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ABSTRACT. This review describes the use of a simple
genetic system that has provided important insight into
the process of folding and, of its flipside, that of protein
aggregation. These studies make use of the tail protein
of the bacterial virus P22 which infects Salmonella
typhimurium. This folding system serves as a model

for a number protein structural elements and may also
provide important insights into disease-related protein
folding defects at a time when an increasing number
of diseases are being shown to be due to protein folding
alterations. Key words: Tailspike protein, Protein folding,
P22 bacterial virus, Intermediate.

is critical to basic and clinical sciences alike.

Proteins are used in a variety of commonplace
situations from cleaning laundry and contact lenses to
being used as drugs. In all cases, the ability of a protein to
fold is an essential process. The inability to fold is lethal
to the structure and function of a protein (1-7). A protein
without its normal characteristic 3D structure can not
function. The problem thus becomes how to predict
(determine) the 3D structure of a protein from its amino
acid sequence.

Another phrasing of the same protein folding question
is: given the amino acid sequence of a polypeptide chain
(one dimensional structure of a protein molecule) can its
three dimensional structure be predicted? This basic
question has been expanded to include a large number of
closely related studies such as: Does the folding path of
particular proteins have folding intermediates structures?
What interactions occur during the protein folding
pathway?

The problem of how a protein folds is immediately
evident when one considers that there are over nine
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thousand proteins whose 3D structures have been
precisely determined by either x-ray diffraction or nuclear
magnetic resonance methods. Most of the structures have
been determined by x-ray methods and in these structures,
the exact location of every atom is precisely known (with
the exception of hydrogens in diffraction studies). Despite
this fact, it is still not known how that three-dimensional
structure is achieved.

The study of how the 3D structure of a protein is
achieved from its primary sequence of amino acids, is
arguably the most important unsolved problem in Biology.
But how this problem is displayed in a biological setting
can be quite diverse. One example is how a protein travels
from one cell compartment to another, such as from the
cytoplasm of a eucaryotic cell to the inside of a
mitochondrion, is often dictated by its degree of unfolding.
Fully folded proteins can not travel between compartments
and often cannot leave the cell. Many important cellular
functions such as DNA replication contain specific folding
proteins. Many of these studies are more easily done in
procaryotic cells where mutants in these processes are
more easily obtained. More recently it has been shown
that many diseases have important roots in various aspects
of protein folding involving: defects in the process of
protein folding of a particular protein, defects in secretion,
or other protein folding related process. Diseases which
are in this category are thought to include certain
encephalopathies, Alzheimer’s disease, osteogenesis
imperfecta, Marfan’s syndrome, and cystic fibrosis (8, 9).
The overall structure of most proteins is tettering on the
verge of structural instability and proteins can be made to
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aggregate under variety of conditions and an
understanding of how a protein folds may lead to a manner
in which to divert a protein from going into the aggregated
state.

Many milestones have been reached in the study of
protein structure and protein folding. It is now often
possible, for example, to find conditions to reversibly
denature many proteins so as to study protein folding
under completely defined in vitro conditions (1, 2).
Proteins can often be purified to homogeneity in one or a
very few steps (using such techniques as His tag, fusion
proteins). Once a protein has been purified, structural
information can rapidly be obtained from methods such
as NMR (nuclear magnetic resonance), x-ray diffraction,
fluorescence and Raman spectroscopy, and also from
cryoelectron microscopy and DNA sequence analysis.
Information from 3D protein structures has been very
useful in finding structural and folding motifs. Advances
in computational and computer modeling methods allow
the construction of tentative 3D structures based on
homology with known structures . Often protein folding
systems are used that are experimentally tractable and have
similarities to other more complex proteins for which no
assay or no pure protein can be obtained for study.

Because of technological limitations the most fruitful
protein folding studies have occurred within the last thirty
years. For over two decades, two facts have been taken as
foundations: 1) that statistically speaking the protein
molecule can not arrive at its three dimensional structure
by a random search of all interactions of its amino acids.
It would take too long. This has been dubbed the Levinthal
Paradox (3). 2) many proteins contain all the information
or instructions to fold within their own amino acid
sequence. However, in recent times it has been established
that some proteins require the assistance of other proteins
to fold (chaperones).

A basic outline of how proteins fold is beginning to
emerge (10, 11). Current evidence suggests that proteins
can be divided into two classes. There are those proteins
that fold by a two state model where they go from the
unfolded state directly to the folded state without
intermediates. The second class of proteins fold via
intermediary protein structures that tend to resemble more
the native protein than any other structure. However, both
classes of proteins tend to start by folding locally, that is
by local interactions that tend to form local structures
included among these would be the dominant a-helices
and PB-sheets structures. It is at this point where the
controversy remains. There are many controversies,
among these, some are about the major forces that are
involved in the dominant protein structures and about the
driving forces whether thermodynamically driven or
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kinetically driven. A continuous controversy is whether
these proteins fold through a pathway or not.

An invisible problem comes of age. For many years,
protein studies dealt with protein structure and function
but not its folding. However, a complex mixture of
developments resulted in the focus being placed on how
a protein folds. A major impetus was the ability to clone
genes and to overexpress their encoded proteins to very
high quanities. Many proteins became insoluble at these
high quantities (concentrations) and were found to clump
or aggregate. Such insoluble aggregates often formed
densely packed material in cells called “inclusion bodies”.
Thus the commercial sector, i. e. biotechnology compa-
nies, has been an important driving force for the study of
protein folding. Researchers including those at these
companies found that overexpression of proteins can lead
to insoluble aggregates of proteins which are not
functional. Studies have lead to the conclusion that many
of those insoluble protein masses resulted from protein
misfolding.

A system for protein folding studies. A powerful
genetic system has been developed for the study of protein
folding. It is being studied in several countries. The system
used by several international Jaboratories is that of the
tail protein (or tailspike protein, TSP) of the Salmonella
typhimurium bacterial virus, P22. No other protein folding
system possesses as many beneficial attributes such as:
1) folding mutants can be selected directly (£s/ mutants,
temperature sensitive for folding, and their suppressors ,
12-17); 2) a protein folding pathway has been determined
in vivo which revealed a monomeric and a trimeric folding
intermediate, preceding the formation of a thermostable
trimeric TSP (18-22); 3) a protein folding pathway has
been determined in vitro (23-24); 4) it is one of an
extremely small number of protein folding systems in
which there is a direct correlation between folding
intermediates identified in vivo and those identified in vitro
(25-27); one is the P22 TSP folding system while another
system is that of the human chorionic gonadotropin 8
subunit (25); however, this latter system does not have
the genetics; 5) the mutant zsf TSP interferes with the
folding at the stage of the monomer (28-29); 6) the 3D
structure of a truncated TSP (missing N-terminal 108
amino acids; out of a total 666 amino acids) has been
determined (30); 7) monoclonal antibodies have been
obtained which can recognize a monomeric folding
intermediate, a trimeric intermediate and the native TSP
(31-32); 8) it has become a model for aggregation of
proteins (1-7, 27) ; 9) it has potential structural similarities
to a number of proteins. 10) The folding and assembly of
the P22 TSP has also served as a model for LamB
(maltoporin) assembly into the outer membrane (33). No
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other system has this combination of features.

The system at hand. In general the lifecycle of
Salmonella typhimurium phages follows that of the other
phages (34-35). The initial step in phage infection is
adsorption. Adsorption to the bacterial cell surface (36-
38) consists of at least three stages: 1) Initial binding to
the receptor (without which infection could not occur)
which is often reversible; 2) Enzyme-substrate interaction
between the TSP trimer (endorhamnosidase) and the O-
antigen region of the lipopolysaccharide (LPS); 3)
Interactions with the host cell outer membrane leading to
DNA ejection from the capsid, possibly at the Bayer
junctions or other specific sites (39). Adsorption of the
phage to the bacterial cell is a known function of the tail
or TSP of bacterial viruses (40-42). The P22 phage
requires only one adsorption protein (34-36). Following
adsorption, the phage DNA generally get transcribed and
a set of more phage-specific genes are then activated.
Replication ensures multiple phage progeny. Viral
structural proteins accumulate late in infection and
assemble into the virion particles. Lysis of the bacterial
cell occurs within forty minutes of infection.

The receptor for many Salmonella phages is the LPS
of the appropriate host strain (36-37, 43-45). There is an
absolute requirement for a specific interaction between
the P22 TSP and LPS at the cell surface during the
infection cycle. This requirement has been clearly
demonstrated for the tailspikes of the following bacterial
viruses: P22, €'* and &* and is assumed to apply for all
converting (lysogenic) Salmonella phages . In general,
for Salmonella host cells, the O-antigen part of the LPS
can be up to 40 O-antigen units long. Each unit consists
of three or four saccharide units such as mannose,
rhamnose, galactose.

Phage adsorption is of some interest because the same
protein which serves as the model for protein folding is
also responsible for adsorption. Both adsorption kinetics
and fluorescence studies have indicated that there is an
interval of time between initial binding and injection of
DNA into host cells (46-48). This time interval may
represent the time required for the phage to hydrolyze its
way down close to the bacterial cell surface to reach its
surface receptor. Recent studies have indicated that this
step may be much more complicated since the enzymatic
turnover is only 2 per minute which is clearly too slow to
affect a normal infection if one TSP molecule were to act
processively (49). However, the substrates were only 2 to
3 O-antigen units long and were labeled at the reducing
end. Under physiological conditions, LPS can have up to
40 O-antigen units. In addition, these studies do not
explain the fast infection kinetics with such a slow
turnover rate which is uncharacteristic of other glycosyl
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hydrolases and do not explain the fluorescence data of
Bayer (46). The kinetics of TSP binding of these
chemically-defined 2 to 3 units substrates, indicated that
binding was essentially irreversible.

Previous studies have yielded some information about
the specificity of P22 TSP hydrolysis on the O-antigen
repeating tetrasaccharides (50-54). The P22 TSP cleaves
between the rhamnose and galactose residues. Very recent
studies have determined the 3D structure of the P22 TSP
complexed with two units of O-antigen bound to it (55-
57). It is not yet known what are the amino acids that are
most important in the binding to the LPS (R. Villafafie, in
progress).

The P22 TSP is the most extensively characterized
Salmonella phage TSP as well as being one of the most
well characterized phage LBP, lipopolysaccharide binding
protein (LBP; 57-61). This procaryotic LBP has been
purified to homogeneity and in its native form is a trimer
(18-20, 61). It has unusual properties such as it is resistant
to protease, SDS (if unheated) and to heat with a T_ of
about 88°C (21-22, 58). Its gene has been sequenced and
its structure has been determined (55-57, 61-62).

The 3D structure of the P22 TSP. Biochemical studies
had shown that the P22 TSP was a functional trimer of
identical chains and genetic studies had shown that it was
the product of gene 9 of the bacterial virus (bacteriophage,
or simply phage) P22. The structure of the P22 TSP has
been solved recently and it has been shown that other
proteins have similar structures such as the plant virulence
factors PelC and PelE, alkaline proteases and LpxA, lipid
A biosynthetic precursor. These proteins define a new
structural class of proteins, the B-helices (63-67). Many
Salmonella phages use their TSPs to interact with the host
LPS to initiate an infection. There are indications that some
of these phage TSPs may also be in this structural class
(43 and R.Villafafie, unpublished results). One member
of the B-helix class, Lpx A, shares a hexapeptide structural
motif (which may mean it has structural homology) with
a number of other membrane proteins (64). Thus this
structural class may eventually consist of a large number
of proteins. In this protein class, a major part of the
structure of each particular protein consists of B-pleated
sheets which traces out a helical pattern in 3 dimensions.
A normal helical secondary structure requires about 3.5
amino acids per helical turn but in these structures the
number of amino acids needed to make a helical turn is
much larger. Since proteins with similar structures fold
along similar paths (69-70), information on the folding
of our model protein, the phage P22 TSP, may lead to
insights on the folding of its class members. Knowledge
of structure and function of the P22 TSP itself is clinically
relevant because at least one member of this class is a
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plant virulence factor while another is involved in the
pertussin toxicity and it serves as a model for other clinical
relevant proteins.

Originally, the 3D structure of an N-terminally truncated
(missing the first 108 amino acids) P22 TSP was solved

Figure 1. N-truncated- trimeric P22 TSP. This figure displays
the trimeric P22 TSP in a Rasmol backbone display mode. In
this mode the alpha carbon atom are connected and amino acid
side chains are not seen.

at a 2 A resolution (30; Figure 1 and 2). All figures were
derived from the Rasmol Molecular Visualization
Program. Figure 2 and all subsequent figures show the
“subunit” of the P22 TSP for simplicity and ease of
visualization. Recently, the structure of the P22 TSP
complexed with LPS (it is actually two units of the most
distal part of the LPS, the O-antigen) has been solved and
this structure has been refined to 1.56 A (55, 56, Figures
3, 4). The LPS seems to be cradled by two sets of loops.
This latter report also included the structure of the head-
binding domain of the TSP. The presence of the N-terminal
head-binding of the P22 TSP had previously interfered
with the ability of the whole protein to crystallize (26, 30,
57). The three most important amino acid residues in
catalysis have been identified by analogy with other
glycosyl hydrolases and by site-directed mutagenesis to
be Asp392, Asp395, Glu359 (49; and Figure 5). As
expected these catalytic amino acids are located within
the area that is occupied by the LPS. These catalytic
residues have normal LPS binding. The turnover number
is just two per minute. Reviews on this aspect of the P22
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Figure 2. N-truncated “-Monomeric” P22 TSP. This figure is
the same as Figure 1 but it just displays the single subunit of the
P22 TSP. The N-terminal region starts at the top of the figure
while the C-terminus is located at the bottom. To be noted in
this figure is the regular periodic structure containing loops.
The C-terminus containing the less regular structure is also the
means by which the subunits in the trimer are held together
through a wrapping around of this C-terminus (interdigitation).

TSP are available (26, 49, 57).

The structure determined is 133 A long and 35-80 A
wide. P22 TSP consists of a 666 amino acid long
polypeptide chain. The B-helix contains the amino acids
143-540 (Figure 6). From this structure protrudes a loop,
designated the dorsal fin which contains amino acids 197-
259 (Figures 4 and 7). This dorsal fin is very important
in folding studies. The C-terminal caudal fin consists of
three segments: i aa541-555; ii aa556-619; iii aa620-
666. The C-terminal region is where the three identical
chains intertwine around each other (interdigitate, 30, 55-
57). Although there are eight cysteines per chain, there is
no evidence in the native x-ray crystal structure of
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Figure 3. N-truncated- “Monomeric” P22 TSP. (highlighting
the LPS, 2 O-antigen units long). This figure is the same as
Figure 2 but it contains the LPS (2 O-antigen units) in a spacefill
display. The LPS is located in the central periodic region of the
P22 subunit. Two large loops are located on each side of the
LPS.

Figure 4. N-truncated- “Monomeric” P22 TSP. (highlighting
the LPS with a bottom view of the subunit). This is the view
that is obtained when Figure 3 is turned 90° by taking the C-
terminal end and lifting it up towards the reader. Note should be
taken that the regular periodic mode of the molecule can be
seen to be due to a regular periodic circular shape of the polypep-
tide chain. The LPS (spacefill object) can be readily observed
to be located between two loop structures.
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Figure 5. N-truncated- “Monomeric” P22 TSP. (highlighting the
three catalytic residues). The threc catalytic amino acid resi-
dues, Glu359, Asp392, Asp395 are seen to be located in the
same area that contained the LPS. The amino acids are repre-
sented by “dots” or van der Waals surfaces of these amino ac-
ids.

disulfide bond formation.

A totally genetic folding system. The structural
sturdiness of the P22 TSP made it a superb candidate for
studying protein folding genetically. It was apparent that
once the chain had folded into the native trimeric TSP, it
was extraordinarily stable (denatured after 10 min at 80°C,
resistant to proteases, and to SDS, if unheated: 19). Since
the native state was stable, perhaps the pathway to the
stable folded state was more labile. The laboratory of Jon
King using conditional lethal mutations (in this case
temperature sensitive mutations) was able to show that
this was indeed the case (15). Several conditions were
favorable and allowed the study of the folding of this P22
TSP in vivo. In addition to its stability, the fully folded
native P22 TSP could easily be assayed under unusual
conditions: since it was stable to SDS, it would migrate
to a different position (uncharacteristic of its molecular
weight) on a SDS-PAGE than the fully denatured, heated
chain. Taking advantage of this peculiar migration of the
native P22 TSP trimer and by infecting Salmonella
typhimurium cells with P22 and using pulse-chase
techniques, the kinetics of in vivo folding could be
determined (18-20). Also important in these early studies
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was the fact that biological activity of the P22 TSP could
be easily assayed as the ability for this virus to form
plaques on a bacterial lawn on a petri dish or for its ability
to hydrolyze the O-antigen part of the LPS into smaller
saccharide units (its endorhamnosidase activity).
Intermediates in the folding pathway of this protein did
not display these distinctive properties.

Over 100 ¢sf mutants in the tailspike gene have been
isolated, defining over thirty sites (12, 15, 17,71). Once
matured at the permissive temperature the tailspike from
tsf mutants is as stable as the wild type protein. At the
restrictive temperature the TSP forms an aggregated
species which is not degraded. The protrimer and trimer
are not formed in the mutants. These mutants destabilize
a thermolabile early intermediate. Early studies had shown
that if a cell, which is infected with a ¢sf phage mutant,
continues to be incubated at a high restricted temperature,
it will not produce any plaques because the TSP is
improperly folded. The result is inclusion body formation

Figure 6. N-truncated-“Monomeric” P22 TSP. (highlighting the
beta helix). In this figure the B-helix (amino acids 143-540) is
represented by the strand display mode. The B-helix is here
shown to contain only the periodic strands of amino acids.
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in the infected cell. However, if the high temperature is
lowered within a short period of time, the zsf TSP will
continue on to a productive pathway and form stable TSP
proteins and virus will lyse cells. This reversibility of the
tsfeffects indicated that the critical step was an early one
which most probably involved a monomeric folding
intermediate.

An in vivo pathway for the tailspike chain folding and
association has been deduced for the TSP (18, 20). In vivo
the newly synthesized tailspike chain forms a folding
intermediate. This converts to a species sufficiently
structured for chain-chain recognition. These species
associate into the protrimer, in which three chains are
associated but not fully folded. In the last step in the
pathway: the protrimer folds further to yield the heat stable
native spike. Folding occurs both before and after chain

Table 1. Folding mutants in the dorsal fin

tsf mutant amino acid

allele change and
position
tsfUSS glu<196>lys
tsfU166 thr<199>lys
tsfUS ser<227>phe
tsfUS57 asp<230>val
hyperts trp<232>xxx
tsfH300 thr<235>ile
tsfU2 ser<238>phe
tsfH304 gly<244>arg
tsfUll pro<250>ser
tsfU24 ile<258>leu

association. This subunit association step appears to be
the rate-limiting step, probably due to the complicated
registration step and a very intricate interweaving of the
C-termini from the three polypeptide chains. This
protrimer has another interesting characteristic, it contains
disulfide bonds which are not present in the native trimeric
structure (72). Though the native tailspike is thermostabile,
early intermediates in the folding pathway are
thermolabile. As a result many tailspikes fail to reach the
final conformation at the elevated temperature (19).
The dorsal fin loop contains nine sites (out of thirty
eight sites) shown to be important for protein folding
(Table 1, Figure 7; 17). This suggests that this loop is
important for protein folding. Similar loops are present
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Figure 7. N-truncated- “Monomeric™ P22 TSP. (highlighting the
dorsal fin). Here the subunit is shown as a backbone structure.
The dorsal fin (amino acids 197-259) is shown here in the Stick
representation. It is noted as the loop form that is located on the
right side of the LPS insertion.

in other B-helix proteins and this result may argue that
these loops are also important in structure and folding
(63-67).

Before the crystal structure had been obtained, it was
argued that the site of the location of the ¢s/ mutations
must have a repetitive structure since all of the s/ mutants
had similar characteristics (17). All of the known tsf
mutations are located within the B-helix region of the
protein (amino acid residues 143-540 out of 666 total
amino acid residues; Figure 6).

Summary of tsfresults. The genetic and physiological
studies of the P22 TSP showed: 1) the TSP is stable at
high temperature (Tm ~88°C) and resistant to proteases
and SDS treatments (the latter treatment if unheated, 19);
2) the TSP folding pathway involves two sequential
folding intermediates of monomeric and trimeric
(Protrimer) size (18-20, 58); technically there is no
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monomer or subunit since this form of the tailspike is a
folding intermediate; 3) only a limited number of sites
are involved in its folding path (17); 4) at restriction
temperatures the ¢s/ TSP forms inclusion bodies (4-7, 22,
28) ; 5) the tsf mutations affect the monomer-sized
(subunit) folding intermediate (28, 29) ; 6) two suppressor
mutants, the global suppressors isolated by the King and
Villafafie laboratories, can alleviate many tsf defects and
are involved in the aggregation path. These suppressor
mutants are termed “global suppressors” (13, 14, 16, 28).

The in vitro folding pathway. Seckler and coworkers
have found conditions in which the trimeric TSP
(215KDa) is denatured into unfolded polypeptide chains
and its activity and structure is restored after dilution into
neutral buffer at 10°C (23, 24). Fluorescence emission,
sedimentation analyses, and electrophoretic mobility
studies confirmed that the reconstituted protein was
identical to the native trimeric TSP. They also showed
that reconstitution can be achieved at higher temperatures
(30). At these higher temperatures refolding of the tsf TSP
produced lower tailspike yields similar to what happens
in vivo.

Characterization of the in vitro refolding path by
hydrodynamic and electrophoretic migration yielded two
folding intermediates of the same size and form as those
identified in vivo (23). This is the only protein folding
system in which it is possible to directly select for folding
mutants and in which there is a direct correlation between
folding intermediates in vitro and in vivo.

It had been noted that in the presence of SDS and
temperatures between 65-70°C in an SDS PAGE that with
time there was complete denaturation of purified P22 TSP
with the concomitant appearance of a protein band
corresponding to the monomer molecular weight of the
P22 TSP. However, before full denaturation there appeared
another band that was high molecular weight. Further
investigation showed that this band was a thermal
intermediate in which the N-terminal 100 or so amino
acids were mobile during high temperature incubation
and, unlike the P22 TSP, became susceptible to protease
(73). Using protease-generated N-truncated P22 TSP, it
was also shown that the pattern of formation of the thermal
unfolding intermediate and its conversion to the fully
unfolded state correlated well with the severity of the
original ¢sf defect in vivo. With that method, it was shown
that the ¢sfU2 and the hyperts (Hts) folding mutants were
the most severe tsfmutants which corroborated previous
in vivo studies (Table 1). Hits is unique among the fs
folding mutants because it is temperature sensitive at 30°C.
Using a recombinant gene to generate the N-terminally
deleted P22 TSP and mutant variants, it was shown that
under these thermal unfolding conditions that the tsf
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mutations and suppressors behave similar to the in vivo
conditions (74).

Mechanism of tsf mutations. Using in vitro refolding
kinetics, Seckler and colleagues have found that the sf
mutants affected the “subunit” or “monomer” form of the
tailspike and decreased the yield of native tailspike (29).
This is the part of the protein folding path which had been
genetically defined as the stage at which the tsf exerted
its affects on the mutant proteins (28). The global
suppressors were shown to increase the yield of native
TSP at the subunit stage (29).

Interactions between amino acids can be studied
genetically. Genetics is an important science in medicine
and in all of basic biology because a function can be
assigned to a gene. Most often, a mutation defines a gene
when its presence directly correlates with a defective (or
altered) property or function. These gene assignments are
most easily done in a procaryotic cell which does not have
the complicating homologous chromosome.

In simple systems, such as the P22 TSP, it is relatively
straightforward to identify suppressors (folding
interactions) because it is a simple matter to isolate
functional mutants at the high restrictive temperature from
nonfunctional #sf mutants. In genetics a mutation which
causes a defective protein identifies the gene and if another
mutation is found in the same gene which results in
restoration of activity or function, the deduction is that
these two mutations have resulted in the corresponding
amino acid interacting in a manner to restore activity or
function. These two compensatory mutations, located in
the same gene, identify genetic interactions. In efforts to
identify folding interactions, suppressors to folding
mutants have been isolated (13, 14, 16).

Two suppressor mutants, isolated by the King and
Villafafie laboratories, can alleviate the defects of many
tsf mutants. These suppressors appear to correct the
aggregation path by increasing the yield of functional
TSPs by stabilizing a folding monomeric intermediate.
These suppressor mutants have been termed “global
suppressors” (13, 14, 16, 28). In the 3D structure the global
suppressors are located in the sixth turn of the B-helix
where 331 is partly solvent exposed and 334 points into
the interior of the B-helix (30). An additional three
suppressor pairs have been isolated (16). One of these
pairs may identify an ionic interaction important during
the folding process but not present as a salt bridge in the
native protein structure (16 and R. Villafafie, unpublished
data).

The smallest folding units. From the structure of the
P22 TSP, it is clear that there is a major structural element
located in the central region of the protein , the B-helix
(Figure 6). It is the site of the vast majority of the sf
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mutations (17,71). One recent report has shed light on
the importance of this structural feature of the P22 TSP
(75). Although previous studies had indicated that the N-
terminus was essential for binding of the P22 TSP to the
virus head structure (42, 44, 56, 73), other studies had
indicated that as far as protein folding was concerned,
the N-terminus was not necessary for folding (76). The
question now was whether the B-helix was a folding
domain and if its structure was similar to the individual
chain in the trimer. To address that question, a recombinant
gene was prepared (75). This recombinant gene was
deleted at the 5' and 3' ends of the gene in order to produce
the B-helix gene. The recombinant gene produced a
monomeric TSP at low protein concentrations. The
monomer TSP was shown to have a spectroscopic signal
similar to the native protein. In addition, the monomer j3-
helix bound LPS and retained enzymatic activity. Because
of these characteristics, it could be concluded that the
monomer B-helix protein must be similar in structure to
one of the subunits in the crystal structure of the P22 TSP
(75).

Urea denaturation studies have recently shown that the
isolated monomeric B-helix protein exhibits properties
of an intermediate in the P22 tailspike folding: the effect
of tsf mutations is to lower the stability of this protein
while the effect of the suppressor mutations is to stabilize
the protein (77). This study also showed that the monomer
B-helix protein was prone to form aggregates under a
variety of conditions. This is a reasonable behavior fora
protein conformation that is poised at the point between
entry into an aggregation pathway or into a productive
protein folding pathway. Since the effect of these
mutations (i. €. amino acid substitutions) is expected to
occur on the folding intermediate prior to the formation
of the protrimer, this study suggests that this monomer 3
helix protein exhibits properties of a protein folding
intermediate on a folding pathway.

The flip side of folding: folding and aggregation of
proteins. An excellent review on this process, containing
some relevant and interesting historical views, has recently
been published (27). This phenomena is of enormous
importance because a change of conditions, such as
prolong storage of a therapeutic protein, is often enough
to cause protein aggregation. Use of gene carrying vectors
for the overexpression of gene products has often resulted
in the synthesis and accumulation of the cloned gene at
extremely high levels. This overexpression can sometimes
even change the nature of the cytoplasm milieu. Such
conditions may cause aberrant interactions between highly
expressed proteins.

Many overexpressed proteins become trapped in
insoluble “inclusion bodies” which can be seen in the
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electron microscope as crystalline structures occupying
large areas of bacteria or yeast cells. Inclusion body
formation is so common that it is accepted as a common
form of overexpressed product and there are routine
procedures to obtain soluble protein from these insoluble
masses. It has long been assumed that the formation of
aggregates is caused by the interaction between non-
specific patches of hydrophobic amino acid residues on
the surface of proteins under non-ideal synthetic
conditions. The formation of inclusion bodies itself argues
strongly for the apparent specific interactions between
polypeptide chains.

There are a finite number of folding sites on the protein
(17). At higher temperatures, between 35-39°C, the
synthesis of the TSP of rsf phage mutants results in the
formation of inclusion bodies in infected cells. At
temperatures of 40°C and above even the wild type P22
TSP forms extensive aggregation.

In the P22 protein folding system, there is a pivotal
monomeric folding intermediate which could either
proceed into the productive folding pathway or go into
the aggregation path which leads to inclusion body
formation (4-7, 78). Itis at a monomeric stage that the s/’
defects are expressed. Commitment to the productive or
aggregation-specific pathway occurred within seconds of
refolding of the urea-denatured P22 TSP (78). Aggregation
could be suppressed by initiating refolding in the cold
(4°C) and then continuing incubation at 20°C (78). The
cold incubation step allowed the accumulation of a
monomeric folding intermediate that was past the point
of tsfsensitivity. These studies suggested that there are at
least two monomeric protein folding intermediates. The
first intermediate is thermolabile and may be the protein
structure that is further destabilized by the ¢sf mutations.
This first monomer intermediate is in equilibrium with
another aggregation-prone folding intermediate. The
second protein monomeric folding is on the productive
pathway, past the thermolabile step.

The aggregation of this protein has been shown to
proceed by an aggregation pathway (6, 78, 79) and such
a pathway may be general (79). A very simple study was
done which elegantly showed that in the P22 protein
folding system, aggregation is a protein-specific
phenomena (79). Using the P22 virus system, it had been
shown that both the P22 coat and P22 TSP proteins had
folding and aggregation pathways. The electrophoretic
gel patterns for the aggregation products of each protein
were distinguishable from each other. Aggregates of the
P22 coat and TSP proteins were mixed and incubated in
the same reaction. No mixed aggregation forms were
observed. This study strongly suggests that in some
proteins, aggregation is a specific event.

Protein Folding
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Conclusion. The problem of protein folding can no
longer be ignored. The recent award of a Nobel Prize in
this area typifies the keen interest and progress that has
occurred in recent years (80). The evidence is
accumulating that many diseases have their etiologies in
the protein folding problem. (8, 9, 80, 81). A number of
attributes have made the P22 TSP foldiing system a key
for modeling both clinical and basic sciences aspects of
protein folding. The P22 TSP has an all B-structure and
undergoes aggregation, similar to the B-amyloid disease
protein. The in vitro and genetic aggregation studies have
great commercial and clinical importance. The P22 TSP
has a B-helical structure similar to the Bordetella pertussis
virulence factor (82). Extremely helpful has been the
ability to select directly those amino acid sites that are
involved in protein folding and the direct correspondence
between the in vivo and in vitro protein folding pathways.
It is hoped that this review has illustrated an important
protein folding system and that it has also shown the use
of procaryotic systems to dissect and understand
complicated biological problems.

Resumen

Este articulo describe el uso de un sistema genético
simple, que proveee una vision mas profunda del proceso
de plegamiento de las proteinas y de su contraparte, la
agregacion protéica. Estos estudios hacen uso de la
proteina de la cola del bacteriofago P22 el cual infecta a
Salmonella typhimurium. Este sistema de plegamiento
sirve como modelo a varios elementos protéicos
estructurales y puede aumentar el conocimiento de las
enfermedades relacionadas a defectos en el plegamiento
de las proteinas, campo que actualmente estd en pleno
crecimiento.
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