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Abstract 

We have used the electron spin resonance (ESR) site-directed spin-labeling (SDSL) technique to examine the guanidine 
hydrochloride (Gdn-HC1) induced denaturation of several sites along a transmembrane p-strand located in the femc 
enterobactin receptor, FepA. In addition, we have continued the characterization of the P-strand previously identified 
by our group  (Klug CS et al., 1997, Biochemistry 36:13027-13033) to extend from the periplasm to the extracellular 
surface loop in FepA, an integral membrane protein containing a 6-barrel motif comprised of a series of antiparallel 
&strands that is responsible for transport of the iron chelate, ferric enterobactin (FeEnt),  across the outer membrane of 
Escherichia coli and many related enteric bacteria. We have previously shown that a large surface loop in FepA 
containing the FeEnt binding site  denatures independently of the &barrel domain (Klug CS et al., 1995, Biochemistry 
34:14230-14236). The  SDSL approach allows examination of the unfolding at individual residues independent of the 
global unfolding of the protein. This work shows that sites along the p-strand that are exposed to the aqueous lumen 
of the channel denature more rapidly and with higher cooperativity than the surface loop, while sites on the hydrophobic 
side of the &strand undergo a limited degree of noncooperative unfolding and do not fully denature even at high (e.g., 
4 M) Gdn-HC1 concentrations. We conclude  that,  in a transmembrane p-strand, the local environment of a given residue 
plays a significant role in the loss of structure at each site. 
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The electron  spin  resonance (ESR) site-directed  spin-labeling 
(SDSL) technique has recently emerged as a powerful method for 
observing molecular motion at individual sites within a large pro- 
tein structure (reviewed by Hubbell & Altenbach, 1994). SDSL is 
particularly useful for the study of membrane proteins, which often 
are not amenable to structural analysis by NMR methods (reviewed 
by Feix & Klug, 1997). And, unlike many other methods, such as 
circular dichroism (CD), fluorescence, and W-vis absorbance, which 
allow only the monitoring of global changes in protein structure, 
SDSL allows  the direct probing of the local environment and struc- 
ture of individual residues. This is accomplished by substituting a 
cysteine  residue  at the site of interest and attaching a sulfhydryl- 
specific spin label such as methanethiosulfonate (MTSL, Fig. 6). The 
spin label adds minimal perturbation to the system, as it  is approx- 
imately the size of a tryptophan residue. In addition, numerous stud- 
ies of the effects of single mutations on the T4 lysozyme structure 
have been carried out  and  show that most mutations retain struc- 
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tural properties similar to the wild-type protein (work reviewed by 
Matthews, 1995). 

Solvent-induced unfolding of proteins can provide insights into 
the overall stability of the protein, mechanisms of unfolding, and 
tertiary interactions between domains. Many studies have been 
carried out  on the guanidine-HC1 (Gdn-HCI) unfolding of globular 
proteins to obtain free energies of unfolding (AGu), a quantitation 
of the overall protein stability (Pace & Vanderburg, 1979; Ahmad 
& Bigelow, 1982;  Ho & DeGrado, 1987; Regan & DeGrado, 1988; 
Mucke & Schmid, 1994; Kragelund et al., 1995; Yao & Bolen, 
1995). Although extensive literature exists on the denaturant un- 
folding of soluble proteins, few studies have been carried out on 
the denaturation of membrane proteins (Oikawa et al., 1985; Hill 
et al., 1988; Klug et al., 1995; Lau & Bowie, 1997). However, 
using SDSL, individual sites within a given protein structure can 
be studied according to denaturant unfolding and information on 
the stability of both membrane-embedded and solvent-exposed do- 
mains can be obtained (Klug  et al., 1995; Liu & Zhou,  1995; 
Gibney et al., 1997). 

FepA is an 81  kDa ligand-gated receptor responsible for trans- 
porting the femc enterobactin complex (FeEnt)  across the outer 
membrane of Escherichliu coli and other gram-negative bacteria. It 
is proposed to form a P-barrel structure with a large extracellular 
surface loop occluding the channel opening and acting as the li- 
gand binding site  (Murphy et al., 1990). The  p-barrel proposal is 
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based on hydrophobicity analysis, which verifies the lack of long 
hydrophobic stretches indicative of transmembrane a-helices, and 
comparison to the currently crystallized porins (Cowan et al., 1992; 
Schirmer  et al., 1995). Recently, the P-sheet structural content  was 
conf i ied  by our group with an  entire P-strand studied and mapped 
according to depth in the bilayer using SDSL  (Klug  et  al., 1997). 
We have also previously characterized a residue located in the 
ligand-binding domain according to denaturant unfolding and found 
the region to cooperatively unfold both in Gdn-HC1 and urea (Klug 
et al., 1995). In this  work, we extend the mapping of the confirmed 
@-strand in FepA to a region spanning from the periplasm up into 
the ligand-binding domain and investigate the unfolding of these 
residues. 

Results 

P-Strand characterization 

The region of FepA containing residues Q245 to Y253 was pre- 
viously characterized using SDSL and determined to be involved 
in a transmembrane P-strand (mug et  al.,  1997).  This confirmed 
the proposal of P-sheet secondary structure in FepA and laid the 
framework for further analysis of FepA structure and function. 
More recently, we extended  the characterization of this  P-strand by 
four additional residues to extend slightly beyond the rigid P-strand 
structure. 

Results obtained for the p-strand residues in reconstituted lipo- 
somes from power  saturation  experiments  are  summarized  in 
Table 1. The  four newly characterized residues are L244, S254, 
R255, and 4256. Higher accessibility to 0 2 ,  as measured by both 
A P l I z  and the dimensionless accessibility parameter II, indicates 

Table 1. Accessibility parameters and depth calculations a 

APllz  APllz  APIIP  APllz Depth 
Mutant ( 0 ~ ) ~  (CROX) (NiAA)  (NiEDDA) @ (8) 

L244C 2.58 -0.02 1.15 1.08 0.87 - 
Q245Cd 2.46 0.92 1.62 1.61 0.42 5.1 
S246Cd 1.47 3.17 >20' >20c - 
L247Cd 2.99 1.31 1.07 0.77 1.36 8.4 
E248Cd 2.22 2.97 3.76 4.05 -0.60 - 
L249Cd 2.61 0.46 0.56 0.10 3.30 15.2 
E250Cd 2.16 -0.05 0.15 0.97 0.80 - 
A251Cd 2.28 0.19 1.10 0.28 2.11 11.1 
G252Cd 1.36 0.31 0.73 0.87 0.62 - 
Y253Cd 2.08 0.53 1.23 0.66 1.15 7.1 
S254C 1.32 1.70 1.85 0.45 1.08 - 
R255C 1.99 1.39 5.39 3.70 -0.62 1.4 
Q256C 1.33 0.55 0.78 0.85 0.45 - 

- 

aCW power saturation parameters reflecting accessibility to paramag- 
netic broadening agents and bilayer depth calculations for MTSL-labeled 
cysteine mutants of FepA in liposomes. 

20 mM CROX, 20 mM NiAA, or  200 mM NiEDDA. @ values and depth 
bAPl lz  values were obtained in the presence of air (20% oxygen), 

calculations were obtained using the equations described in Materials and 
methods. 

=S246C did not saturate in the presence of either of the Ni(I1) com- 
pounds used. 

dData previously published in Klug et al. (1997) shown for complete- 
ness. 
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exposure to the hydrophobic region of the bilayer, while increased 
accessibility to the polar relaxation agent NiEDDA indicates ex- 
posure to either the interior of the transmembrane channel or the 
external aqueous phase. Depth calculations (see Materials and meth- 
ods) were made for  the lipid-exposed residue, R255C, and it was 
determined to be located in  the polar headgroup region of the lipid 
bilayer at 1.4 A. This  is entirely expected, as residue Y253C was 
estimated at about 8 A, and alternate residues in an ideal P-sheet 
are 6.8 A apart. 

The periodicity in  the dimensionless II parameter with respect to 
oxygen and NiEDDA (Fig. 1) is markedly out-of-phase between 
residues Q245C and Y253C, as noted earlier  (Klug et al., 1997). 
However, it is also noteworthy that beyond these residues, the 
periodicity becomes in-phase, indicating the  ends of the strand. 
Thus, residue L244C appears to reside in a periplasmic p-turn, 
while S254C, R255C, and Q256C  end  the strand and become part 
of the ligand-binding loop region. Thus, an entire region spanning 
the membrane from the ligand-binding loop domain to the base of 
the P-barrel  is now completely characterized according to depth 
measurements and ready for further structural analysis. 

Guanidine-HC1 effects 

Seven MTSL-labeled cysteine mutants comprising the aqueous 
exposed face of the above characterized P-strand  in FepA were 
analyzed according to their unfolding characteristics in Gdn-HC1 
using SDSL ESR. In addition, a lipid-exposed site was analyzed 
for comparison between faces of the P-strand.  Samples were pre- 
pared and run in the presence of detergent, as FepA has been 
previously shown to retain its native structure and function in 
Triton X-100 micelles (Hollifield & Neilands, 1978). Samples 
were incubated at room temperature for 24 h prior to collecting 
ESR spectra in order to obtain equilibrium denaturation data  (Klug 
et al., 1995). 

The  spectra for each mutant after 24 h at room temperature in 
the absence of denaturant are presented in Figure 2.  The low-field 
peak indicates an immobilized environment for the spin label, 
which is indicative of tightly packed local protein structure. The 
appearance of the more mobile component,  as indicated in Figure 2 
by an arrow, indicates freer motion of the spin label, which arises 
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Fig. 1. Variation of the accessibility parameter II as a function of spin label 
position in FepA. The biphasic out-of-phase periodicity in II for oxygen 
and NiEDDA is indicative of P-sheet secondary structure. The ends of the 
strand can be recognized by the accessibilities to both oxygen and NiEDDA 
becoming in-phase. 
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Fig. 2. ESR spectra of control (0.0 M Gdn-HCI) samples run after 24 h at 
room temperature. The arrow indicates the more mobile component of the 
spectrum, representing local unfolding. 

due to loss of local tertiary structure at the labeled site. Most sites 
are only slightly denatured at  this point in  the  absence of denatur- 
ant; however, S246C  appears to be the most stable of the sites 
studied at room temperature. Upon the addition of increasing 
amounts of  Gdn-HC1, the  sharp  component  in the ESR spectrum 
increases  and the native, broad low-field signal decreases. This is 
illustrated in Figure 3, with the progression of G252C from a 
nearly native to fully denatured spectrum as the concentration of 
denaturant is increased. By 4.0 M Gdn-HC1, the protein is fully 
denatured (Klug et al., 1995). The spectra for each mutant in the 
presence of 4.0 M Gdn-HCI after 24 h are shown in Figure  4. It is 
noteworthy that the channel exposed residues (Fig.  4A) become 
more freely mobile than the lipid-exposed residues (Fig.  4B)  under 
fully denaturing conditions. 

E 

Fig. 3. Example of progressive denaturation as observed by ESR spectra. 
MTSL-labeled G252C equilibrated at room temperature for 24 h in (A) 
0.0 M, (B) 1.25 M, (C) 1.5 M, (D) 1.75 M, and (E) 4.0 M Gdn-HCI. The 
freely mobile component, indicating loss of structural constraints at the site 
of the label, increases with increasing concentration of Gdn-HCI, while the 
more immobilized component, indicating native structure, decreases, 

The amount of denatured component in each spectrum can readily 
be determined using spectral subtraction methods (see Materials 
and methods). The results of analyzing each mutant according to 
the percent denatured under varying concentrations of  Gdn-HC1 
are given in Figure 5 .  All the sites give cooperative unfolding 
curves with transitions over relatively narrow denaturant concen- 
trations, which is similar to what we previously observed for a 
residue within the ligand binding domain (Klug et al., 1995). Al- 
though the protein is fully denatured by 4.0 M Gdn-HC1, as men- 
tioned above, it can be seen in Figure 4 that not all the sites 
(especially L249C and  L247C) have converted to a completely 



1472 

A 

B 

Q256C 

S254C 

G252C 

E250C 

E248C 

S246C 

L244C 

L249C 

L247C 

Fig. 4. ESR spectra of (A) channel-exposed sites and (B) lipid-exposed 
sites in 4.0 M Gdn-HCI  after 24 h. 

free environment. The amount of free label was determined by 
subtracting a freely mobile spectrum from each of the experimen- 
tal L247C spectra and plotted as open circles in Figure 5. It can be 
seen that the cooperative unfolding curve shifts to a linear, unco- 
operative plot. Similar results were seen for L249C, an adjacent 
lipid-exposed site (data not shown). Yet, when this latter method 
was employed for the remaining sites, cooperative curves were 
once again obtained, and when the values were scaled so that the 
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4.0 M Gdn-HCI percentages matched, the data points overlaid 
those shown in Figure 5. In addition, CD data also indicate coop- 
erative unfolding (data not shown). 

Using a two-state model, the free energy of unfolding (AG,) for 
each particular site was calculated using two different methods 
(see Materials and methods for details). The values obtained upon 
analysis of the curves in Figure 5 are given in Table 2. The first 
column gives the AGU in the absence of denaturant (AGG) as 
calculated by extrapolating to zero denaturant concentration. This 
method also yields a measure of cooperativity of the unfolding 
transition, termed m. An alternative, and possibly more reliable, 
method of calculating AGG (Kellis  et al., 1989) involves calcula- 
tion of the midpoint of the transition (C,);  these values are also 
presented in Table 2. We find the two methods agree very well in 
our studies. Residues S246C-S254C, which are directly involved 
in the P-strand secondary structure, show a v-shaped relationship 
in their free energies of unfolding, with the highest energy in the 
center of the strand at residue E250C. This relation extends into the 
ligand binding loop region to Q256C, which has the lowest AGG, 
while L244C, a periplasmic turn residue, has a higher AG; than 
might be expected for an exposed site (see Discussion). Data for 
L247C show it to have a very low AGG (-2.00 kcal/mol); al- 
though, the fact that this site does not become freely mobile even 
when the protein is fully denatured may help explain this value and 
will be discussed below. The cooperativity of the unfolding tran- 
sition of the central residues, S246C-S254C, is fairly high and 
peaks at the center with E250C, just as  was observed for the free 
energy of unfolding values. Those positions on the very ends of the 
strand (L244 and Q256) tend to be less cooperative, with Q256C 
the least cooperative of the residues studied in this strand. Next, 
the opposite trend is seen for the transition midpoint values, with 
L244 and 4256 having higher C,  values than those sites directly 
involved in the P-strand (Table 2). Thus, sites occupying the center 
of the aqueous face of the transmembrane strand are more stable 
and unfold with higher cooperativity than end residues and Q256C 
in the adjacent surface loop. 

Discussion 

This study has utilized SDSL to characterize and map additional 
residues related to a previously characterized P-strand of the femc 
enterobactin receptor, FepA (Klug et al., 1997). The high acces- 
sibility of L244C to oxygen and low accessibility to the polar 
reagents indicates that this site is in a restricted, hydrophobic en- 
vironment. However, the depth of Q245C at about 5 8, into the 
lipid bilayer indicates that the L244C site is part of the periplasmic 
turn. Also, as illustrated in Figure 1, the out-of-phase periodicity 
characteristic of &sheet secondary structure becomes in-phase at 
residue L244C, indicating that this site  is not a part of the rigid 
P-strand structure. Further evidence of this  site  being involved in 
the turn is the fact that it  is directly adjacent to a proline residue. 
Because proline residues are commonly found in tight p-turns and 
absent from P-strand secondary structure, we conclude that we 
have characterized this entire end of the strand into  the periplasm. 
On the extracellular surface, we characterized three additional sites. 
S254C was expected to be located on the aqueous face  of the 
P-strand and was, therefore, not given a depth estimate, while 
R255C was estimated at 1.4 A, which places it in the polar head 
group region of the bilayer. This  is entirely expected as Y253C was 
calculated to be about 8 8, into the bilayer and alternate residues in 
an ideal antiparallel P-strand  are 6.8 A apart. Q256C gives lower 



Guanidine-HCl unfolding of a p-strand in  FepA 1473 

256 
100 - 

40 

20 

0 " 
0.00 1.00 2.00 3.00 4.00 

248 
0 .  

60 

20 1 am0* 
4 

O +--r-TT-r; 
0.00 1.00 2.00 3.00 4.00 

M Guanidine-HCI 

254 
100 

80 

60 

40 

20 

0 

100 

80 

60 

40 

20 

0 

4,; 
m 

0.00 1.00 2.00 3.00 4.00 

247 
0 . 0  

0.00 1.00 2.00  3.00 4.00 

252 
100 - 2.. 

60 

4o 0 

0.00 1.00 2 . 0  3.00 4.00 

246 
100 - 0 .  0 

80 1 0 
60 

40 4 .. 
20 7 0 

0 I I [ '  

0.00 1.00 2.00 3.00 4.00 

250 
100 - 0 0 0  

60 

40 -1 

*O 
0 -1 -1 

0.00 1.00 2.00  3.00 4.00 

244 
100 

4 0 0 .  

60 1 4 0 

4 0 - 1 ,  to&r , 
20 - 

0.00 1.00 2.00 3.00 4.00 

Fig. 5. Gdn-HC1 denaturation curves  for  each mutant as indicated by residue number. The percent of denatured protein was determined 
as described in Materials and methods using spectra obtained in the presence of 4.0 M Gdn-HCI for spectral subtraction. Open symbols 
for L247C represent an alternative method of analysis. 

exposure to any of  the reagents used than expected if it were free 
of the /?-strand structure and involved  in  the large extracellular 
loop. However, the ligand-binding loop is so large that significant 
hydrophobic and tertiary interactions must be occuning  to order 
and  structure  this  loop, so it is not entirely surprising that this site 
is less accessible than those sites exposed to the aqueous face of 
the channel along the p-strand.  That the alternate periodicity of  2.0 
in Figure 1 for the residues up  to Y253C falls off and becomes 
in-phase for S254C,  R255C,  and  Q256C  further  suggests that these 
residues mark the  end of the strand and begin the extracellular loop 
domain. Consequently, we now have an  entire strand characterized 
from the periplasm to the extracellular ligand binding domain. 

Table 2. Thermodynamic parameters for the guanidine-HCl 
unfolding of  FepA P-strand mutants a 

AGE AGE rn C m  
Mutant (kcal/mol)b (kcal/mol)' (kcal/mol/M)  (M) 

256 2.28 2.50 1.31 1.91 
254 5.94 5.95 4.61 1.29 
252 7.93 7.92 5.28 1.50 
250 9.79 9.04 5.76 1.57 
248 6.83 6.73 4.08  1.65 
246 7.77 7.45 4.21 1.77 
244 6.88 7.41 3.25 2.28 

'AGE is the free energy of unfolding in  the  absence of denaturant cal- 
culated using the  linear extrapolation methodb and rnC,,,'. C,,, is the mid- 
point of the equilibrium unfolding transition and rn, the slope of the linear 
extrapolation, is  a measure of the cooperativity of the unfolding transition. 

We have  also utilized SDSL ESR to probe the unfolding of 
individual sites within the transmembrane p-strand described above. 
The even-numbered residues in  this strand face the inside of the 
channel and  show cooperative equilibrium unfolding curves, with 
a sharp transition from native to denatured. In contrast, the residue 
studied that faces the lipid bilayer gives both cooperative and 
uncooperative unfolding curves, depending on the method utilized 
for analysis, clearly indicating a different structural environment. 

It is necessary to keep  in mind that each individual site  is being 
probed as the  entire protein unfolds and that local structure is 
observed. For this reason, the fact that each site studied does not 
appear to convert from an immobilized environment to a com- 
pletely Gee environment upon full denaturation of the protein gives 
insight into the local structure surrounding the  site within the un- 
folded protein. Specifically, the sites at  the  ends of the strands, 
Q256C, S254C. and L244C do not appear to  be in a completely 
free environment when the protein is fully denatured (Fig. 4A). To 
start, S254C  and  Q256C have a small amount of immobilized 
component left in their 4.0 M Gdn-HC1 spectra, which may be 
explained by the fact that they are at the interface between a rigid 
p-strand structure and a large ligand binding domain containing a 
significant amount of hydrophobic sites compared to extracellular 
eukaryotic membrane receptor loops. Such a location is not always 
freely exposed to the aqueous phase because unfolded states  are 
random orientations of the residues. More prominently, the fully 
denatured L244C spectrum shows that less than 50% of the spins 
are in a free environment.  This is likely due  to its position in both 
the amino acid sequence and  the secondary structure of the protein, 
as this site  appears to be involved in a tight p-turn and neighbors 
a proline residue. The involvement of this residue in a p-turn may 
help explain its high C,, because the P-barrel structure is a very 
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stable conformation and most likely unfolds at higher denaturant 
concentrations, and its location adjacent to a rigid proline resi- 
due may help explain the number of labels still quite immobi- 
lized. To a further extreme, residues L249C and L247C have a 
very limited number of free labels under 4.0 M Gdn-HC1 con- 
ditions (Fig. 4B), leaving the majority of the labels attached to 
these sites very immobilized, as seen for the same  spectra  in the 
absence of denaturant. This  is most likely explained by the fact 
that these two residues are located within the rigid P-barrel struc- 
ture and are exposed to the hydrophobic face of the strand. 
These sites may tend to remain in a hydrophobic environment 
due to the nature of the surrounding residues in the P-strand 
and, therefore, are not exposed to the aqueous phase or  to an 
environment where the spin label can freely rotate, causing their 
4.0 M Gdn-HCI spectra to remain relatively unchanged from the 
control spectra in the absence of Gdn-HCI. Although the entire 
protein may be globally unfolded, these sites appear to remain 
in a locally restricted environment. 

For those sites that did not convert from an immobilized to a 
completely free environment, two different methods for analyzing 
the amount of denatured component are possible. The first in- 
volves the assumption that the spectrum recorded after 24 h at 
room temperature and in  the presence of 4.0 M Gdn-HCI (Fig. 4) 
represents the environment and motion of the site upon full dena- 
turation of the protein. This appears to be a valid assumption based 
on the data points observed for the curves, where the values ap- 
proaching 4.0 M Gdn-HC1 tend to level off, indicating the 4.0 M 
Gdn-HC1 value to be fully denatured. Furthermore, a previous 
denaturation study using urea and SDS-PAGE shows the progres- 
sive unfolding of FepA, and by 8.0 M urea the protein was fully 
denatured (Mug et al., 1995). Because Gdn-HCI is approximately 
twice as  strong a denaturant as urea (Pace, 1986), we can safely 
argue that the whole protein is fully denatured by 4.0 M Gdn-HC1. 
Thus, based on this technique, using the spectrum for each indi- 
vidual mutant in 4.0 M Gdn-HCI and assuming a two-state model 
between native and denatured, all of the mutants studied in this 
strand show cooperative binding curves and produce the free en- 
ergies of denaturation presented in Table 2. However, for those 
sites that do not show freely mobile spectra in the presence of 
4.0 M Gdn-HC1, an alternative method of analysis is to calculate 
the amount of free label only. This requires a freely mobile spec- 
trum with similar lineshapes and is not always feasible. Nonethe- 
less, this was possible for most of the sites with the remaining 
immobilized component  under fully denaturing conditions. Using 
this second method of analysis, S254C, which has very nearly a 
completely free spectrum, and L244C, with a significant amount of 
fairly immobilized component remaining at 4.0 M Gdn-HC1, both 
showed cooperative  curves that overlaid those obtained with the 
first method when scaled to match the final data points. This clearly 
shows the cooperative unfolding of these sites regardless of the 
method of analysis. Yet, when only the free label was subtracted 
out of the denatured L249C spectrum, a linear, uncooperative re- 
lationship was obtained (open circles in  Fig. 5).  It seems reason- 
able to expect that the two curves would be identical with either 
method so long as the 4.0 M Gdn-HC1 values are scaled, as  is  the 
case with the channel-exposed residues, but this  does not occur for 
the lipid-exposed residues. It is interesting that sites adjacent to 
one another (e.g., E248C  and  L247C), but on opposite faces of the 
P-strand,  show such dissimilar unfolding characteristics. We con- 
clude that local structure has a strong influence on the unfolding of 
individual sites. 

The possibility of an intermediate state has not been overlooked, 
although most of the spectra do not show any signs of an additional 
motional component besides the native and denatured states. Thus, 
the two-state model appears to  be valid for our studies here. If an 
intermediate were present, our method of detecting the amount 
denatured gives a pure percentage value for the denatured compo- 
nent and does not depend on  the presence of an intermediate. The 
error in calculation would occur only when assuming that the 
remaining amount is still native or in the calculation of AG& 
which is valid only for two-state systems. 

The thermodynamic parameters presented in Table 2 for the 
alternate residues studied show interesting trends that add insight 
into the stability of various domains of the FepA structure. The 
residues comprising the rigid P-strand secondary structure (i.e., 
S246C-S254C) have fairly similar transition midpoints, with a 
slight decrease as they approach the ligand binding domain. How- 
ever, L244C and Q256C, the extreme ends of the strand, both show 
higher C,  values, indicating greater stability at these sites. The 
amount of denaturant necessary to unfold roughly half the label 
attached to each site gives an indication as to the approximate 
stability of that site in the protein structure. Next, the cooperativity 
of the unfolding transition, measured by rn, tends to be highest near 
the center of the strand and tapers off toward the ends, forming a 
bell-shaped relationship between cooperativity and strand location. 
Q256C  is especially uncooperative, as can been seen in Figure 5 
even without quantitative analysis (it has an rn value significantly 
lower than the others in this study), and may be due to its position 
within the protein structure (at the strand/loop interface) as dis- 
cussed above. Similarly, the free energies of unfolding tend to 
follow the same trend as the cooperativity values but with a sharper 
v-shaped relationship, having higher AGbs at the center of the 
strand and lower AGbs toward the ends. Again, L244C and Q256C 
are by far the slowest and hardest sites to unfold, with Q256C 
having the lowest cooperativity and L244C, on the opposite end of 
the strand, requiring the most denaturant to cause the unfolding 
transition. This may be explained as above, due to their positions 
in the secondary and tertiary structure of the protein. Because 
L244C is positioned adjacent to a proline and appears to be in- 
volved in a tight &turn, it is not surprising that this site is so stable. 
Also, it  is likely that because the P-barrel conformation is very 
stable, the p-turns would be one of the last sections of the protein 
to unfold. 

In conclusion, the initial work on the complete characterization 
of a P-strand in FepA not only lays the ground work for further 
analysis of this strand, which may be involved in some sort of 
signaling mechanism due to the requirement of inner membrane 
accessory proteins upon the addition of ligand, but also defines the 
ends of the strand so that further analysis of an adjacent strand and 
the ligand-binding domain can be carried out. In addition, we 
conclude from our Gdn-HCI denaturation studies  on  the individual 
residues involved in this P-strand that local environment has a 
significant impact on loss of structure at each site. 

Materials  and  methods 

Site-directed mutagenesis and protein purification 

Single  cysteine  substitutions  were  created  and verified as  de- 
scribed previously (Mug et al., 1997). Protein was purified from 
E. coli RWB18-60 harboring a pUC19-based plasmid encoding the 
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FepA gene  as previously published (Neidhardt  et al., 1974;  Fiss 
et al., 1982; Klug et al., 1995). 

Site-directed spin labeling 

The purified protein was specifically labeled at the introduced 
cysteine residue with the sulfhydryl-specific spin label (l-oxy- 
2,2,5,5-tetramethylpyrroline-3-yl)methyl methanethiosulfonate 
(MTSL, Fig. 6, Reanal, Budapest, Hungary) at a twofold to tenfold 
molar excess overnight at 4 "C. The two native cysteines in FepA 
have been shown to be involved in a disulfide bond and are not 
amenable to spin labeling without the addition of a thiol reducing 
agent (Liu  et al., 1994). 

Sample preparation 

Protein was reconstituted into liposomes containing 5:l egg L-CY- 

phosphatidylcholine: 1 -palmitoyl-2-oleoylphosphatidylglycerol with 
a 1ipid:protein molar ratio  greater than 800:1, as described previ- 
ously (Klug et  al.,  1997).  NiAA  and CROX (potassium  tris- 
(oxalato)chromate], paramagnetic agents used in CW saturation 
liposome samples, were from Aldrich Chemical Co. (Milwaukee, 
Wisconsin). NiEDDA was a gift from Dr. C. Altenbach. Samples 
for unfolding analysis contained spin labeled protein in 20 mM 
MOPS  and 2% Triton X-100, pH 7, diluted with the appropriate 
amount of 8.0 M Gdn-HC1 in 20 mM MOPS/2%Triton to give the 
desired final concentration of denaturant. Samples were allowed to 
come to equilibrium at room temperature for 24 h. MOPS, Triton 
X-100, and Gdn-HC1 were from United States Biochemical (Cleve- 
land, Ohio). 

Electron spin-resonance spectroscopy 

ESR spectroscopy was performed on a Varian E-102 Century se- 
ries X-band spectrometer (Varian Associates Inc., Palo Alto, Cal- 
ifornia)  and  data collected using the VIKING software package 
(National Biomedical ESR Center, Milwaukee, Wisconsin). CW 
saturation experiments were carried out on liposome samples con- 
tained in a gas-permeable TPX capillary (Popp & Hyde, 1981) 
using a 1.25 G modulation amplitude and varying microwave pow- 
ers (typically 0.1-36 mW). Denaturation samples were run in a 
TE102 rectangular cavity using glass capillaries at 10 mW micro- 
wave power, 1.0 G modulation amplitude, a 2-min scan time, and 
a 100 G scan width. Spectra were typically signal averaged 16 
times. 

CW saturation data analysis 

The peak-to-peak intensity (A) of the first derivative center reso- 
nance line (mr = 0) was measured and plotted against the square 

Fig. 6. Sulfhydryl-specific spin labeling with MTSL. The methanethiosul- 
fonate spin label (MTSL) reacts exclusively with  the free sulfhydryl group 
on the  substituted cysteine residue. 

root of the incident microwave power (PI''). The  data points on 
this  curve were fit in Microcal Origin (Microcal Software, Inc., 
Northampton, Massachusetts) to the following equation: 

(Altenbach et al., 1994), where I is a scaling factor, E is a homo- 
geneity factor, and the half-saturation parameter, is the power 
at which the signal intensity is half that which it would be in the 
absence of saturation. The  change in P I l 2  in the presence (e.g., 02, 
CROX, NiEDDA, or NiAA) and absence (under N2) of a given 
relaxation agent, AP1l2, is directly proportional to the local con- 
centration of agent at the site of the spin label (Altenbach et al., 
1989), therefore presenting a useful parameter for accessibility of 
each site to various types of reagents. The API/? values obtained in 
the presence of O2 and NiEDDA can be utilized to calculate depth 
measurements within the lipid bilayer using the following equa- 
tion: 

@ = ln[APl/2(02)/API,2(NiEDDA)] 

also defined by Altenbach et al. (1994) and the calibration equation 
determined by our lab  for the specific liposome system employed 
in this study: 

depth (A) = 3.56@ + 3.62 (3) 

(Klug  et al., 1997).  The II values are dimensionless accessibility 
parameters, defined by normalizing the AP112 values to the width 
of the  center line and  the of a DPPH  (2,2-diphenyl-1- 
picrylhydrazyl) standard (Farahbakhsh  et al., 1992), that allow 
AP1/' values obtained to  be compared between laboratories. The 
above information, along with more extensive detail, can be found 
in Klug et al. (1997). 

Denaturation analysis 

To obtain percent denatured values from each spectrum, spectral 
subtraction was used in which the 4.0 M Gdn-HCI spectrum was 
subtracted from  each of the composite spectra using the program 
Sumspec (National Biomedical ESR Center, Milwaukee, Wiscon- 
sin) as previously published (Klug  et al., 1995). The Gdn-HC1 
concentration versus percent denatured was plotted and two meth- 
ods for determining the free energy of unfolding of the denatured 
protein were used. The first method involves the linear extrapola- 
tion method (reviewed in Pace, 1986) and utilizes the following 
equations: 

for a two-state equilibrium between native (fN) and denatured ( fD) 
protein, and the Gibbs free energy of unfolding is defined as 

AGu = -RT In Kdn (5) 

where R is the gas constant and T is absolute temperature. AGu 
varies linearly with denaturant concentration and can be extrapo- 
lated to zero denaturant concentration to give 

AGE = AGu + m[denaturant] (6) 
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where m is the slope of the linear extrapolation. Gdn-HCI unfold- 
ing curves and linear extrapolations were fit in Microcal Origin 
(Microcal Software, Inc., Northampton, Massachusetts). The sec- 
ond method involves the midpoint of the transition from native to 
denatured, C,, and has been noted that it is possibly a more reli- 
able quantitation (Kellis  et al., 1989). The simple relation, AGY, = 
me,,,, results from the fact that at 50% denaturation, Kdn = 1. Both 
methods were utilized in our  studies and were found to give values 
in close agreement. 
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