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Prevention of Mucosal Escherichia co/i 1 nfection that type 1 pill may play a role in bacterial 
cystitis by mediating colonization to man- 

by Fi m H -Ad hesi n-Based System ic Vaccination nose receptors alo~ln the bladder mucosa - 
(16). In a murine cystitis model it was 

Solomon Langermann,* Susan Palaszyns ki, Michelle Barn hart, shown that of the bladder by 
Gale Auguste, Jerome S. Pinkner, Jeanne Burlein, clinical isolates of E .  C O ~ Z  was greatly depen- 

Philip Barren, Scott Koenig, Simon Leath, C. Hal Jones, dent on growth conditions that favored the 

Scott J. Hultgren* expression of type 1 pili (17, 18). In both 
inurine and primate models, expression of P 

Virtually all uropathogenic strains of Escherichia coli, the primary cause of cystitis, 
assemble adhesive surface organelles called type 1 pili that contain the FimH adhesin. 
Sera from animals vaccinated with candidate FimH vaccines inhibited uropathogenic E. 
colifrom binding to human bladder cells in vitro, Immunization with FimH reduced in vivo 
colonization of the bladder mucosa by more than 99 percent in a murine cystitis model, 
and immunoglobulin G to FimH was detected in urinary samples from protected mice. 
Furthermore, passive systemic administration of immune sera to FimH also resulted in 
reduced bladder colonization by uropathogenic E. coli. This approach may represent a 
means of preventing recurrent and acute infections of the urogenital mucosa. 

Adhesive ~ i l i  mediate the colonization of 
mucosal surfaces, allowing bacteria to estab- 
lish infection 1 1 .  2). Over the rears much , ,  , 

research has been motivated by 'the goal of 
using pili as vaccines to prevent bacterial 
infections (3).  However, these efforts have 
often been thwarted by f~ndings that the 
major immunodo~ninant component of pi- 
lus fibers is often antieenicallv variable and 
thus would only offe; proteciion against a 
limited nuinber of bacterial strains. Pilus- 
associated adhesins, on the other hand, are 
typically highly conserved among different 
strains and species of bacteria (4 ,  5 ) .  How- 
ever, adhesins are often onlv minor comao- 
nents of pilus fibers (locaied at the pllus 
tips), and as a result, intact whole pili do 
not elicit a strong antibody response to the 
adhes~n (6) .  The use of expression systems 
to purify large amounts of adhesin has often 
failed because most adhesins are proteolyti- 
cally degraded when expressed as an inde- 

S. Langermann, S. Palaszynsk~. G. A~lg~lste, J. Burle~n. P. 
Barren, S Koenig, S. Leath. Medlmmune, Inc , Gaithers- 
b ~ ~ r g ,  MD 208781 USA 
M. Barnhart J. S. P~nkner, C. Hal Jones. S. J. Hutgren. 
Ceoartment of Molecular Microbiooav Wash~noton Uni- 

pendent moiety (7, 8) .  However, the dis- 
covery that adhesins could be stabilized in 
active conformations by specific PapD-like 
chaperones (2. 9,  1C7) makes it possible to 
purify adhesins in large quantity. We used 
bacterial cyst~tis as a model infection to test 
the hvnothesis that bacterial adhesins , L 

would prevent microbial attachment and 
colonization when used as a vaccine. 

Cystitis is one of the most common dis- 
orders proinpting medical evaluation in 
otherw~se healthy women. Escherichia coli is 
the most prevalent pathogen associated 
with lower urinary tract infections, ac- 
counting for >85% of asyinpto~natic bacte- 
riuria and acute cystitis cases ( 1  1 ), as well as 
>60% of recurrent bouts of cystitis. Recent 
studies have shown that the ilicidence of E .  
coli cystitis ainong women 18 to 40 years old 
ranges from 0.5 t i  0.7 infections per person 
per year (12). Such infections result in 7 to 
8 inillion physician and hospital visits per 
year at a cost of Inore than $1 billion ( 1  3) .  

In contrast to the extensive st~~dies that 
have implicated P pili as a crit~cal factor in 
causing upper urinary tract infect~ons (pye- 
lonephritis) (14, 15), very little is known 

pili was unnecessary and insufficient for 
bladder colonization ( 1  5 ,  17-1 9 ) .  Also, in a 
murine model, type 1-positive isolates sur- 
vived in higher nunlbers and induced a 
greater neutrophil influx into the urine 
than isogenic type 1-negative mutants 
(20). Reconstitution of type 1 pili in type 
1-negative strains restored virulence similar 
to that of the wild tvae. In addition, disease 

, &  

severity was greater in children infected 
with E .  coli isolates expressing type 1 pili 
than type 1-negative isolates of the same 
serotype, same electrophoretic type, and 
same P piliated and hemolysin phenotypes. 

In light of soine of these earlier studies, 
we obtained 57 urinary tract infection iso- 
lates of E.  coli from multiple clinical centers 
and found that 52 out of 57 (91%) could be 
induced to express type 1 pili under optma1 
growth conditions for type 1 p~lus expres- 
sion ( 1 ,  2 ) .  In contrast, only 30% of the 14 
strains that were tested could be induced to 
express P pili under optinla1 growth condi- 
tions for P pdus expression ( 1 ,  2). 

The associat~on of type 1 pili with cystitis 
led us to investigate whether a recevtor is 
present in human bladder mucosa that is 
recognized bv FimH, the adhesin that con- 
fers Ymannosk-specific binding activity to 
type 1 pili (21). In situ binding to human 
tissues has been used to elucidate the roles in 
virulence of many different adhesins, includ- 
ing pilus-associated adhesins, In a variety of 
pathogens including Helicobactes pylon, 
Stseptococcus pneumoniae, Haemophil~is influ- 
enzae, and pyelonephritic E .  coli (22). The 
NU14 E ,  coli cystitis isolate (18) bound av- 
idly to the luminal surface of both inouse 
(Fig. 1B) and human (Fig. ID) bladder epi- 
thelium. Ivlannose completely blocked this -, 

ver'sty, st.  Louis, MO 631 lo ,  USA. abo't the inolecular basis 'of bladder infec- binding (23). A chloramphenicol cassette 
'To whom correspondence should be addressed. tions. A nuinber of studies have suggested was reco~nb~ned into the JimH gene in the 
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chromosome of NU14, creating the fimH- 
mutant NU14-1 (24). NU14-1 failed to bind 
to the human and mouse bladder tissues (Fig. 
1E). The fimH- mutation on the chromo- 
some of NU14-1 was complemented with 
the fimH gene cloned downstream from the 
tat promoter on plasmid pHJ2O (8). Growth 
in the presence of isopropyl P-D-thiogalac- 
topyranoside (IPTG) to induce expression 
of fimH restored the ability of the bacterial 
cells to bind to the human (Fig. 1F) and 
mouse bladder tissue. Complementation 
with pHJ19, which is the same as pHJ2O 
except that fimH is cloned in the opposite 
orientation, did not restore binding (Fig. 
1E). Finally, the recombinant strain 
ORN103/pSH2 (type 1+) (25) also exhib- 
ited mannose-sensitive binding to the 
mouse and human bladder tissues, and the 
fimH- isogenic mutant ORN 103/pUT2002 
(type l+/fimHP) (26) did not bind. 

We then investigated whether antibody 

to FimH would bind to type 1-piliated E. 
coli. Antibody was raised in mice to two 
forms of purified FimH protein: (i) a com- 
plex containing the periplasmic chaperone 
FimC bound to the full-length FimH protein 
(FimC-H), and (ii) a naturally occurring 
mannose-binding FimH truncate (FimHt), 
corresponding to the NH,-terminal two- 
thirds of the FimH protein, was purified away 
from the FimC-H complex (8). Antibody 
was also raised to whole type 1 pili purified 
from ORN 103/pSH2. 

Both FimHt and FimC-H induced 
strong, long-lasting immune responses to 
isolated FimHt and to FimH associated with 
whole type 1-pilus organelles (Fig. 2). The 
responses persisted more than 30 weeks, and 
booster immunizations with FimHt or 
FimC-H increased responsiveness. In con- 
trast, type 1 pili elicited poor anti-FimH 
responses even though mice developed 
strong responses to whole pilus rods. Immu- 

Fig. 1. FimH-mediated binding to human and mouse bladder tissue in situ. Human bladder sections 
were obtained from the surgical pathology and autopsy files of the Department of Pathology at Wash- 
ington University. The tissue sections were deparaffinized as described previously and stained with 
hematoxylin and eosin [(A) (mouse) and (C) (human)]. The clinical E. coli isolate NU14 (type 1 +) was 
labeled with FlTC as described (22) and tested for its ability to bind to mouse (B) and human (D) bladder 
tissue sections in situ. Binding to human bladder tissue was also analyzed for the fimH - variant NU1 4-1 
strain complemented with pHJ19 (phenotypically FimH-, as explained in text) (E) or with pHJ20 (fimH+) 
(F). C3H bladders were obtained from 9-week-old C3H/HeJ mice. Binding of FITC-labeled bacteria to 
the tissue sections was essentially as described (39). FITC-labeled bacteria were incubated with bladder 
sections for 5 hours at room temperature, washed with PBS, and observed with a Zeiss Axioskop 
fluorescent microscope. 

nization studies in rabbits demonstrated 
similar immunogenicity profiles to those 
seen in mice (27). Antisera to FimHt and to 
FimC-H bound to recombinant type 1+/ 
FimH+ E. coli strains (ORN103/pSH2) but 
not to the type 1+/FimHP isogenic mutant 
(ORN103/pUT2002) as determined by in- 
direct immunofluorescence and flow cyto- 
metric analysis. Antibody to the whole pilus 
bound both ORN 103/pSH2 and ORN 1031 
pUT2002, as expected. 

The ability of antibodies to the adhesin 
to prevent bacterial binding to bladder epi- 

- =, 107 .- B g 106 

1b5 - 
0 
f lo" 

f 103 
B - -, 102 
0 ; 10' 
e, 

0 3 6 8 12 15 31 404448 6270 78 
Weeks after lmmunlzation 

Fig. 2. Murine serum immunoglobulin G (IgG) ti- 
ters to (A) FimHt adhesin and (B) whole type 1 pili 
after immunization with purified adhesin, adhesin- 
chaperone complex, or whole type 1 pili. The se- 
rum immune responses to FimH and whole type 1 
pili were evaluated after primary immunization 
(day 0) [in complete Freund's adjuvant (CFA)] and 
booster immunization (week 4) [in incomplete 
Freund's adjuvant (IFA)] with purified FimHt 
(squares), FimC-H (circles), or whole type 1 pili 
(triangles) (8). The immunogenicity of all proteins 
was tested in C3H/HeJ mice, five mice per group. 
Samples from individual mice treated identically 
were pooled for serologic analysis and diluted 
1 :I00 before serial dilution. Antibody responses 
were assessed by an ELlSA with purified FimHt (A) 
or whole pili (B) as the capture antigens. Titers 
reflect the highest dilution of serum reacting twice 
as strongly as a comparable dilution of preim- 
mune sera obtained from the same mice. The 
purity of the protein preparations ranged from 
95% pure for whole type 1 pili and FimHt to 98 to 
99% purity for FimC-H. In all cases the protein 
preparations were free of any lipopolysaccharide 
contaminants. Comparable immune response 
profiles to those shown for the C3H/HeJ mice 
were seen in BALB/C and C57/BL6 strains of 
mice. 
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thelial cells was investigated in vi t ro by a f low tibodies t o  F i m H t  (anti-FirnHt) and anti- 
cytometric method originally developed to  F i m C - H  blocked the abil i ty o f  H B l O l l p S H 2  
evaluate Rickettsia-cell attachment (28). A n -  (and strain ORN103/pSH2) and E. coli NU14 

t o  bind to  bladder cells f rom the human blad- 
der epithelial cell l ine 182 (29) (Fig. 3). There 
was a direct relation between the antibody 
titer to  F i m H  and the ability o f  the antisera to  
block microbial attachment (functional i n -  
hibitory t i ter). Furthermore, as titers to  F i m H  
dropped or leveled of f  by 30  to  40 weeks after 
immunization for FirnHt-  and FimC-H-im- 

l o57  A Nu14 5x108 

Anti-FimC-H 

Fig. 3. In vitro binding of type 1-piiated E coli to 
human bladder epithelial cells and inhibition by 
anti-FimH. (A) Type 1-piliated [HBlOl/pSH2 
(black bars) and NU14 (striped bars)] and nonpili- 
ated [HBlOl (cross-hatched)] bacteria were di- 
rectly labeled with FlTC and tested for ther ab i ty  
to bind to bladder cells. Expression of type 1 pili 
was confirmed by hemagglutnation of a 3% solu- 
tion of guinea p ~ g  erythrocytes and inhib~tion of 
hemagglutination by a 10 mM souton of a-methyl 
mannoside (40). Labeled bacteria were incubated 
w ~ t h  2 x 1 0 V 8 2  (ATCC HTBI) bladder cells with 
bacter1a:bladder cell rat~os of 1000 : 1 to 62.5 : 1 
Samples were assayed by flow cytometty In a 
FACStar PLUS (Becton Dicknson). Mean channel 
fluorescence was used as an ndcator of FITC- 
labeled bacteria bound to J82 cells. The threshold 
for postivty was set for each experment by flow 
cytometric analyss of J82 cells that were incubat- 
ed with PBS only. For evaluaton of FITC labeling 
of bacteria, gates were set w t h  non-FTC-labeled 
bacteria. Lys~s I software (Becton Dick~nson lm- 
munocytometty Systems) was used for analyss of 
data. (B and C) The inhibit~on of bacterial attach- 
ment by anti-adhesin was assayed with 2.5 x 1 O8 
HB l  Ol/pSH2 or NU1 4 bacteria incubated for 30 
min at 37-C with high-t~ter anti-FlmHt or anti- 
FimC-H (from bleeds at 6 to 9 weeks) at 1 : 50, 
1 : 100, or 1 : 200 dilutions in PBS or with PBS 
alone. After incubation w ~ t h  the antsera, 2 x 10" 
J82 cells were added and allowed to mix w ~ t h  the 
bacteria for 30 m n  at 37°C. The remainder of the 
adherence assay and evaluation by flow cytom- 
etty were carred out as descrbed in (A) (47), 

rnunized mice, the concomitant functional 
inhibi tory titers dropped as well. However, as 
titers increased after a booster immunization 
at week 42 (Fig. 2B), the corresponding func- 
t ional inhibitorv titers were elevated. G iven  
these results, we determined the functional 
inhibitorv titers of ant i -FimH to  a oanel o f  
primary cl inical isolates f rom women and 
children w i t h  active urinary tract infections 
(30). Antisera raised to  FirnHt and F i m C - H  
blocked attachment o f  49 out o f  52 (-94?6) 

FimHt 30 pg 

FimHt 15 pg 

\\ FmHt 3 l g  

FimHt 0.6 l g  

FimC 30 l g  
10' 

1 oO 

FimHt 

Naive 

Groups of challenged mice 

Fig. 4. Development of C3H/HeJ murne cys- 
titis model and demonstration that anti-FimH 
protects in vivo. (A) Ten- to 15-week-old C3H/ 
HeJ mice were anesthetized with methoxyilu- 
orane and challenged with various doses of 
streptomycn-resstant, type 1-piiated E, coli 
NU14 (42); values shown represent the f~nal 
challenge doses the mice receved. The coo-  
ny-formng unts per bladder shown represent 
the mean i SD for each group (N = 10) 2 days 
after challenge, (6) Ten- to 15-week-old C3H/ 
HeJ mlce were anesthetized and challenged ' "  ' 
with l o 7  and l o 5  CFU of ether E, coli NU14 

Groups of challenged mice 

(type 1 '/FimHt) or NU14-1 (fimH-). The data represent the mean i- SDfor each group (N = 10) 2 days 
after challenge. (P = 0.026 comparng the NU14 l o 7  and NU14-1 l o 7  challenge doses; analysis of 
variance was used in the calculation as well as the Dunnet's t test for multiple comparisons). (C) Four 
groups of C3H/HeJ mice were mmunzed on day 0 and boosted at week 4 w t h  purifed FmHt proten 
(doses rangng from 0.6 to 30 pg  in CFA for the n t a l  immunzation and IFA for the booster) and 
challenged w t h  5 x 1 O7 CFU of type 1-pliated E. coliat week9 after immun~zation. The average number 
of colony-forming units per bladder for each group of 10 mice was evaluated as ~nd~cated above. 
FimC-mmunzed m c e  were included as a negatve control along with nalve mice. [P = 0.0001 com- 
paring the 30-, 1 5 ,  and 3-pg doses of FimHt with the na'lve data; P = 0.205 for the FimC negative 
control at the hghest (30 pg  ) dose]. (D) Two groups of C3H/HeJ mlce were nocuated on day 0 and 
boosted at week 4 with purified FmHt protein (1 5 k g  In CFA then In IFA, respectvey) or with CFAIIFA 
adjuvant alone and challenged w ~ t h  5 x l o 7  CFU of type 1-piated E. coli strain at week 9 after 
mmunzation. Average number of colony-forming unts per k~dney for each group of 10 mice was 
evaluated as Indicated above 7 days after the intraurethral challenge (P = 0.295). (E) Undluted, high-tter 
antisera to FimH collected from m c e  vaccinated w t h  15 pg  of either FmHt or FimC-H was administered 
pass~vely in 0.1 -ml volumes to C3H/HeJ mlce by the intraperitoneal route on day 0,  4 hours before 
ntraurethra challenge with 5 x l o 7  CFU of E. coli NU14. Recoverability of NU14 from the bladder was 
assessed 2 days after challenge as descrbed above (P = 0.008. FimH versus na'lve: P = 0.004, FimC-H 
versus na'lve) 
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prilnary clinical E. coll UTI isolates induced 
to express type 1 pili (3  1 ). A subset of strains 
induced to express P pili, S pili, or both in 
addition to tvne 1 nil1 were also inhibited from 

, &  

attachment to the bladder epithelial cells by 
anti-FimH (32). 

Antibodies to  whole type 1 pili, purified 
fro111 ORN103lpSH2, were poor inhibitors 
of bacterial binding to  bladder epithelial 
cells; antisera to whole type 1 pili blocked 
<50% of the  clinical isolates even at a 1 : 5 0  
dilution of antiserum. This is presumably 
due to the  variation in  antieenicitv of FlmA 
among clinical isolates aria may k part be 
due to the inability of whole type 1 pili to 
elicit significant anti-FimH responses (Fig. 
2B). Preinlinune sera and antisera from 
inice given adjuvant alone or antisera from 
inice immunized with a control FilnC chan- 
erone protein did not  inhibit binding. 

182 bladder cells that were sorted from 
the flow cyto~netric adherence assay were 
also analyzed by fluorescent microscopy. 
T h e  number of fluorescent bacteria at- 
tached to 40 bladder cells was visuallv 
quantitated. Adherence values (mean num- 
ber of bacterla i S D  ner cell) for two 
representat1Ie cystitis ~solates,  NU14  and 
EC72, were 35.2 i 9.5 and  33.9 i 4.9 
bacteria/cell, respectively, in  the  absence of 
FimH-specific antibody; incubation with a 
1 : 50 dilution of anti-FimH completely 
blocked attachment. Furthermore, the  same 
exainination of samnles taken froin bacteria 
incubated wit11 different dilutions of anti- 
FilnH confirnled the  dose-dependency of 
this phenomenon. 

I~~traurethral  inoculation of C 3 H  inice 
with 5 x 10' type 1-piliated E.  coli (strain 
NU14)  resulted in  a highly reproducible 
colonization of the  mouse bladder (Fig. 4 A )  
(33) .  Piliated bacteria persisted in  the  blad- 
der for at least 7 days [lo' colony-forming 
units (CFU)/bladder] and produced ascend- 
ing infection into the  kidney. 

T h e  role of mannose-binding type 1 pili 
in  bladder colonization was investigated by 
testlng the  effect of the  fimH- mutation in 
the murine model. Inoculation with the  
f i m H  mutant,  NU14-1, resulted in little or 
110 colonizatio~l of the  mouse bladder (Fig. 
4B), supporting the  hypothesis that FiinH 
plays a critical role in  colonizatio~l of the  
bladder. 

C 3 H  inice were immunized with the var- 
ious FiinH vaccines and challenged w ~ t h  the 
NU14  clinical isolate 9 weeks after the pri- 
mary immunization. Vaccinated anilnals ex- 
hibited a 100- to 1000-fold reduction In the 
11~1tnber of organisnls recovered from the  
bladders as compared wlth adjuvant- or 
FitnC-immunized controls (Fig. 4C) .  Similar 
results were seen with the FimC-H vaccine. 
Protection with the FimHt vaccine was seen 
as late as 29 weeks after immunization, the 

latest tlnle point tested (34).  In  addition, the  
anti-FimH also blocked a n  a s c e n d i ~ ~ e  infec- - 
tion into the kidney over a 7-day period (Fig. 
4D).  These nrotective effects were correlated 
with the  presence of anti-FimH in  the urine. 
Mice that received the FiinH vaccine had 
significant anlounts of IgG to FinlH in their 
urine, whereas uniinmunized tnice, or tnice 
vaccinated with FimC alone, idid not have 
any measurable amounts of anti-FimH in 
urinary secretions. 

T o  conf i r~n that the observed protection 
was nlediated by anti-FitnH, we challenged 
nai've C 3 H  mice with 5 X 10' type l-pili- 
ated E. coli strain NU14  after passive, intra- 
peritoneal adini~listratio~l of hyperinlmune 
mouse FiillH antisera raised to either the 
FimC-H or FimHt proteins. In both cases 
sera containing anti-FimH resulted in a 100- 
to 150-fold reduction in  the  number of or- 
ganisms recovered from the bladder 2 days 
after challenge (Fig. 4E). Sera froin inice that 
received only adjuvant did not protect at all. 

T o  determine if protection was neutro- 
phi1 dependent, we rendered nonimmu- 
nized and FimH-immunized inice neutro- 
penic before intraurethral challenge with 
type 1-piliated E.  coli (35).  Noniminunized, 
neutronenic mice showed a 100-fold in- 
crease in  the  nutnber of organisms in the  
bladder relative to immunocompetent, non-  
iin~nunized inice (10"FU/bladder coin- 
pared with lo4 CFU/bladder). Immuniza- 
tion with FilnH vaccine reduced coloniza- 
tion in both neutropenic and non-neutro- 
penic mice to equivalent levels of 10' CFU/ 
bladder. Thus the  absence of neutrophils 
did not  impede the  antibacterial activities 
of the  FilnH vaccine in vivo. 

W e  have de~nonstrated that the  binding 
of FilnH to a receptor that is exposed o n  the  
luminal surface of both the  human and 
mouse bladder epithelium is critical for uro- 
pathogenic E.  coli strains to  colonize the  
bladder and cause cystitis; previous studies 
have suggested that the  bladder receptor for 
FiinH may be uroplakin (36) .  W e  have 
found that IgG to FimH blocks colonizatio~l - 
111 vivo and protects lnlce agalllst a mucosal 
lnfectlon of the  bladder and subseouent as- 
cending urinary tract infections. Although 
the  exact nrecha~~is in  of nrotectio~l bv anti- 
FilnH is not knonrn, the  in  vitro binding 
data along wit11 the  neutropenic mouse ex- 
periments would suggest that the  abillty of 
anti-FimH to reduce attachment to host 
epithelium is a significant factor in prevent- 
ing the  establishnle~lt of infection. 

Although type 1 pili clearly play a role in  
urinary tract infections, it is not  known 
nrhether thev contribute to colonizatio~l of 
the  gastroin;estinal tract. It remains to be 
deternlined n h a t  effect, if anv, anti-FimH 
inay have o n  the  nornlal flora of the  gastro- 
intestinal tract. However, earlier studies in 

humans denlonstrated that whole type 1 
~ 1 1 ~ ~ s  vaccines derived from a n  enterotoxi- 
genic E ,  coll strain had no  adverse effects o n  
gastrointestinal physiology or nlotility even 
when adininistered a t  doses as high as 1800 
ug  137). . - 

Adhesin-based vaccines may be a n  effec- 
tive strategy to  ward off other diseases such 
as otitis media, pneumonia, meningitis, py- 
e lone~hri t i s ,  and gonorrhea. Organisins re- - - 
sponsible for these diseases, H .  i.nflt~enzae, 
Klebsiella pneumoniae, Neisserra meningitidis, 
pyelonephritic E ,  coli, and Neisseria gonor- 
rhoeae, respectively, express pilus-associated 
adhesins (38) .  Vaccination with these bac- 
terial adhesins inay also elicit antibodies 
that will effectively block microbial coloni- 
zation of tnucosal surfaces and be a n  effec- 
tive means to treat or prevent these infec- 
tions as well. 
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Partitioning of Large and Minichromosomes 
in Trypanosoma brucei 
Klaus Ersfeld* and Keith Gull 

The Trypanosoma brucei nuclear genome contains about 100 minichromosomes of 
between 50 to 150 kilobases and about 20 chromosomes of 0.2 to 6 megabase pairs. 
Minichromosomes contain nontranscribed copies of variant surface glycoprotein (VSG) 
genes and are thought to expand the VSG gene pool. Varying VSG expression allows 
the parasite to avoid elimination by the host immune system. The mechanism of inher- 
itance of T. brucei chromosomes was investigated by in situ hybridization in combination 
with immunofluorescence. The minichromosome population segregated with precision, 
by association with the central intranuclear mitotic spindle. However, their positional 
dynamics differed from that of the large chromosomes, which were partitioned by 
kinetochore microtubules. 

T r y p a n o s o m a  br~tcei  is a flagellated proto- 
zoan parasite that separated frotn the  eu- 
karyotic lineage very early in  the  evolution 
of eukaryotes ( 1 ,  2 ) .  T h e  extracellular par- 
asite survives 111 the  bloodstream of the  host 
by periodically changing its VSG coat, a 
process known as an t~gen ic  variation (3). 
VSG genes, which are the  only knolvil open 
reading frames o n  the  100 or so minichro- 

tnosotnes of T. brucei, are transcriptio~~ally 
inactive (4-8). ~Minichromosotnes are 
thought to  increase the  repertoire of VSG 
genes, which can be transposed to expres- 
sion sites o n  the  larger chromoso~nes (9) .  

111 eukaryotic cells, chronlosomes are typ- 
ically segregated by association with a bipo- 
lar mitotic spindle. This ensures an  allnost 
nerfect lllechanistll to faithfullv seereeate " , - -  
cl~roinosotnes during cell division. Although 

Unversity of Manchester, School of B~ological Scel-ces, 
2,205 Stooford Bllildlny Oxford Road, ManChester M13 !here is a n  intranuclear mitotic spindle in T. 
9PT UK. brucei, illdirect evideilce argues against a 
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klaus.ersfeld~man.ac.uk nistn for at least part of the  genome. Elec- 
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