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Modulation of Folding Pathways of Exported 
Proteins by the Leader Sequence 

Leader peptides that function to direct export of proteins through membranes have 
some common features but exhibit a remarkable sequence diversity. Thus there is some 
question whether leader peptides exert their function through conventional stereospe- 
cific protein-protein interaction. Here it is shown that the leader peptides retarded the 
folding of precursor maltose-binding protein and ribose-binding protein from Esche- 
richia wli. This kinetic effect may be crucial in allowing precursors to enter the export 
pathway. 

E FFICIENT TRANSFER OF PROTEINS 

through membranes during the pro- 
cesses of secretion and mitochondrial 

assembly in eukaryotes and of export in 
prokaryotes requires that the polypeptide 
has not adopted the stably folded structure 
of the mature species (1, 2). The current 
models for the export process incorporate 
the effects of protein conformation in differ- 
ent ways. One hypothesis prevalent among 
workers studying eukaryotic systems is that 
cells contain factors that actively unfold 
structured precursors by using the hydroly- 
sis of nucleotide triphosphates as a source of 
energy (3, 4). A different notion, proposed 
for bacterial export, is that components 
within the cells bind to precursors before 
they fold into the final mature conformation 
and thereby maintain (or create) the export- 
competent state without having to disrupt 
established tertiary structure (2, 5). A defin- 
ing and essential feature of a protein des- 
tined for export to the periplasm of Escbe- 
richia coli is that at its amino terminus it 
contains a leader seauence that is ~roteolvti- 

1 

cally removed to generate the mature species 
upon translocation across the membrane. 
Although functional leader peptides have 
some common features, there is no sequence 

Biochemis /Biophysics Program, Washington State 
~ n i v e r  sity? ullman, WA 99164. 

- 

*Present address Genet~c Englneerln Center, Korea 
Advanccd Institute of Sc~ence and ~ e c k o l o ~ ~ ,  Cheon- 

ang 150, Seoul, Korea 
Present address De artment of B~ologlcal Sciences, v 

Uruverslty of New orLans, New Orleans, LA 70148 

similarity among such peptides. In bacteria 
the leader peptide is likely to be involved in 
several phases of export, initially in mediat- 
ing entry into the export pathway, and 
subsequently in establishing interaction 
with the membrane at export sites (6-8). 
The precise role of the leader sequence in 
these separate steps may differ. Gierasch and 
co-workers (9) have suggested that during 
the encounter of the precursor with the 
membrane, the hydrophobicity and confor- 
mation of the leader are crucial for its proper 
insertion into the bilayer. We propose that, 
in addition, at an earlier step leader se- 
quences allow the initial interaction with 
components of the export apparatus by 
modulating the folding pathways of precur- 

Flg. 1. Comparison of relaxation times for folding 
transitions of mature and precursor maltose-bind- 
ing proteins. The relaxation times for folding 
(open symbols) and unfolding (closed symbols) 
transitions were obtained by monitoring the 
change in fluorescence of tryptophan. For unfold- 
ing. transitions the orotein was initiallv in 10 rnM 
~ z ~ e s ,  pH 7.8, d d  guanidinium hyhrochloride 
(GuHCI) was added to the final concentration 
shown. For refolding transitions, the protein was 
dissolved in 2M GuHCI, which was diluted to the 
final concentration shown. Fluorescence measure- 
ments were made with a Perkin-Elmer MPF-3L. 
The excitation and emission wavelengths used 
were 295 nrn and 344 nm, respectively; mature 
maltose-binding protein (0); precursor maltose- 
binding protein (0). The precursor species was 
purified by a procedure that Includes one cycle of 
unfolding-refolding (1 0). As a control, the mature 
species was subjected to a cycle of unfolding- 
refolding. Relaxation times determined with this 
unfolding transition (0); refolding (@). 

sor polypeptides, and we present evidence 
that the leader sequences of two periplasmic 
proteins from Escbericbia coli, those of malt- 
ose-binding protein and ribose-binding pro- 
tein, decrease the rates of folding of these 
proteins into their mature conformations. 

Since we were interested in investigating 
the effect of leader sequences on the path- 
way of protein folding in the absence of 
interaction with any other cellular compo- 
nents, we purified the precursor and mature 
forms of the proteins (1 0, 11 ) and compared 
the kinetics of their folding in vitro. Both 
maltose-binding protein (molecular weight 
38,500) and ribose-binding protein (molec- 
ular weight 29,000) are monomeric and 
contain no disulfide bonds. Maltose-binding 
protein contains eight tryptophanyl residues 
and thus the reversible unfolding-folding 
transition could be monitored by changes in 
the intrinsic fluorescence of tryptophan 
(12). In contrast, fluorescence spectroscopy 
could not be used to monitor the folding of 
ribose-binding protein, because that protein 
contains no tryptophan, and no change in 
the fluorescence of tyrosine was observed 
when the protein was denatured. Studies of 
the folding of ribose-binding protein were 
thus performed by measuring the resistance 
of the mature conformation to proteolytic 
degradation as the assay for folding. 

Using fluorescence spectroscopy we have 
investigated the equilibrium, unfolding 
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Fig. 2. Assay of the folded state of ribose-bin* protein by A B C 
mc?suring mkar~ce  to proteolyric degradation. Puri6ed pre- III~ 
cursor ribose-bindiag protein (molecular w e t  31,000) was 
subjected to the following treatments &re assessing the 
mistance to roteolytic degradation. (A) Native protein, no PREP 
treatment, heL on ice. (B) Unfblded by incubation with 6M ~ R B P .  c 
urea, 10 mM Hepes, pH 7.1, for 30 minutes at 30°C. (C) 
Unfolded as described for (B) and subsequently rehlded by 
dilution ofthe urea to 0 . W  with 10 mM Hepes, pH 7.1, and - +  - +  - +  
hicubation at 30°C for 30 minutes. Following treatment, the Proteinase K 

samples were placcd on ice and incubated without (-) or with (+) proteinax K (1.5 @ml) for 20 
minutes. Protcolysis was terminated by addition of sample buffs fbt SDS-polyaayhude gcl 
electrophoresis (2) containing phenylmcthyhlbnyl fluoride (0.2 mM). After incubation at 100°C for 
5 minutes, the samples were analyzed by SDS-13% polyacrylamide gel electrophoresis. Only the 
relevant pomon of the Coomassie blue-stained gel is shown. Proteolyt~c digestion of the precursor 
when it is in a folded state d t s  in ranoval of the leader; the mature portion, which is mistant to 
degradation, is recovered as a species that migrates during elccnophoresis at the position of the mature 
protein. 

Flg. 3. Kinetics of f o l d q  of mature and prccur- 
sor forms of ribose-binding protein. Purified pro- la - 
tcin was unfolded by incubation at 30°C for 30 
minutesin6Murea,lOmMH pH7.1. 

- 
Folduy was initiated at 12.5OC by =on of the 5 - 
ureatoafinalconccntntionof0.1Min 1OmM 
Hepes, pH 7.1. Samples were withdrawn at the 
times indicated and rapidly chilled by tramk into 
tubes held on ice. The resistance of ribose-biding 
protein to p m l y ~ c  degradation was asxssad as 
described in the legend to Fig. 2. Quanti6cation 
of the percent of protein that had folded was : / A  
obtained from densitometric uacings of the Coo- 
massie blue-stainedgels. Sampleswithdrawnat2 o - . . . l . . - s l . - . 
and 5 minutes indicated that the plateau levels of o 50 la 
folding were 95 and 70% for the mature and Tlme (seconds) 

prrcursor proteins, respectively. To determine the 
relative dfcct of the leader on folding, the times 
taken for the species to obtain half of the maximal 
folding observed were compared. Mature ribose- 
bin* protein (.); precursor, ribose-bin* 
protein (4. 

transition of maltose-binding protein in- 
duced by guanidinium hydrochloride 
(GuHCI) (13) and have shown that the data 
can be approximated by a simple two-state 
model. We can represent the reaction as 
follows: 

4 
Native Unfolded 

k 

The experimental approach that we have 
taken is based on the elegant work of Mat- 
thews and co-workers (i4). ~ e d  malt- 
ose-binding protein either in a folded (no 
denaturant present) or unfolded (denaturant 
present) state was subjected to a rapid 
change in conditions that required the pro- 
tein to achieve a new equilibrium mixture of 
the native and unfolded states. The relax- 
ation time to reach the new equilibrium 
position was determined by monitoring the 
change in fluorescence with time. Experi- 
ments were carried out to determine the 
relaxation time as a function of the final 
concentration of GuHCl (Fig. 1). 

Comparison of the data for the mature 
protein with those for the precursor indi- 
cates that the presence of the leader se- 
quence docs not significantly alter the relax- 

ation time for the unfolding transition but 
incrrases the relaxation time, 7, for the fold- 
ing transition, which can be related to the 
rate constants as 7-I = &,, + kf. For experi- 
mems in which the final concentration of 
denaturant is high, h>>4 and 7-I &,,. 
Where the concentration of denaturant is 
low. 7-I = L:. The data show that the 
pm&nce of the leader dearasts the rate of 
folding but has little &xt on the rate of 
unfolding. The magnitude of the effect that 
might be physiologically sigtllficant is difti- 
cult to define precisely since we do not know 
what limits the rate of folding in vivo. The 
in v im rate-limiting step, which is moni- 
tored by the fluorescence, changes at a p  
pmximately 0 . W  GuHCI. Below that con- 
centration the relaxation time is indepen- 
dent of the concentration of d e n a k t ,  
whereas above O.W the relaxation time 
shows dependence on the final conantra- 
tion of GuHCI. The denaturant-indeoen- 
dent phase may reflect &-trans isomemeriza- 
tion of proline residues about X-Pro peptide 
bonds (15). The presence of the leader 
sequence increases the relaxation time for 
this phase by a factor of -3. If the rate- 
limiting step in vivo were that reflected in 

the transitidns above O.W GuHCL the 
presence of the leader would have an even 
greater effect: extrapolation to aM GuHCl 
shows that the leader increases the relaxation 
time of this step by about 40-fold, from 0.7 
to 28 seconds (Fig. 1). 

The presence of a functional leader pep 
tide on ribose-binding protein (11) de- 
creases the rate of folding of that precursor 
by a factor of 3 relative to the rate of foldmg 
of the corresponding mature protein ( ~ i ~ i  
2 and 3). Since analysis of folding of ribose- 
binding protein used the resistance to pro- 
teolytic degradation as the assay for the 
folded state (Fig. 2), &lding had to be 
monitored under conditions in which the 
folding was complete at equilibrium (that is, 
a r a~ id  dilution of the urea from 6 to 0.m. 
T& our analysis was in this case restrictdd 
to cfkm on the step that is rate limiting 
under these conditions. The folding path- 
way may indude another step (as w& the 
case for the folding of maltose-binding pro- 
tein) that might also be influenced by the 
leader. Unfortunatelv. we could not investi- , - 
gate this possibility. 

The final folded state achieved by each 
precursor polypeptide resembles that of the 
corresponding mature species because treat- 
ment with proteinase K removed only the 
leader sequence fiom each precursor and left 
the mature protein intact [see Fig. 2 and 
(2)]. In addition, precursor maltose-binding 
protein was purified by its ability to bind 
ligand, which suggests the achievement of 
the native structure. 

The export apparatus may not be capable 
of interacting with or translocating a precur- 
sor polypeptide after it has attained the 
conformation characteristic of the mature 
species. The slowing of the folding rate by 
leader sequences might reflect a function 
critical to export. Modulation of the folding 
pathway by the presehce of the leader pep 
tide could either expose or create an element 
of structure that is not accessible or tlot 

prwnt in the mature species, but that is 
essential to allow functional interaction with 
the export apparatus as was originally pro- 
posed in the aigger hypothesis (1 6). Such a 
role for leader peptides could explain the 
immense variation that exists among se- 
quences that function to initiate expott. In 
addition to the wide range of naturally 
occurring leader sequences, a surprisingly 
high flqucncy of mdomly doned se- 
quenccs function in export in yeast [20%, 
(8)] and in bactaia [between 4 and 15%, 
(17)l. It may be that many sequences, nor- 
mally sequestered by the rapid f o l k  of 
polypeptides, when moved out of their 
proper context and inserted at the beginning 
of an exported protein, can kinetically inter- 
h e  with folding to the mature species and 
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allow the protein to enter the export path- 
way. 
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Donor-Derived Cells in the Central Nervous System 
of Twitcher Mice After Bone Marrow Transplantation 

The twitcher mouse is an animal model of galactosylceramidase deficiency, comparable 
to Krabbe's disease, a lysosomal storage disease in humans. As in most lysosomal 
storage diseases, neurological deterioration is a prominent feature of the disease in 
these mice. Transplantation of enzymatically normal congenic bone marrow was 
earlier found to result in prolonged survival and increased levels of galactosylcerami- 
dase in the visceral organs of twitcher mice. It is now reported that bone marrow 
transplantation results in increased galactosylceramidase levels in the central nervous 
system (CNS). Concomitantly, the levels of psychosine, a highly toxic lipid that 
progressively accumulates in the CNS of untreated twitcher mice, stabilized at much 
lower levels in the CNS of tteated twitcher mice. Histologically, a gradual disappear- 
ance of globoid cells, the histological hallmark of &abbeys disease, and the appearance 
of foamy macrophages capable of metabolizing the storage product were seen in the 
CNS. By imrnunohistochemical labeling it was demonstrated that these foamy 
macrophages were of donor origin. The infiltration of enzymatically competent, 
donor-derived macrophages was accompanied by extensive remyelination in the CNS. 
It is concluded that after bone marrow transplantation, donor-derived macrophages 
infiltrate the affected brain tissue and are capable of inducing a partial reversal of the 
enzyme deficiency. 

S INCE THE FIRST BONE MARROW reported in the central nervous system 
transplantation (BMT) for lysosomal (CNS) of a dog suffering from fucosidosis, 
storage disease by Hobbs et al. ( I ) ,  but without alleviation of the neurological 

many studies on the effect of BMT in pa- symptoms (5). In P-glucuronidase-deficient 
tients and animal models with lysosomal mice and in a feline model of arylsulfatase-B 
storage diseases have been re~orted (2-7). 
After-BMT, the enzymaticall; normal dd- 
norederived blood and tissue macro- P. M. Hoogerb~gge, Department of Pediatrics, Univer- 

sity Hospital, Leiden. and Radioloeical Institute TNO. 
phages served as a continuous source of ~ijswiik:the Netherlands. " 
enzyme and led to increased enzyme levels in $e:~"&~C~~~', ~~~",~,"f'"~hi.e,~$$~f 
leukocytes, plasma, and various visceral or- ty of North Carohna, Chapel Hill, NC 27599. 
g a s  (2-7). The of BMT on the Ku. SUZU~L Departments of Neurology, P s y c h i a ~  and 

the Biological Sciences Research Center, School of Medi- 
neurolonicd symptoms, which are vew cine. Umversitv of North Carolina. Cha~el  Hill. NC - , ' , - 

P ~ ~ ~ ~ ~ ' ~ ~  in many l~susomal "'- i7;,9g, M, De merit of pediaaics, Univer. 
eases, vary with the type of disease. For sity Hospital Leiden, the Rether~ands. 
instance, in patients with metachromatic T Kobayashi, Department of Neurolop, Neyological 

Institute, Faculty of Medicine, Kyushu mversity, Fuku- 
leukodystrophy, BMT led to improved psy- aka. laDan. 
chomoior &velopment in &;h G. ~a ie rnaker  and D. W van Bekkum, Radobiolo leal 

Insutute TNO, Rijswijk, and Department of ~adio%iol- 
receiving (2, 8),  om. Erasrnus Universiw. Rotterdam. the Netherlands. -, . , . 

whereas in patients with Sanfilippo's dis- 
+To whom corres ndence should be sent at Radiobio- ease, BMT did not lead to benefi;;al effects loecal NO, P.O. Box 5815, 2280 HV Rijs- 

(9). Increased enzyme levels after BMT were w~jk, the Netherlands. 
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