permyakov et al., 1991;  Ren et al., 1993) and increased affin- 
ity for bis-ANS (Musci & Berliner, 1985a). Further conforma- 
tional changes occur at higher zinc levels (characterized by a 
sigmoidal isotherm between 1 : 1 and 40: 1 Zn2+:a-LA) where 
protein stability to denaturants  and heat is sharply reduced (Per- 
myakov et al., 1985). Typically, protein aggregation occurs at 
zinc to protein ratios in excess of 40:l (Permyakov et al., 1985, 
1991). The potential  importance of the apo-like state to the reg- 
ulation of lactose synthase has been suggested by  Musci and 
Berliner (1985b), noting that manganese and other secondary 
cationic activators have been implicated in the regulation of  lac- 
tose generation in Golgi vesicles (Kuhn et al., 1980; Navratnam 
et al., 1986,  1988; Witsell et al., 1990). Recently, the  strong Zn2+ 
site in human a-LA has been identified in the crystal, where  zinc 
ion bridges the “lysozyme-like cleft” region at ca. 17 A from  the 
Ca2+ binding loop (Ren et al., 1993). This location is proximal 
to the region in the cleft suggested to bind glucose in the lactose 
synthase complex (Grobler et al., 1994). It is also known that 
Zn2+, Ca2+-a-LA supports lactose biosynthesis, even in the  ab- 
sence of manganese  (Musci & Berliner, 1985b). 

At acidic pH values (<3), or in the presence of moderate 
amounts of denaturants  at neutral pH,  a-LA  adopts  the so- 
called “molten  globule” state, a compact, intermediate  protein 
state between native and  unfolded, which is characterized by a 
conserved secondary structure but fluctuating tertiary structure 
(Dolgikh et al., 1981; Ohgushi & Wada, 1983). There has been 
considerable interest in the MG state  as a general compact in- 
termediate along the folding pathway of globular proteins (Ptit- 
syn, 1987, 1992; Kuwajima, 1989; Creighton, 1990). Thermal 
unfolding between the MG and  random coil (U) states is ther- 
mally diffuse or immeasurable,  occurring  noncooperatively 
among various isolated secondary (helical) structural elements. 
It undergoes an expansion of ca. 10-20% compared with a 40% 
increase in radius of gyration for the random coil in guanidinium 
hydrochloride  (Kronman et al., 1964; Gast et al., 1982; Damas- 
chun et al., 1986; Pfeil, 1987). There is also  a  greater exposure 
of hydrophobic residues, as suggested by an increased affinity 
of the MG state  for hydrophobic fluorescent probes (Mulqueen 
& Kronman, 1982). Internal hydrophobic contacts maintain the 
compact size of the MG protein, giving rise to weak association 
between the compact core of residual native structure and other 
more mobile secondary structural elements (Baum et al., 1989; 
Alexandrescu et al., 1993; Chyan et al., 1993). 

The  interaction of a-LA with phospholipid  membranes and 
model vesicles  is  of interest because membranes have been im- 

plicated in the protein folding pathway (Ptitsyn, 1992). It is also 
of interest because the  interaction of a-LA  and  GT with lipid 
has been  suggested to be important  for regulating levels of lacto- 
genesis in model systems (Mitranic et al., 1983,  1988; Mitranic 
& Moscarello, 1985). In particular,  neutral  and positively 
charged lipids activate GT in both  the presence and absence of 
a-LA, whereas negatively charged lipids are inhibitory. This in- 
terest has lead to substantial progress in defining the effects of 
lipid on the physical and functional  state of a-LA. Previous 
physical studies of a-LAhesicle mixtures have provided some 
valuable information  on  the  nature  and extent of interactions 
of various CY-LA  conformations with the lipid (Hanssens et al., 
1980,  1983,  1985; Herreman et al., 1981a,  1981b; Ameloot et al., 
1984; Berliner & Koga, 1987; Permyakov et al., 1988a). Fluo- 
rescent results with probes placed in the bilayer suggested that 
the lipid  was not strongly perturbed upon interaction with a-LA 
at neutral pH, and that  the association was  largely electrostatic 
with the vesicle surface  (Hanssens et al., 1980, 1983, 1985; 
Herreman et al., 1981a, 1981b; Ameloot et al., 1984), as evi- 
denced by the absence of an energy transfer band with a  pro- 
tein tryptophan  (Brown, 1984). On the other hand,  at acidic pH 
(<4), it  was found that protein insertion into the bilayer is pro- 
nounced, exhibiting strong  protein-probe energy transfer 
(Herreman et al., 1981a, 1981b) and a marked tendency to sol- 
ubilize the lipid into micellar complexes (Hanssens et al., 1980, 
1983; Dangreau et al., 1982), suggesting that,  at low pH,  a-LA 
is an intrinsic membrane  protein (Brown, 1984). 

However, the physical state of the  different  metal-bound 
forms of a-LA isolated on a liposome have not been carefully 
examined. For example, apo-a-LA is known to interact  more 
strongly with PC liposomes at neutral pH than does the calcium 
protein (Berliner & Koga, 1987). It was suggested that partial 
insertion of tryptophan residues into  the bilayer can account for 
the limited red shifts observed in the intrinsic protein fluores- 
cence (Hanssens et al., 1980,  1985). Such questions have been 
addressed here by probing intrinsic fluorescence in the presence 
of soluble quenchers (e.g., Lakey et al., 1991; Meers & Mealy, 
1993; Volwerk et al., 1994). 

Results 

Temperature dependence of fluorescence for isolated 
a-LA-vesicle complexes at neutral pH 

Figure 1 depicts a typical elution  profile  from Sephadex G-200 
chromatography at 4 “C of a  preincubated mixture of Ca2+- 
a-LA with DMPC vesicles. The first fraction  from  the column 
contains the lipid and protein  complex, which  in this case was 
ca. 220:l molar ratio of lipid to protein.  For these ratios, no 
change in morphology of the vesicles is induced by the  protein 
at neutral pH (Hanssens et al., 1980). Only freshly isolated 
a-LA-lipid complexes were used, with fluorescence studies be- 
ing completed within 2  h  of isolation (Berliner & Koga, 1987). 
Complexes were chromatographed at temperatures (4 “C) below 
the lipid  gel-liquid crystal transition, (T, = 19.9 “C for DMPC 
SUVs, Lentz et al., 1987); therefore, slow release of the protein 
from  the vesicle  was  negligible during the isolation process (Ber- 
liner & Koga, 1987). The free unbound protein  fraction from 
the second peak was used for controls. 

Figure 2 depicts the temperature dependence of tryptophan 
fluorescence for Ca2+(1 mM)-loaded a-LA bound to DMPC or 
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Fig. 1. Chromatography of a mixture of Ca2+-a-LA with DMPC ves- 
icles on Sephadex 0-200. The column (2.5 cm x 22.5 cm) was pre- 
equilibrated with 1 mM CaCI2 in KWHEPES (150  mM/5O mM/pH 7.4) 
at  4°C.  Prior  to loading, a 5-mL mixture of 176 pM a-LA, I mM 
CaCI2, and 23.5 mM DMPC was pre-incubated at 4 "C for 15 h. Upon 
isolation, the vesicle-associated fraction  contained an estimated 26 pM 
protein, 1.0 mM calcium, and 5.8  mM DMPC (estimated lipid-protein 
was 220: I ) .  These values were typical for isolated complexes of a-LA 
and lipid. 

lecithin liposomes, and free Ca2+-a-LA in solution. Calcium 
concentrations in excess of the protein  concentration were em- 
ployed to compensate for possible weak, nonspecific adsorp- 
tion to the excess lipid, as well as to provide significant inhibition 
against formation of the apo-state  (Ikeguchi et al., 1986). The 
plots of emission maximum (Fig. 2A) and relative emission 
intensity versus temperature  for  DMPC-bound  Ca2+-a-LA 
(Fig. 2B) exhibit two apparent  transitions.  A somewhat broad, 
low temperature transition between 16 and 20 "C was attributed 
to  the lipid SUVs, which is lower than  the known gel-liquid 
crystal transition for hydrated DMPC (Lentz et al., 1987). The 
appearance  of this low-temperature  transition reflects the sen- 
sitivity of the  bound  protein to changes in the lipid state, which 
is absent in the plots for a-LA-lecithin SUVs (gel-transition tem- 
perature < -10 "C) and  for free protein. 

At higher temperatures, between 50 and 70 "C, a  more  pro- 
nounced transition is detected where the free Caz+-protein ex- 
hibits a red shift (Fig. 2A) and  an  abrupt increase in emission 
intensity at 350 nm (Fig. 2B)  with midpoint near 65 "C. We have 
attributed this red shift to  the thermal  unfolding of the protein 
between native-like (N') and higher temperature (H') state,3 
where certain solvent-shielded tryptophan residues  become more 
accessible to water (Lakowicz, 1983; Permyakov, 1993). Com- 
paring the emission maxima in Figure 2A, we note that the shift 
in the maximum exhibited during the unfolding  transition was 
much smaller for SUV-bound a-LA  (DMPC, <7 nm to red; 
EPC, <4 nm to blue) than  for free protein (16 nm to red). 

Because we know something about the  conformation,  but we do 
not know the detailed three-dimensional structure of the lipid-bound 
form of the protein, the terms N' and H' state refer to some state  of na- 
tive (N) and thermally unfolded (H) state of a-LA when bound to the 
membrane. 
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Fig. 2. Temperature dependence of fluorescence for Caz+-loaded a-LA 
in solution (+)and in complexes with DMPC (0) and lecithin (A) ves- 
icles. A: Tryptophan fluorescence maximum position. B: Normalized 

native to thermally denatured  state; 50 mM HEPES,  pH 7.4; 150  mM 
fluorescence intensity at 350 nm. C: Fractional conversion (a) from the 

KCI. Protein concentration was  between 2 and 4 pM; excitation was fixed 
at 280 nm. 
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Because the unfolding  process between N'- and H'-state CY-LA 
bound  to  liposomes is accompanied by smaller changes in tryp- 
tophan  fluorescence,  the  tryptophan  environments  in N'- and 
H'-states  in  the  SUV-bound  state  appear  to  be very different 
than  the  free  protein.  For  example, below the  protein  thermal 
transition  (e.g., 25 "C,  Fig.  2A),  the  spectra of DMPC/Ca2+- 
a-LA complexes  are  red  shifted by 4-5 nm  with respect to  the 
free  protein  spectra,  whereas  for  EPC  complexes,  the  red  shift 
is ca. 9 nm.  In  contrast,  at  temperatures  above  the  protein  ther- 
mal  transition (80 "C, Fig. 2A),  the  maximum  for  membrane- 
bound H'-state a-LA is blue-shifted compared with the free pro- 
tein.  Here,  the  simplest  interpretation is that a significant  frac- 
tion of the  tryptophans  are less solvent-accessible on  SUV-bound 
versus free  protein in solution.  The  two  effects,  i.e.,  increased 
tryptophan  exposure in the  N'-state  and  decreased  exposure in 
the  H'-state,  for  Ca2+-a-LA/DMPC yield a net red  shift  of 
-7 nm versus 16 nm  upon  unfolding.  The effects were also  pro- 
nounced  enough  for  Ca2+-a-LA  on  EPC  that a 54-nm  blue 
shift was observed  upon  unfolding. 

Also  note  that Figure 2B shows  that  Ca2+-a-LA/DMPC un- 
folds  at slightly  lower temperatures  than  free  protein, suggest- 
ing that  the  protein is somewhat destabilized by association  with 
DMPC.  For  EPC SUVs (Fig.  2B,C),  the  protein was destabi- 
lized to  an  even  greater  extent.  Figure  2C  shows  the  fraction of 
conversion from  the native to thermally denatured  states (as  de- 
scribed in Data analysis) for  Ca2+-a-LA, derived from  the  data 
in Figure 2B, where again vesicle-bound protein  unfolding shifts 
to lower temperatures.  This  summary  figure  (Fig.  2C)  shows 
again  the  destabilization  of  the  protein  upon lipid binding. 

Figure 3 summarizes  the  temperature  dependence  data  for 
apo-a-LA. Because  these measurements  required 150 mM KC1 
to stabilize  the SUVs (Huang, 1969), the  protein was actually 
in a  partially  stabilized apo-form  (Permyakov & Kreimer, 1986; 
Permyakov  et  al., 1985). The  DMPC- or EPC-associated  pro- 
teins  in the N'-state were also red-shifted compared with the free 
protein  (Fig.  3A).  In  the  H'-state  (245  "C),  membrane-bound 
apo-protein was blue-shifted  relative  to  the vesicle-free  species 
(Fig.  3A).  As  observed  earlier  for  Ca2+-a-LA,  the  shift in 
emission maximum  during  unfolding  of  SUV-bound  apo-a-LA 
was small (3 nm  on  DMPC, < 1 nm on  EPC)  compared with that 
for  apo-a-LA in solution (- 16 nm). For  apo-a-LA:DMPC,  the 
proximity of the  protein  thermal  transition (-20-40 "C)  to  the 
lipid transition (8-18 "C)  made precise assignment of the exact 
unfolding  temperature  limits  difficult  (Fig.  4A,B).  With  EPC, 
the  protein  transition  was  difficult  to  discern  from  either emis- 
sion  maxima (<1 nm, Fig. 3A) or intensity  (Fig. 3B). 

Probing tryptophan exposure with external quenchers 

Figure  4A  depicts Stern-Volmer plots  for  iodide  quenching  of 
intrinsic  fluorescence  of  Ca2+-loaded  CY-LA  in  the  N-state 
(20 "C), bound  to  DMPC liposomes or  free in  solution. The  data 
were described  adequately by a single-component  equation. 
Quenching  parameters  are listed in  Table 1 .  Note  that  iodide 
quenching is smaller for  free  Ca2+-a-LA,  due  presumably  to 
inaccessibility of tryptophan,  in  agreement  with  previous  fluo- 
rescence  investigations  (Sommers & Kronman, 1980). The 
quenching  constant  for  Ca2+-a-LA:DMPC is twofold  larger 
than  for  Ca2+-a-LA in solution  (Table l),  consistent with a 
more  expanded  conformation  of  N'-state  Ca2+-a-LA when 
bound  to  liposomes. 
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Fig. 3. Temperature dependence of apo-or-LA fluorescence in solution 
(+) and in complexes with DMPC (0) and  lecithin (A) vesicles. A: Tryp- 
tophan fluorescence maximum position. B: Normalized fluorescence in- 
tensity at 350 nm. C: Fractional conversion (or) from the native to 
thermally denatured state; 50 mM HEPES,  pH  7.4; 1 mM EGTA, 
150 mM KCI. Protein concentration, 2-4 pM. Fluorescence excitation 
was at 280 nm. 
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Table 1. Quenching of tryptophan fluorescence 
of a-lactalbumin by K I  at 20 "C" 

Protein  state  Conditions KI ("I) K? ("0 f~ 

Ca-loaded  DMPC  liposomes 0.82 k 0.11 
Control  0.40 f 0.05 

Control  8.6 f 1.8 0 0.23 
Acidic DMPC  liposomes 13.7 k 2.5 0 0.93 

Control  6.8 f 0.4 

~ ~. ~. ~~ 

~~ "_ "" ~ 

~~ ._________ .~ "~ ~- .~ " ~~ 

APO  DMPC  liposomes 18.8 f 3.5  0.22 f 0.10 0.48 

- ~ ~ ~ - ~ ~ ~ ~  
" ..~ ~-~ ~ 

a Buffer was either 50mM HEPES,  pH  7.4, or 50mM glycine, pH 2.0; 
all buffers  contained 150 mM KC!. K ,  and K ,  are Stern-Volmer  con- 
stants (see the  Materials  and  methods);fl is the  contribution of the first 
emission  component. 

0 OM", 77% of emissionat  350nm). For apo-a-LA:DMPC,  the 
exposed  population  had a K ,  of 18.8 M-'  (48%  of  the 350 nm 
emission).  Note  that  both  the  fraction of  accessible tryptophans 
and  the collisional constant were twofold  greater  than  that  found 
for  the  free  apo-protein. Overall, the  liposome-bound  protein ex- 
hlblted  more  tryptophan accessibility than  free  a-LA. 

The results with acrylamide  quenching  at 20 "C are  shown in 
Figure 5A.  Both free and  DMPC-bound Ca2+-cr-LA  fit well to 
a single-component model,  but  there was significant upward  cur- 
vature  from a static  component.  DMPC-bound  Ca2+-a-LA 
shows significantly higher tryptophan exposure compared  to free 
protein ( K  = 11.4 versus 8.7 M", Table 2 ) .  Similar trends in 
the collisional and  static  parameters were observed for  the  apo- 
protein  (Fig.  5A).  In  summary,  the  data  for  membrane-bound 
CaZ+-  and  apo-a-LA  at  20  "C  are  consistent with  increased tryp- 
tophan  exposure. 

The  iodide  quenching  data  are  summarized in Table 3 for H'- 
state  SUV-bound  Ca2+-loaded  and  apo-a-LA  at  70°C.  The 
data  are  consistent with the emission blue  shifts  reported  above 
for  SUV-bound  protein, suggesting that  tryptophan residues are 
less accessible to  quencher.  The  collisional  parameters were 
smaller  for  SUV-bound  protein,  consistent with protection  of 

0.00 0.05 0.10 0.1 5 0.20 0.25 0.30 protein  tryptophans  from  quencher by the lipid at these  higher 

[KI], M 

1.70 

[KII, M 
Fig. 4. Iodide  quenching  of  intrinsic  fluorescence  for (A) Ca*+-loaded 
and (B) apo-a-LA in  association  with  DMPC  liposomes, 20 "C.  Buffer 
was 50  mM  HEPES, 150 mM KCI, pH 7.4, with the following additions. 
A: I mM  CaClz. B: I mM  EGTA. For vesicle-associated (0) and 
vesicle-free (0) protein,  metal-bound  state  was  maintained  by  isolation 
in the  presence  of  (A) 1 mM  CaCI,, or (B) 1 mM  EGTA.  Emission  was 
monitored at 350  nm,  excitation was 280 nm.  Results  of  the  fit to a sin- 
gle- and  dual-component  Stern-Volmer  plots  (Equations 1 and 2) are 
given in Table 1. 

This  trend is  even more  dramatic  for  N'-state  apo-a-LA 
bound  to  DMPC  at 20 "C. The KI quenching data were,  however, 
nonlinear,  as depicted  in  Figure  4B for  the free and  DMPC-asso- 

temperatures. 

Table 2. Quenching of tryptophan fluorescence 
of a-lactalbumin by acrylamide, 20 "C" 

Protein  state  Conditions K ("I) V (M") 

~~-~~ ."" ~ ~ ~ . - ~ ~ - ~  ~ 

~ ~ " _  ~- "". ~ ~ . . ~  

~ ~ - ~ ~ - ~  - ~ ~ - .  

Ca-loaded  DMPC  liposomes 11.4 1.7 
Control 8.1 1.7 

Control 9.1 1.7 

Control 11 .o 4.0 

A w  DMPC  liposomes  9.5 2.4 

Acidic DMPC  liposomes  14.8 0 

ciated protein. The downward  curvature suggests a two-component z 7- 
fit (Lehrer' 1971; Eftink' 1991)' That is' the fluorescence Of the 

due to the presence of upward  curvature in the Stern-Volmer plots. Two- 
free  protein arises from two tryptophan popu1ations (Table '1: component  fits  did  not  produce  parameters  that  differed  significantly; 

All buffers were as in Table I .  Data were fit to  Equation 3 (see text) 

one  that is highly accessible (KI = 8.6 "'9 aPProimatelY  23% therefore, only a  single-component  fit was employed. K i s  the collisional 
of  the emission at 350 nm),  and  the  other  that is buried (K2  = parameter  and  Vis  the  static  constant. 
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Fig. 5. Acrylamide quenching of intrinsic fluorescence of (A) Ca2+- 
loaded and (B) apo-a-LA in association with DMPC vesicles, 20 "C. 
Buffer  was 50 mM HEPES, 150 mM  KCI, pH 7.4. For vesicle-associated 
(0) and vesicle-free (0) protein, metal-bound state was maintained by 
isolation in the presence of (A) 1 mM CaCI2, or (B) 1 mM EGTA. 
Emission was monitored at 350 nm, excitation at 280 nm. Parameters 
for  the  single-component Stern-Volmer plot with static  quenching 
(Equation 3) are given  in Table 2. 

Temperature dependence of Zn '+/Ca'+ loaded 
a-LA on DMPC liposomes 

Results similar  to  those  for  the  Ca2+-a-LA  case  on  SUVs were 
obtained  with  the  Zn2+(54  pM)/Ca2+(1  mM)-loaded  a-LA  on 
liposomes (Fig. 6). Membrane-bound complexes  of Znz+/Ca2+- 

Table 3. Quenching of  tryptophan fluorescence 
of a-lactalbumin by KI" 

Protein  state  Conditions K ("I) 

Ca-loaded  DMPC liposomes 3.4 f 0.3 
Control 3.8 f 0.1 

Control 4.3 k 0.3 
Acidic DMPC liposomes 10.3 0.6 

Control 8.6 k 0.9 

~. 

A P ~  DMPC liposomes 3.5 * 0.2 

a Buffers were 50 mM HEPES,  pH 7.4, or 50 mM glycine, pH 2.0; 
all buffers contained 150 mM  KCI; 70°C. K is the Stern-Volmer 
constant. 

_____ 

a-LA were impossible  to  isolate  at  room  temperature  due  to a 
tendency  of the zinc-loaded  protein to  precipitate, which was es- 
pecially pronounced  at 240: 1 zinc:protein.  As a precaution, all 
Zn2+/Ca2+-loaded  (Y-LA  samples  complexed  with  liposomes 
were isolated  at  4"C,  where  they  are  thermally  stable  (Per- 
myakov  et  al., 1991). Figure  6A  shows a plot of  emission max- 
imum versus temperature  for  SUV-bound  and  free  protein. 
Membrane  interaction  shifts  the  protein  thermal  transition  to- 
ward lower temperatures;  again,  the lipid transition is also  de- 
tected by the  protein.  The  shift in emission  maxima is smaller 
than  that  for  the  free  protein. Figure  6B shows  the  correspond- 
ing  emission  intensity  plot  with temperature, which is replotted 
as  fractional conversion  in  Figure 6C; a ca. 5 "C lowering of the 
protein  transition  temperatures was observed  for  the  Zn2+/ 
Ca2+-a-LA  bound  to SUVs. 

Temperature dependence and quenching 
for the acid a-LA on liposomes 

Figure  7  depicts  results of temperature-dependence fluorescence 
studies  for  free  and  DMPC-bound  acid-state  a-LA,  incubated 
at  pH 2 (150 mM KC1/50 mM glycine) for 1 min in order  to 
avoid  morphology  changes in the  liposomes  (Hanssens  et  al., 
1980). The  free  (unbound)  protein  fluorescence  parameters 
(Fig.  7A,B) were constant with temperature,  aside  from trivial 
thermal  quenching, which is in agreement  with  the  notion  that 
the  acidic  protein is devoid  of  tertiary  structure  (Kuwajima, 
1989). However,  the  a-LA-vesicle  complexes  gave a distinct 
thermal  transition near 40  "C,  both in plots of spectral  emission 
maximum  and intensity (Fig.  7A,B), suggesting that  the vesicle- 
associated protein possesses some degree of tertiary structure  on 
the  liposome. 

Lactose synthase activity for a-LA 
in association with liposomes 

We measured  the  rate  of  lactose  synthesis by the  coupled assay 
of Fitzgerald et  al. (1970) for  four different a-LA:liposome com- 
plexes of  varying  protein:lipid  ratio.  In every case,  3/4  to sev- 
eral  hours was  required to regain the maximal  expected  activity. 
The  results  are  consistent  with a slow metal-dependent release 
of a-LA  from lipid-protein  complexes found earlier by Berliner 
and  Koga (1987). The  complexes were  assayed  in the presence 
of  3.5  mM  Mn2+, which is similar to  the  Ca2+ levels that  induce 
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Fig. 6. Thermal  denaturation of Zn2+,Caz+-loaded a-LA in  solution 
(+)and in  complexes  with DMPC (0) vesicles. A: Tryptophan  fluores- 
cence maximum  position. B: Normalized fluorescence intensity at 350 nm. 
C: Fractional  conversion ( a )  from  the  native  to  thermally  denatured 
state; 50 mM HEPES, pH 7.4; 1 mM  CaCI,, 54 pM ZnCI,, 150 mM 
KCI. Protein  concentration, 2-4 pM.  Fluorescence was excited at  280nm. 
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Fig. 7. Thermal  denaturation of acidic form of a-LA in solution (+) 
and in complexes  with DMPC (0) vesicles. A: Tryptophan  fluorescence 
maximum  position. B: Normalized  fluorescence  intensity  at  350  nm, 
50 mM glycine, pH 2.0; 150 mM KCI. Protein  concentration was again 
maintained  between 20 and 40 pM.  Excitation  was  at 280 nm. 

slow release of CY-LA from DMPC liposomes  (Berliner & Koga, 
1987). 

Discussion 

Results at  neutral p H  

Overall,  the  thermal  unfolding  data  for  various a-LA-DMPC 
complexes  at  neutral pH supports  the  hypothesis  that  the  pro- 
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tein  binds to  the vesicles without  global  unfolding or major 
changes  in  stability  (Hanssens et al., 1985), because the  protein 
transition  occurs  at  temperatures  near  that  for  the  free  protein. 
For  CaZ+-a-LA  bound  to  DMPC liposomes, the  transition was 
within 5-10 “C of  that  for  the  free  protein, suggesting that  the 
protein is  still calcium  bound  (Berliner & Koga, 1987). With 
EPC liposomes (which are  composed  of a mixture of  acyl chain 
lengths), the  protein  transition was broader  and hence more  dif- 
ficult to  assign,  perhaps  due  to  the  irregular lipid surface pre- 
sented  to  the  protein.  Nonetheless,  the relatively invariant 
positions  of  the  thermal  transitions  on  DMPC versus solution 
correlates well with  earlier  observations  at  neutral pH,  which 
showed  that  the  association  between  DMPC  and  a-LA was 
mainly  electrostatic  and  did  not  disrupt  either  the lipid surface 
or native  state of the  protein severely (Hanssens et al., 1985). 

The  fluorescence  spectra  of  a-LA-bound SUVs prior  to  the 
protein  transition (N’-state) were red-shifted versus the free pro- 
tein, suggesting a partially  expanded  protein  structure on  the li- 
posome with  increased tryptophan solvent exposure.  The  effect 
was similar to  a “partial  unfolding”  at  these low temperatures 
(Sommers & Kronman, 1980). Above  the  main  transition,  the 
lipid-associated protein in its high-temperature  (H’)  state exhib- 
ited  emission maxima  that were blue-shifted  versus free  protein, 
suggesting an  interaction between some  fraction  of  the  (four) 
tryptophan(s)  and  the lipid bilayer.  The  blue  shifts  at 80 “C (in 
either  the  DMPC or EPC complex)  are  consistent with a possi- 
ble penetration  of tryptophan  into  the  apolar bilayer region, and 
further  indicate  that  the  thermally  unfolded  protein  remains 
firmly  associated with the  liposome. 

The net spectral  shift  upon  thermal  unfolding  of  SUV-bound 
protein  was less compared with the  shift  for  free  a-LA in solu- 
tion.  The  emission  intensity  changes  during  protein  unfolding 
(Figs. 2B,  3B)  were also  consistent with an  expanded  protein 
conformation in the N’-state  when bound  to liposomes.  As with 
the net spectral  shifts,  the  increase in normalized emission in- 
tensity of  the  SUV-bound  protein over the  unfolding  transition 
was less than  for  free  a-LA in solution.  The  positions  of  the 
transitions  on  the  liposome were shifted  only slightly and were 
broader  than  the  corresponding  free  a-LA in solution. For 
Ca2+-a-LA  bound  to  DMPC,  the  unfolding  occurred  at lower 
temperatures, suggesting that  the vesicle-bound N’-state protein 
was already  partially  expanded  (Fig.  3A).  In  the  case of apo-a- 
LA  bound  to  EPC vesicles (Fig.  3A),  the N’ and  H’-states  had 
very similar  fluorescence  characteristics,  because  the  thermal 
transition  was  not  obvious in the  fluorescence  spectra.  In  gen- 
eral,  the  N’-state of lipid-bound  a-LA  appears  to be expanded 
and partially  destabilized compared with the free protein.  In  ad- 
dition,  the  protein  thermal  transitions  for  both  the  DMPC  and 
EPC complexes  were somewhat  broader  than  the  sharp  unfold- 
ing transition  of  the  free  protein, which might  arise  from a less 
cooperative nature  for unfolding  events on  the liposome, or may 
simply result  from several characteristically  distinct  transitions 
over a range of temperatures.  In  either  case, we must  consider 
some  degree  of heterogeneity of  the N‘-state of the  SUV-bound 
protein in our  interpretations. 

Similar  observations,  reported  previously, were ambiguous 
because  the  experiments were performed  on  unseparated mix- 
tures  of  complex,  lipid,  and  a-LA  (Hanssens et al., 1980, 1985). 
Both  the  increased  quantum yield and  red  shift were proposed 
to  arise  from a conformational  change resembling protein  un- 
folding. The  thermal  denaturation  of  a-LA  as  monitored by flu- 

orescence has been shown to be  accompanied by large  quantum 
yield increases arising  from  the  reduction  of  internal  quenching 
mechanisms,  e.g.,  the  N-state  of  bovine  a-LA involves energy 
transfer  from  Trp 26 and  Trp 104 to   Trp 60, which is quenched 
by two vicinal  disulfides (61-77, 73-91) (Sommers & Kronman, 
1980). During  unfolding, a loss in  internal  energy  transfer 
quenching results, along with abolition  of  the near-UV CD spec- 
trum  (Sommers & Kronman, 1980). Studies with guinea pig 
a-LA  support  this  hypothesis,  due  to  the lack of  Trp 60. Con- 
sequently,  there is no increase  in  emission  intensity  at 350 nm 
upon  unfolding, despite  it  containing three  other conserved tryp- 
tophans  (Sommers & Kronman, 1980). Internal  quenching 
mechanisms  are well known;  for  example, energy transfer  from 
tryptophan  to  the  heme  groups  occurs  in  cytochrome c and he- 
moglobin, which  results in  increased emission quantum yield 
upon  unfolding  (Eftink, 1994). 

Trp 60 and  Trp 104 also  form  the  lining of the well-charac- 
terized hydrophobic box region of a-LA (Berliner & Koga, 1987; 
Alexandrescu  et  al., 1992). Although it would seem reasonable 
to suggest that these  residues insert  into  the  apolar  phase  of  the 
bilayer (Hanssens et al., 1985), the increased tryptophan acces- 
sibility observed in both  iodide  and  acrylamide  quenching  stud- 
ies are  inconsistent with this  model.  In  fact,  the increase  in 
tryptophan  exposure  for  liposome-bound versus free  protein is 
difficult to  rationalize in any  model where some  fraction of the 
tryptophans  are  occluded  from solvent (Hanssens et al., 1985). 
Note  also  that single-component  quenching behavior was found 
with Ca2+-a-LA, suggesting that accessibility changes were 
uniform  for  all  tryptophans.  On  the  other  hand,  apo-a-LA ex- 
hibited two-component  quenching  behavior,  although  substan- 
tially  greater  tryptophan  exposure  was  observed  with  the 
liposome-associated  form.  Lastly,  quenching  parameters  for 
both  the  Ca2+-  and  apo-forms  are  almost  identical,  indicating 
that  the  unfolded  state is similar for either  form.  Overall, these 
observations imply that  the  tryptophan  environment is averaged 
by thermal  unfolding  and  that  some  tryptophans  probably  in- 
sert into  the bilayer. Of  course,  quenching  studies  cannot de- 
tect buried  tryptophans  accurately (either in  the  free  protein or 
upon  interaction with the lipid region) because both cases would 
be characterized by very small collisional quenching  parameters. 
In these  cases, one expects that  the fluorescence spectrum of the 
N-state should remain  mostly  blue-shifted;  however,  this was not 
the  case  with our data. 

From  careful  inspection  of  the  baboon  Ca2+-a-LA  crystal 
structure  (Acharya et al., 1989), we noted  that  the  calcium- 
binding  loop lies on a surface  distant  from  the site  of the hy- 
drophobic  box  region.  Unless a large-scale  disruption  and 
realignment  of  protein  tertiary  structure  occurred, it is nearly 
impossible to  construct a model where both regions contact  the 
lipid simultaneously.  At  both low (Kim  &Kim, 1986) and  neutral 
pH (Berliner & Koga, 1987), the  data suggest that  the  calcium- 
binding  loop  region is associated with or buried in the  lipid. If 
a-LA binding was peripheral,  as suggested by  Dangreau  et al. 
(1982) and  Hanssens  et  al. (1985), the  hydrophobic  box  region 
would  not be associated  with lipid and  consequently  might  be 
accessible to  quenchers in the  bulk  medium. Conversely, the in- 
creased  tryptophan  exposure in the  pre-transition  temperature 
region does  not fit a model  in which the  hydrophobic box (“tryp- 
tophan  face”) tightly associates with the  bilayer,  because  this 
would place the calcium-binding loop region in the bulk  medium 
where it would  bind  calcium  rapidly,  not extremely  slowly, as 
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shown by Berliner and Koga (1987). Overall, the model that best 
fits the  current  data  has  the  hydrophobic box (tryptophan face) 
exposed to  the solvent. Only  upon full thermal  unfolding  of  the 
protein  (H’-state)  could a significant  fraction  of the  tryptophans 
associate  with or insert  into  the lipid phase  of  the  bilayer. 

We also note  that a  second hydrophobic cluster on a-LA, con- 
sisting of  Phe  31,  His  32,  and  Trp 118 (Acharya et al., 1989, 
1991 ; Alexandrescu et al., 1992), has been proposed  to be sig- 
nificant in G T  interactions with during  lactose synthesis (Bar- 
man, 1972; Barman & Bagshaw, 1972; Bell et al., 1975; Grobler 
et al., 1994). We observed no lactose  synthase activity for vesicle- 
bound  a-LA in the  presence  of GT, suggesting either a disrup- 
tion  of this  second hydrophobic cluster upon vesicle binding, or 
steric  limitations  to  productive GT a-LA association on  the bi- 
layer.  The  most  exposed  tryptophan was shown to be residue 
I18 from  NMR (Alexandrescu et  al., 1992), lifetime  (Ostrovsky 
et al., 1988), and steady-state  fluorescence  measurements  (Som- 
mers & Kronman, 1980). The fluorescence  results suggested that 
this  residue  accounts  for  almost 50% of  the  total  fluorescence 
emission  in both N- and  H-state  a-LA,  and  that it is substan- 
tially red-shifted during  thermal melting (e.g., the emission max- 
imum  shifts  from 326 to  343 nm).  Therefore, it is conceivable 
that  Trp 118 is relatively close to  the lipid bilayer in the N’-state. 
Because the  binding  of N’-state apo-a-LA  to  DMPC SUVs is 
neither accompanied by a complete  denaturation of the  protein 
nor a measurable loss of  tryptophan accessibility, the simplest 
explanation  for  the loss of  lactose  synthase  activity is that  the 
interacting  residues are  too close to  the lipid surface  to allow  ac- 
cess to  GT. 

Our  attempts  to  examine  the  effects  of  Zn2+  on  the  affinity 
of  Ca2+-a-LA  for  membranes was thwarted by both  protein 
aggregation  and  instability  at high zinc:protein  ratios.  The re- 
sults reflect the  influence of zinc on  protein  denaturation  (Per- 
myakov  et al., 1991). Consequently, it appears unlikely that high 
levels of Zn2+ would induce significant protein:liposome  inter- 
actions, because the  precipitation we observed  in lipid mixtures 
above 25 “C was accompanied by no significant  accumulation 
on the vesicles. However, we were able  to  isolate  Zn2+-loaded 
CaZ+-a-LA:SUV  complexes  at 4 “C,  as  described  above. 

The MG state on the liposome? 

From  the  results  above, we conclude  that  a-LA-DMPC  com- 
plexes (at both  neutral  and acid pH) exhibit protein fluorescence 
thermal  transitions.  At low temperature,  the  fluorescence of 
DMPC-bound  acid  a-LA was blue-shifted versus that  for  free 
protein,  implying  that  tryptophan  residues were less accessible 
in the  membrane-bound case. Also,  the static  quenching param- 
eter  for  acrylamide is in  agreement  with lower tryptophan  ac- 
cessibility  when bound  to  SUVs.  The collisional quenching 
constants for iodide  and  acrylamide were larger  for  membrane- 
bound  protein, which does  not  support  decreased  exposure. 
However, it is possible that  an  increase  in  fluorescence  lifetime 
occurs  upon  association between the  protein  and  lipid, which 
could  also  account  for  the increased  collisional constants  (Eftink, 
1991). The  static  parameter V(acry1amide  results) is insensitive 
to changes in the lifetime and represents the  molar volume  of chro- 
mophore  available  for  preassociation  with  quencher  (Eftink & 
Ghiron, 1976; Eftink, 1991). This  parameter  reported significant 
reduction in exposure  for  the  SUV-bound  protein.  This  appar- 
ent  contradiction  here in some  of  the  quenching  results  for  acid 

a-LA will require extensive lifetime studies, which are  more  com- 
plicated for  multi-tryptophan  proteins  (Ostrovsky et al., 1988). 
If  this  transition  can  be verified  in the  future by other  techniques 
as well, such  as  mutagenesis to  single or double  tryptophan  mu- 
tants, it  seriously  calls into  question  the  hypothesis  that  MG  in- 
termediates  are  present in proteins  bound  to  the  membrane 
(Kuwajima, 1989). The  acid  form clearly inserts  spontaneously 
into lipid  bilayers as reflected by a very favorable  free energy  of 
association between  lipid and  protein.  The  protein is stabilized 
by the lipid as reflected  in  a  lower  free  energy for  unfolding.  Note 
that a transition consistently appears in the temperature-dependent 
fluorescence data, in agreement with this  simple interpretation. 

It is also  pertinent  to consider  whether  increasing temperature 
simply induces  protein  dissociation  from  the vesicle. In several 
cases, we rechromatographed  the  thermally  denatured  com- 
plexes (albeit at lower temperature), where little or no additional 
dissociation was observed.  However,  had  protein  dissociation 
occurred,  the  fluorescence  parameters  of  the  free  and vesicle 
bound  protein would be  the  same  at  the  completion  of  the  ther- 
mal transition.  This was not  the case for either the  Ca2+-,  apo-, 
or Zn2+-loaded  Ca2+-forms  of  a-LA  (Figs.  2, 3,  6). Although 
the  acid form,  both free and vesicle-bound, displayed similar flu- 
orescence parameters  at high temperature (Fig. 7), it was, in fact, 
the lipid complexation  that stabilized some  element of tertiary 
structure in the  protein  as  discussed  above.  Consequently, 
temperature-induced  protein  dissociation appears  to be unlikely. 

This  work is significant  in light of  the recent  hypothesis that, 
when proteins are  translocated across the  membrane, they must 
be an  non-native  or  MG  state  (Ptitsyn, 1992). At  both  neutral 
and  acid  pH, we see little  evidence  suggesting the existence of 
the  MG  state  bound  to  DMPC vesicles. The presence of a ther- 
mal transition suggests cooperative  unfolding  events, where no 
such  cooperativity exists  between the  MG  and  U-states  (Kuwa- 
jima, 1989; Creighton, 1990). Thus, in any  case where  a ther- 
mal  transition is observed,  the classically described  MG  state is 
unlikely. For  example,  the  work  of  Lala et al. (1995) suggested 
that  the CD of lipid-bound apo-a-LA “resembled” the MG state; 
however, the results  presented  here indicate  that CD is not nec- 
essarily  a totally  reliable  criterion  for  the existence of  the  MG 
state.  Consequently, it is imperative  to check the  thermal un- 
folding by other criteria?  A  similar problem may  have  occurred 
in the  work  of  Yutani et al. (1992) with apo-a-LA in low ionic 
strength  buffers.  Furthermore, this  work shows  that,  at  neutral 
pH,  both  the  Ca2+-  and  apo-forms of a-LA bind  to  mem- 
branes.  Perhaps  the  fact  that  CaZ+-a-LA  does  not  bind  as 
strongly relates to  one of its physiological  roles in protein  fold- 
ing by serving to release the  apo-  or  some  intermediate  form of 
the  protein  after  translocation. 

Materials and methods 

Materials 

Bovine a-LA (lot 128F-8140) was purchased from Sigma Chem- 
ical Co.  (St.  Louis,  Missouri)  and used without  further  purifi- 
cation.  The  purity  of  the  protein  preparation  was  estimated  to 

We attempted DSC and CD on these  complexes,  but  were  not  able 
to  attain  sufficient  sensitivity  due to the  low levels of  total  protein in 
the  isolate or-LA:SUV complexes.  Furthermore,  the DSC showed  only 
the  lipid  transition. 
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be  in excess of  97% by SDS-PAGE  and  reverse-phase  HPLC. 
DMPC powder  (lots 14OPC-156, -158) and  EPC  (chloroform so- 
lution,  dried  under  N2  prior  to use, lot  EPC-152) were from 
Avanti  Polar  Lipids,  Inc. G T  was  isolated  as  described previ- 
ously (Grunwald & Berliner, 1978). The following materials were 
obtained  from  Sigma  Chemical  Company:  pyruvate kinase/lac- 
tate  dehydrogenase  mixture  (PKILDH,  ammonium  sulfate sus- 
pension, lot  3  1H-6108, 2700  IU/mL  rabbit muscle PK, 2 1 ,OOO 
IU/mL  rabbit  muscle  LDH);  @nicotinamide  dinucleotide, re- 
duced  form,  disodium  salt  (NADH,  97%  pure,  grade I11 from 
yeast,  lot 49F-71001); phosphoenolpyruvate, tri(monocyclohexy1- 
ammonium)  salt  (PEP,  99%  pure,  lot  68F-3792);  uridine 
diphospho-galactose,  disodium salt (UDP-galactose,  98%  pure, 
lot 17F-7015). All other  chemicals were  of reagent  grade or 
purer,  and were  used without  further  purification. 

Preparation of liposomes 

Phospholipid  SUVs were prepared  according  to  the  method of 
Huang (1969). Sonication of a 3%  phospholipid  suspension in 
150 mM KC1 and  the  desired  buffer  was  performed  to  clarity 
(30-45 min)  under  nitrogen with a Branson  Sonifier 250 at tem- 
peratures  above  the  lipid-transition  temperature  (Huang & 
Thompson, 1970). The clarified  mixture was centrifuged at  room 
temperature  to  remove  titanium  fragments (16,600 x g, 10 min), 
then  the  supernatant was applied  to a lipid-saturated  Sepharose 
C L 4 B  column in the sonication buffer. SUVs were pooled from 
the  second  eluted  peak,  and were  used immediately. Lipid con- 
centration  was  estimated by optical  density  at 300 nm using an 
approximate "extinction"  coefficient of 38 M-l cm" (Huang, 
1969), in good  agreement  with  independent results from a two- 
phase  ferrithiocyanate assay of lyophilized aliquots resuspended 
in chloroform  (New, 1990). 

Isolation of lipid-protein complexes 

The vesicle-bound a-LA was prepared by a procedure described 
previously (Berliner & Koga, 1987). Lipid/protein  mixtures  (typ- 
ically 100-150 1ipid:protein  at 2-25 mM  lipid)  were  pre- 
incubated  for a minimum  of 2  h at 4 "C.  The protein-vesicle 
complex  was  separated  from  free  protein by chromatography 
on  Sephadex  0-200,  also  at 4 "C (see Fig. 1). The 1ipid:protein 
ratio  of  the isolated,  pooled void fractions was roughly  estimated 
by determining  the  ratio of optical  densities  at 300 nm (see 
above)  and 280 nm  from a solvent-corrected  absorbance spec- 
trum using an  extinction coefficient for  the  protein  of t1q0,280 = 
20.1 (Kronman & Andreotti, 1964). Values were  typically  be- 
tween 200 and  2,000  molar  ratio  of 1ipid:protein. 

Fluorescence spectra 

Fluorescence measurements were performed  on a Perkin-Elmer 
Model LS-SOB spectrofluorimeter.  Excitation  at 280 nm was 
used because Kronrnan and  Holmes (1971) had shown previously 
that  the  tyrosine  contribution  to  the  intrinsic  fluorescence spec- 
tra  of  CY-LA  was negligible. Also,  excitation  at 295 nm was not 
very feasible  due  both  to low protein  quantum yield and  the 
presence  of  significant  scattering by the  SUVs.  Excitation  and 
emission slit widths were  typically between 8 and 10 nm. Spec- 
tra were smoothed  (binomial  filtering, 32-37 points)  and were 

analyzed directly without  further  correction,  as a matter of con- 
venience. Temperature was monitored inside the sample cell with 
a model 201 thermometer  and  sheathed DT-471-SD  silicon di- 
ode  probe  (Lake  Shore  Cryotronics, Westerville, Ohio).  The 
heating  rate  was between 0.5 and 1 Co/min,  and  spectra were 
collected  every  2 "C  over  the  entire  temperature  range. 

Data analysis 

Temperature  dependence  of  fluorescence  data was analyzed  as 
described by Permyakov  and  Burstein (1984) (see also  Eftink, 
1994 for  an  alternate analysis). Plots of intrinsic  protein  fluo- 
rescence  intensity at a  selected  wavelength  versus temperature 
typically exhibit a transition  superimposed  upon  on  thermal 
background quenching. Assuming that the  transition is of a two- 
state  type,  such  as a thermal  unfolding  process between the 
N-state  and  H-state (which can  be  either  the  random-coil  un- 
folded  state, a compact  intermediate, such as  the  MG  state,  or 
a mixture  of  the  two),  for a  single tryptophan  protein,  the  triv- 
ial background  quenching  obeys  the  following  relationship 
(Bushueva,  et  al., 1978): 

where FA is the intensity at a fixed wavelength, T is  temperature 
in K ,  and 9 is viscosity of the solvent  in  cP. Equation 1 applies 
to each observable  state  bracketing a transition  region,  and  this 
reciprocal  intensity  relationship  holds for  multi-tryptophan  pro- 
teins such  as  bovine a-LA  as well (Permyakov & Burstein, 1984). 
The regions of  the  plot  above  and below the  main  transition  are 
adequately  approximated by two  distinct linear (pre-  and  post- 
transition)  regions. 

The  transition region between these  linear regions is described 
by: 

where FA is the  observed  fluorescence  intensity  at a given tem- 
perature;  and (FA)H, are  the fixed  wavelength inten- 
sities for  the  N-state  and  H-state region. The  last  two  quantities 
can be estimated by extrapolation of the  data  from  the  linear 
regions of  the  reciprocal  plot  into  the  transition  region.  Solu- 
tion of Equations 1 and 2 provide an estimate  of a ,  the  frac- 
tional  conversion or fraction  denatured, which is plotted versus 
temperature. 

For  data exhibiting only small changes in  reciprocal  intensity 
upon  unfolding,  fluorescence  phase  plots were employed  that 
make use of  changes in the  spectral  shape  during a transition 
from  one  state  to  another  (Kreimer et al., 1985; Permyakov, 
1993). At  each  temperature  measured,  the emission  intensities 
at  two  different wavelengths, FA, and Fk2 (in this  case, 330 and 
350 nm) were plotted with FA, as  ordinate  and FA, as  abscissa. 
The  paired (FAl, Fk2) data  for  the  N-state  and  H-state lie along 
separate  straight lines due  to  the  distinct  shape  of  the  spectra in 
each of  these states  (Permyakov, 1993). Both lines  intersect the 
origin and  the  points between the  two lines represent data in the 
transition region. The limits  of the  thermal  transition region can 
be  estimated  from  these  plots,  due  to  their sensitivity to  spec- 
tral  shape  changes in the  transition  region. 
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Quenching experiments and analysis 

For the potassium iodide (KI)  experiments, solutions were pre- 
pared so that the series was balanced to constant total ionic 
strength. No sodium  thiosulfate was used in these experiments 
to inhibit iodide oxidation, because monovalent cations bind 
weakly to  apo CY-LA, affecting quantum yield (Kd about IOmM, 
see Permyakov et ai., 1985). The presence of triiodide was un- 
detectable in freshly made solutions. No correction was  neces- 
sary for the excluded  volume  of the vesicles, because the 
uncertainty in volume was  typically  less than 3-5% (based upon 
SUV volume estimates by Huang, 1969). 

Emission intensity data  at 350 nm for quenching by KI or 
acrylamide was corrected for dilution and inner filter effects (for 
acrylamide), then fit to theoretical curves computed  according 
to a single-, or dual-component model, or single-component 
model with static quenching (Lehrer, 1971; Eftink & Ghiron, 
1976; Eftink, 1991; Permyakov, 1993): 

F=Fn/(I + K [ Q ] ) , o r F , / F =  ( 1  + K [ Q ] ) ,  (3) 

where F is the fluorescence intensity at a fixed wavelength; F, 
is the fluorescence intensity in the absence of quencher; [Q] is 
quencher  concentration;  K is Stern-Volmer parameter for the 
single emitting center model; K,  and K2 are Stern-Volmer pa- 
rameters for  the dual emitting centers model; andf’ is the frac- 
tional  contribution  of the first center to the total fluorescence 
intensity. Curve-fitting  software for Equations 3,4,  and 5 was 
developed and employed to estimate  both the parameters and 
their error ranges according to a published algorithm (Reich 
et al., 1972). Alternatively, fits of Equations 3 ,  4. and 5 were 
performed using the  Levenberg-Marquardt  procedure (Press 
et al., 1986). 
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