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to trigger the full activation of CLNI and CLN2? through the
positive feedback loop.

The physiological significance of the loop is still unclear
because clnl cln2 cin3 triple mutants kept alive by virtue of
CLN2 expressed from a constitutively expressed promoter can
proliferate efficiently®®. This means either that the regulation of
G1 cyclins is not essential for viability or that there exists also
a post-transcriptional _mechanism for CLN2’s regulation, as
there must be for CLN3 (refs 3, 11). It is also unknown how
the yeast pheromone signal transduction pathway prevents the
loop from firing and how the loop is eventually turned off to
make way for the formation of different forms of the CDC28
kinase (for example involving G2-specific cyclins)!*1>,

A question remains concerning the mechanism by which
CDC28 kinase activity raises CLN1 and CLN2 transcript levels.
SWI4 and SWI6, which are components of a transcription com-
plex required for CDC28-dependent HO expression, are also
required for CLN2 transcription. Therefore, one possibility is
that phosphorylation of SWI4 and SWI6 complexes by the
CDC28 protein kinase may increase their ability to activate
transcription. O
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HUMAN immune responses to schistosome infection have been
characterized in detail'">. But there has been controversy® over
the relative importance of ecological factors (variation in exposure
to infection) and immunological factors (acquired immunity) in
determining the relationships between levels of infection and age
typically found in areas where infection is endemic”*. Independent
effects of exposure and age on the rates of reinfection with Schis-
tosoma haematobium after chemotherapy have been demonstrated
in the Gambia® and Zimbabwe®. This age effect could be the result
of acquired immunity to infection. Indeed, allowing for variation
in exposure and age, low rates of reinfection in the Gambia are
correlated with high amounts of specific IgE antibodies'®—human
. IgE cankill S. mansoni schistosomulae in vitro"". Further, animals
can acquire immunologically mediated resistance to S. mansoni
infection'*~', although nonimmunological factors could also he
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_ involved'S. Acquisition of this immunity seems to be related to the

cumulative effects of repeated infection and provides only partial
protection'>'>'®, These characteristics are consistent with
immuno-epidemiological data for both S. mansoni and S.
haematobium infections of humans*'’. We have now analysed
age—prevalence data for human infection with S. haematobium,
and find patterns of variation that are indeed consistent with the
epidemiological effects of acquired immunity predicted by mathe-
matical models.

The epidemiological effects of an immune response to schisto-
some infection can be investigated using a mathematical model
developed by Anderson and colleagues'™'. This is an age-
structured immigration-death model that considers changes
with age, a, in the mean intensity of infection (number of adult
schistosomes), m(a), as a function of the per capita rate of
infection, A, and the per capita parasite mortality rate, y.
Acquired immunity moderates the rate of parasite establishment.
The modet predicts the following consequences of a higher rate
of infection, A, on endemic epidemiological patterns: (1) an
increase in the convexity of the age-intensity curve; (2) an
increase in the peak intensity of infection, m(a*); and (3) for
certain parameter values, a decrease in the age of peak intensity
of infection, a*. The last two of these imply a negative correlation
between m(a*) and a* for populations with different values
of A (Fig. 1). These predictions hold even if A is itself age-
dependent, perhaps owing to age-related variation in exposure,
provided that the form of the relationship does not vary
systematically between populations subject to high or low

—_—

Intensity m(a)

— -

Age a

FIG.1 Predicted patterns for age-related changes in the intensity of infection
using a version of the model of Anderson and colleagues®®*%. The model
considers changes in the mean intensity of infection, m, with respect to
age, a. For certain parameter values (see below) the model predicts an
age-intensity curve of the form:

m(a)=A+e " 27 sin (ah/2)[1 - Aly + g)/2A)/0

_—Acos (a8/2)] 1)

with A=Ao/(oy +vA) and 6=[4vA—(y— )12 where A is the per
capita rate of infection, » is a measure of the decrease in the per capita
rate of parasite establishment due to acquired immunity, o is the rate of
loss of immunological memory, and y is the per capita mortality rate for
adult parasites. The parameter A is a function of the mean per capita
fecundity of adult parasites, intermediate host snail population density, life
expectancy of infected snails, human population density, per capita rate of
infection of snails per adult parasite and per capita rate of infection of
humans per infected snail. The rates of infection of both humans and snails
are functions of the mean water contact rate of the human population.
Equation (1) applies where parameter values satisfy the condition 4vA >
(y— o). The solid curves in the figure represent equilibrium age-intensity
curves predicted by equation (1) with parameter values » =0.0015, 0 =0.04,
v=0.027 throughout and A=2.2, 1.8, 1.4, 1.0 and 0.6 for curves labelled
1-5, respectively. The shift in the predicted peak intensity of infection,
m(a*) with the predicted age of peak intensity, a*, is shown by the broken
curve. This relationship is generated solely by variation in A.
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transmission, that is, if dA/da is independent of A (see below).
The model formalizes earlier precictions based on verbal argu-
ments>’,

Variations in age-intensity patterns for human infection with
schistosomes?®?! and hookworm'® have been reported to be
consistent with these predictions, but a robust analysis has not
been possible owing to the lack of suitable field data. We have
analysed 17 data sets recording the prevalence within age groups,
P(a), of S. haematobium infection for more than 2,000 children
in Zimbabwe. There is a statistically significant negative correla-
tion between P(a*) and a* across these data sets (Fig. 2). The
relationship between prevalence, P, and m depends on the
distribution of schistosomes among hosts (the more aggregated
this distribution, the lower P is for a given m), so the pattern
shown in Fig. 2 could reflect differences in the parasite distribu-
tion rather than in mean intensities of infection. But available
data indicate that the degree of aggregation, as indexed by the
variance-to-mean ratio for egg counts, does not increase with
age (Fig. 3), so the pattern of Fig. 2 must reflect differences in
m{a*).

The observed pattern is therefore consistent with model pre-
dictions. The only other interpretation possible is that there is
a relationship between A and age, perhaps due to age-related
variation in exposure, such that populations with high overall
A also tend to have peak values of A at an earlier age. None
of the many epidemiological and sociological studies carried
out in Zimbabwe indicates such a relationship®?*.

Although the analysis captures the essentials of the dynamic
interaction between infection and acquired immunity, it ignores
certain features. We have not considered the effects of blocking
antibodies, which are thought to be involved in human schisto-
some infection, or age-dependency in the immune response

100 -

60 -

Peak prevalence P(a*) (%)

40 +— ¥ T — L LIS
C9 11 13 - 157
Age of peak prevalence a*(yr)

T

FIG. 2 Relationship between peak prevalence of infection, P(a*),‘a7nd age
of peak prevalence, a*, for S. haematobium infections of school-children in
Zimbabwe. Data are from 17 primary schools in the Zimbabwe highveld. A
total of 2185 children between 6 and 16 years old were screened for
infection by examination of a 10-mi urine sample®®>”, Data from adjacent
one-year age classes have been pooled where necessary to provide esti-
mates of P(a*) based on more than 20 individuals. In no case where data

were avaitable from additionat age classes (six schools) was peak prevalence

observed outside the age range 6-16 years. The schools were located within
an area ~100Xx100km and represent contiguous populations within a
geographically, cuiturally and sociologically homogeneous region2®? (com-
pare with refs 19 and 21). Several factors may contribute to variation in
the per capita rates of infection experienced by these different populations:
differences in human population densities, differences” in population
densities of the intermediate host snails (Bufinus globosus), and differences
in mean water contact rates (reflecting differences in the availability and
convenience of natural water bodies). The relationship between P(a*) and
a* is in the direction predicted by the model incorporating acquired immunity
(Fig. 1) and is statistically significant: Kendall's rank correlation ‘T=-0.438,
n=17, P<0.01 (one-tailed test). . o
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FIG. 3 Relationships between the variance-to-mean ratio for intensity of S.
haematobium infections and age. The data are egg counts per 10 ml urine
(single sample) from children between 6 and 20 years old, divided into five
age classes. I, Sample of 237 children from a community in eastern
Zimbabwe®, @, Sample of 188 children from a community in the Zimbabwe
highveld (SK.C. and ME.JW., unpublished data). Kendall's rank correiation
r=-0.800 (P=0.04) and —0.400 (P=0.24), respectively. Peak fevels of
infection occur among 8-10-year-old children in both samples.

itself>*. More information is needed before these effects can be
incorporated in mathematical models. Nor have we considered
the effects of acquired immunity on schistosome mortality and
fecundity and on the fraction of eggs passed out of the host’s
body, effects which have been reported in animal models'>?.
Because egg output is the most widely used index of the intensity
of infection in humans, any effects of acquired immunity on
egg output need to be better understood if immuno-epidemio-
logical data are to be interpreted correctly.

In conclusion, we have shown patterns of variation in age-
prevalence data for human infection with S. haematobium that
are consistent with current understanding of the epidemiological
effects of acquired immunity. To our knowledge, such a relation-
ship has not previously been demonstrated for any human
macroparasite infection. The interaction between schistosome
infection and acquired immune responses are complex and we
expect that mathematical models will prove valuable for the
interpretation of field data. 0
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TABLE 1 Binding of CAF to octyl sepharose

Preacylation Postacylation

(HU) (HY)
CAF 1.2x10° 1.1x10°
Unbound fraction 20 27x10*
Bound fraction 0.6 x10° 0.9x10%

Activation of Escherichia coli
prohaemolysin to the mature
toxin by acyl carrier protein-
dependent fatty acylation

Jean-Paul Issartel, Vassilis Koronakis & Colin Hughes

Department of Pathology, University of Cambridge, Tennis Court Road,
- Cambridge CB2 1QP, UK .

HAEMOLYSIN secreted by pathogenic Escherichia coli binds to
mammalian cell membranes, disrupting cellular activities and
lysing cells by pore-formation. It is synthesized as nontoxic pro-
haemolysin (proHlyA), which is activated intracellularly by a
mechanism dependent on the cosynthesized HlyC. Haemolysin is
one of a family of membrane-targeted toxins, including the
leukotoxins of Pasteurella and Actinobacillus and the bifunctional
adenylate cyclase haemolysin of Bordetella pertussis, which require
this protoxin activation'™, HlyC alone cannot activate proHIyA,
but requires a cytosolic activating factor®. Here we report the
cytosolic activating factor is identical to the acyl carrier protein
and that activation to mature toxin is achieved by the transfer of
a fatty acyl group from acyl carrier protein to proHlyA. Only
acyl carrier protein, not acyl-CoA, can promote HlyC-directed
proHIyA acylation, but a range of acyl groups are effective.

In vitro post-translational activation of proHlyA to the
haemolytically active toxin is achieved by mixing cell extracts
containing separately the proHlyA of relative molecular mass
110,000 (M, 110K) and the 19.8K HlyC, but activation is lost
when both proteins are purified®. Activation is recovered by
addition of an E. coli cell extract, demonstrating the existence
of an essential cytosolic activating factor (CAF)S. Purification
of the protease-sensitive CAF increased about 120-fold in the
specific proHlyA-activating activity (Fig. 1a, b). Anion exchange
chromatography revealed that CAF is highly negatively charged
and gel filtration indicated that it has an M, of 9-10K (Fig. 1a).
SDS-PAGE showed a single polypeptide (Fig. 1b, lanes 1-3)
migrating as a diffuse, weakly stained band with a higher
apparent M, of 16-19K. N-terminal sequencing of purified CAF
showed that the first 20 amino acids (Fig. 1¢) are identical to
those of E. coli acyl carrier protein (ACP), an 8.86K negatively
charged polypeptide which, like CAF, migrates abberantly dur-
ing SDS-PAGE"™* (Fig. 1b, lane 4). :

In E. coli, ACP can function either in the unacylated form,
as in the synthesis of periplasmic glucans®, or in the acylated
form, donating acyl residues linked by a thioester bond to the
covalently bound phosphopantotheine group, for example in

*lipid biosynthesis. That proHlyA activation requires acyl-ACP
was indicated by the loss of CAF activity after treatment with
“hydroxylamine, dithiothreitol (DTT) or NaBH, (not shown),
each of which hydrolyses thioester linkages' between acyl
groups and holo-ACP (ACP—SH). Further evidence was based
on the characteristic behaviour of ACP—SH and acyl-ACP
during chromatography in octyl sepharose. Although ACP—SH
does not bind to this medium the acyl-ACP adsorbs tightly until
eluted by 2-propanol''. Purified CAF adsorbed to octyl
sepharose, and when eluted by 2-propanol it was able to activate
proHIyA in the presence of HlyC (Table 1, bound fraction).
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A 100 pl atiquot of CAF (purified as in Fig. 1) able to generate 1.2 x 103 HUs
was mixed with 20 p! octyl sepharose CL4B (Pharmacia). After incubation
for 10 min at 22 °C, the chromatographic medium was pelleted by centrifuga-
tion and the supernatant withdrawn (the ‘unbound fraction’), the pellet was
then mixed with 100 wl HED buffer containing 25% 2-propanol. The super-
natant obtained after centrifugation of this was the ‘bound fraction’. Both
fractions were assayed for proHiyA activation before and after enzymatic
acylation (pre- and postacylation, respectively), and the activities expressed
in HUs, standardized to 100 ul of the original fractions. Enzymatic acylation
was performed essentially as recommended®®; aliquots of purified CAF,
unbound fraction and bound fraction were lyophilized and incubated with
160 uM myristic acid (sodium salt) and 0.8 mU acyl-ACP synthetase (Sigma)
in 20 pl. After 30 min at 37 °C the proHiyA activation competence of the
samples was assayed. /n vitro activation of proHlyA in the presence of HiyC
and the CAF-containing samples was performed as described®. Routinely,
purified proHIyA (6 ug) was preincubated for 10 min at 22 °C in the presence
of 80 ng purified HlyC and different amounts of CAF in a total of 50 u! HED
buffer. Haemolytic activities were assayed by diluting the reaction mixes
with 1 ml saline buffer, 150 mM NaCl, 20 mM CaCl, containing 2% (v/v)
equine erythrocytes. After 30 min at 42 °C debris was cleared by centrifuga-
tion, and the haemoglobin released by erythrocyte lysis was read at 543 nm.
One HU is defined as the amount of active HIyA promoting the release of
1 nmol haemoglobin per h.
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FIG. 1 identity of the cytosolic activating factor (CAF) with acyl carrier protein
(ACP). & Final purification step of CAF through a G75 Sephadex column;
protein elution profile (O), proHiyA activation in haemolytic units (@). Arrows
correspond to the elution volumes of M, markers (M, x1073). p, Analysis
by 20% SDS-PAGE. Lanes 1, cytosolic extract 30 Wg; 2, active fractions from
Q sepharose chromatography 15 p.g; 3, active fractions from G75 Sephadex
9 ug 4, ACP (Sigma) 6 ug. Specific CAF activities are given as HU per pg
protein. ¢, The N-terminal amino-acid sequence of purified CAF obtained by
an Applied Biosystems 477A Protein Sequencer after electroblotting onto
Problott membrane. )

METHODS. E. coli strain PR7 was grown in aerated 2TY medium at 37 °C
Up to an absorbance at 600 nm of 1.6. Peletted celis (10,000g, 10 min)
were resuspended in 1/20 original culture volume then disrupted in a French
Press (12,000 p.s.i). Lysate was centrifuged (30,000g, 15 min) and 10 mi
supernatant were loaded on a Q sepharose fast-flow anion exchange
chromatography column (Pharmacia, 10 ml), equitibrated in 25 mM HEPES
buffer, pH8.0, 5 mM EDTA, 1 mM DTT (HED buffer). The column was washed
with 50 ml HED containing 50 mM NaCl and elution was achieved using a
linear 50-500 mM NaCl gradient in 250 ml HED. CAF was assayed by in
vitro HlyC-dependent activation of proHIlyA, as described in the legend to
Table 1. Active fractions eluted ¢close to 300 mM NaCl were lyophilized,
solubilized with 3ml HED containing 3mM magnesium acetate and
70 mMNaCl and loaded on a G75 Sephadex superfine column (Pharmacia,
1.5Xx90 cm) equilibrated in the same buffer. Flow rate was 8 mth™* and
2mi fractions were collected. Proteins were assayed either with a
Coomassie-blue staining solution (a) or the more accurate microBCA assay
(Pierce) (b). : ’
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TABLE 2 Activity of Specific acylated forms of ACP in the activation in vitro of proHiyA .

Fatty acid None Cin
Specific activity (HU ug™2) 6 1.5x10*
Relative activity — 0.20

C:LA C16 C16,1 C18.1
7.6x10* 2.7 x10% 38x10* 0.7 x10*
10 0.36 0.50 0.09

HlyC-dependent proHlyA activation by ACP (Sigma) enzymatically acylated b
with 160 pM fatty acid (sodium salt) and 1.5 mu acyl-ACP synthetase (Sigm

y various fatty acids, as described in Table 1. ACP (15 uM) was incubated
a) in 40 pl, at 37 °C for 30 min. Reaction mixes were diluted 500-fold and

aliquots were assayed for proHlyA activation as described in Tabie 1. Haemolytic activities were corrected to take into account that the yields of acylated
ACPs are dependent on the nature of the fatty acid used as a substrate. Accordingly, HUs were multiplied by the following correcting factors drawn from

the published data®®; C,, (lauric acid)=2.2; C,, (myristic acid)=1.1; Cie

palmitic acid) =1.0; C,4,4 (cis-9-hexadecenoic acid/palmitoleic acid)=1.8; C,g,

(¢is-11-octadecenoic acid/ cis-vaccenic acid)=2.0. Corrected specific haemolytic activities given in the table were used to define the relative ability of the

different acylated-ACP to activate proHlyA, taking C,,-ACP as a reference.

The unbound fraction was unable to activate proHIyA, but could
be converted into the activating form by E. coli acyl-ACP syn-
thetase, which catalyses the ligation of fatty acids to ACP—SH
in the presence of ATP-Mg?*. This enzymatic acylation resulted
in about a 10*-fold increase in proHIyA activation. CAF and
the octyl sepharose-bound fraction were also enhanced, but by
92-fold and 15-fold, respectively. The data suggest that purified
CAF contains both acyl-ACP and ACP—SH, and that proHIyA
activation requires acyl-ACP. The requirement is strict; neither
acyl-CoAs nor free fatty-acids promoted activation. Commercial
ACP (ACP—SH) supported low amounts of HlyC-dependent
proHlyA activation (specific activity 6 haemolytic units
(HU) ug™'; compare with CAF 1,300 HU pg~'). After enzymatic
acylation with a range of fatty acids (C,, to C,4.,), the resulting
acylated ACPs all had a specific activity about 10*-fold higher
than ACP—SH (Table 2), with myristoylated ACP the most
active. Myristic acid is not as abundant in E. coli as palmitic,
palmitoleic and cis-vaccenic acids, so myristoyl-HlyA may be
the most active acylated toxin among a mixture secreted by the
cell. '

We demonstrated directly that activation involves transfer of
the acyl group from acyl-ACP to proHIyA by using enzymatic-
ally synthesized [*“C]palmitoyl-ACP. In vitro activation to the
haemolytic HlyA occurred concomitantly with the radiolabelling
of proHIyA, that is by covalent acylation with the ['*Clpalmitoyl
group (Fig. 2b, lane 2). No stable intermediate fatty-acyl-HlyC
was found. No activation and no radiolabelling of proHlyA
occurred in the absence of HlyC (Fig. 2b, 1ane 1).

Acylation is involved in the maturation of many proteins of
both prokaryotic and eukaryotic cells, including viral oncogene
products, but it is achieved by various mechanisms differing

o according to the fatty acid transferred, the amino acid modified,
. and the fatty acyl donor'. Myristic and palmitic acids are the
most common fatty acids cross-linked to proteins. Myristic acid
is attached through an amide linkage to an N-terminal glycine
by the specific enzyme N-myristoyl transferase'", but acyla-
tion can also occur on internal cysteine or threonine residues
(S- and O-ester linkages), and probably also lysines (amide
linkage) in processes which do not show strong selectivity, for
specific fatty acids'. Fatty acyl-CoAs act as donors in both
myristoylation and ester-type acylation. A further hydrophobic
modification of eukaryotic proteins is the covalent attachment
of glycolipid to the C-terminus of protein (glypiation)'*, whereas
lipoproteins sorted to the bacterial outer membrane (for example
penicillinase and pullulanase) undergo complex processing in
which an N-acyl diglyceride cysteine is generated at the N-
terminus, using fatty acids derived from phospholipids'®. The
acylation of proHlyA does not €quate to any of these character-
ized examples.

The linkage of the radiolabelled fatty-acid group to active
haemolysin (HIyA) was resistant to hydroxylamine (not shown),
indicating an amide linkage. Acylation of one or more amino
groups in proHlyA would explain the increased negative charge
of activated HlyA, compared with proHlyA'S, An N-terminal
proHlyA acylation similar to N-myristoylation seems impos-
sible as there is no specificity for a myristoyl group, nor for the
N-terminal sequence as the first amino acid of proHIyA is not
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glycine and a mutant of proHIyA lacking the N-terminal 15K
is still activated!”. More likely, fatty acylation of proHIyA in-
volves internal amide-linkage (lysine modification), as described
for the mouse nicotinic acetylcholine receptor'®, the human
insulin receptor’® and the immunoglobulin heavy-chain poly-
peptide of mouse B lymphocytes®. Internal proHIyA
modification is also consistent with the isolation of amonoclonal
antibody which recognizes only the active HlyA, specifically
epitope 626-726"".

Cellular fatty acylation can be central to signal transduction,
protein-protein interactions, and protein anchoring to mem-
branes'?, Post-translational modification of proHlyA is not a
requirement for HlyB-dependent secretion of HIyA, but it
remains possible that it may modulate the kinetics of trans-
location across the two bacterial membranes. Note that where
the exported substrates of eukaryotic homologues of the E. coli
HIlyB translocator are known, they are lipophilic drugs (exported
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FIG. 2 Activation to the mature toxin occurs concomitantly with the transfer
of radiotabelled palmitic acid from ACP to proHIlyA. a Coomassie blue-stained
SDS-PAGE of reaction mixture components HIyC (2 ug), proHiyA (1 ug) and
ACP—SH (3 ug). b, Fluorography of in vitro radiolabelling reaction mixtures
containing the three components, {1*Clpaimitoyl-ACP, proHlyA and HIyC, as
shown in the box (lanes 1, 2, 4). Lane 3 shows 4C.labelled M, standards
(M, x1073),

METHODS. ACP (6 ug, Sigma) was acylated as described in the legend to
Table 1 by 1.5mU acyl-ACP synthetase in 40 pl, for 1 h at 37 °C, in the
presence of 100 uM U[t*Clpalmitic acid (sodium salt; specific radioactivity
839 mCi mmol™, Amersham). Then, HlyC was added to 5 ug, proHyA to
14 pg, and incubations were performed for 30 min at 22 °C in a total volume
of 120 ul. Samples (10 ) were precipitated by 50%(v/v) ethano! {lanes 1
and 2) or 10% TCA (the control, lane 4) and pellets dissoived in SDS-PAGE
loading buffer before separation on a 12.5% gel, fluorography and 2 days
exposure. Note acyl-ACP migrates faster than ACP—SH, and acy!-ACP is
poorly precipitated by 50% ethano! so precipitation was achieved with TCA
to maximize recovery in the control lane 4.
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