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Adhesive and Mammalian
Transglutaminase Substrate
Properties of Candida albicans
Hwp1

Janet F. Staab,? Steven D. Bradway,?* Paul L. Fidel,?
y
Paula Sundstrom’t

The pathogenesis of candidiasis involves invasion of host tissues by filamentous
forms of the opportunistic yeast Candida albicans. Morphology-specific gene
products may confer proinvasive properties. A hypha-specific surface protein,
Hwp1, with similarities to mammalian small proline-rich proteins was shown
to serve as a substrate for mammalian transglutaminases. Candida albicans
strains lacking Hwp1 were unable to form stable attachments to human buccal
epithelial cells and had a reduced capacity to cause systemic candidiasis in mice.
This represents a paradigm for microbial adhesion that implicates essential host

enzymes.

Candida albicans causes severe oropharyn-
geal and esophageal mucositis in patients
with human immunodeficiency virus and he-
matogenously disseminated disease in iatro-
genically compromised hosts (/). Loss of
immune host defenses is primarily responsi-
ble for susceptibility to opportunistic candi-
diasis arising from endogenous C. albicans in
the normal flora. However, proadhesive and
proinvasive factors of C. albicans contribute
to disease by mediating penetration of host
tissues. Filamentous forms, particularly true
hyphae, embed themselves within the super-
ficial, keratinized layer of stratified squa-
mous epithelium and grow by apical exten-
sion (2). True hyphae are extensions of germ
tubes that emerge from yeasts. To explore the
role of surface proteins in tissue invasion, we
studied the function of HWPI, a developmen-
tally regulated gene expressed in germ tubes
and true hyphae (2). HWPI encodes an outer
mannoprotein, Hwpl, with a cell surface—
exposed NH,-terminal domain and COOH-
terminal features conferring covalent integra-
tion into cell wall B-glucan (2, 3).

Unlike most pathogens that form various
types of weak interactions with host cells, C.
albicans germ tubes form nondissociable
complexes with human buccal epithelial cells
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(BECs) that are characteristic of transglutami-
nase (TGase)-mediated reactions in stability
and in being prevented by TGase inhibitors (4).
A possible role for Hwp1 in formation of stable
complexes with BECs was suggested by the
amino acid sequence of the NH,-terminal do-
main, which resembles mammalian TGase sub-
strates (2), particularly the head and central
domains of small proline-rich (SPR) proteins
(3). Perhaps Hwp1 contributes to proliferation
of C. albicans in keratinized epithelium by
interacting with keratinocyte TGases (6), en-
zymes that create a host barrier defense by
cross-linking SPR proteins and other proteins
through covalent N°®-(y-glutamyl)lysine iso-
dipeptide bonds. Cross-linking of epithelial cell
proteins is essential. Mice lacking keratinocyte
TGase die within a few hours of birth (7).

To determine if the SPR-like region of
Hwpl is a substrate for TGase, we examined
a recombinant protein, rtHwp1AC37, that en-
compasses the NH,-terminal proline- and
glutamine-rich domain (8) for the ability to
incorporate ['“C]putrescine in the presence of
TGase2. TGase2, also known as tissue
TGase, is widely distributed in the body and
is commonly used to characterize TGase sub-
strates (9, 10). Levels of radioactivity associ-
ated with the recombinant protein were
equivalent to those of casein, a known TGase
substrate, and were fourfold greater than for
bovine serum albumin (BSA), a negative
control (Fig. 1A). Examination of proteins
after TGase reactions (Fig. 1, B and C)
showed no radioactivity associated with
BSA; however, the recombinant protein was
similar to other TGase2 substrates in the gen-
eration of multiple species of radiolabeled
reaction products including monomers dis-
playing increased migration (I/), species of
high molecular weight (10, 12), and dimers

bridged by putrescine. The production of all
radiolabeled forms depended on the presence
of active TGase. In addition to ['*C]pu-
trescine, TGase2 catalyzed the incorporation
of another TGase cosubstrate, monodansylca-
daverine (/3), into tHwplAC37 (/4). The
behavior of tHwplAC37 in interactions with
TGase2 matched that of SPR proteins and
other host TGase substrates and implicated
the NH,-terminus of Hwpl in cross-linking
reactions with primary amines through N°-
(y-glutamyl)lysine isodipeptide bonds.

To study the TGase substrate properties of
native Hwpl on germ tube surfaces, we cre-
ated isogenic strains with or without Hwpl
(15) for comparison in TGase assays. Disrup-
tion of HWPI was verified by Southem
(DNA) and Northern (RNA) blotting (Fig. 2).
CAH7-1A lacked HWPI! mRNA (Fig. 2C)
and protein (/6), whereas heterozygous and
complemented strains, CAH7 and CAHR3,
had about half the amount of HWPI mRNA
found in strains with unaltered HWP1 genes,

nmol putrescine incorp./
nmol acceptor protein
4

rHwp1aAC37 casein BSA

Fig. 1. (A) Incorporation of ['*C]putrescine by
rHwp1AC37, casein, and BSA mediated by
TGase (25). The values are the means (+SD) of
two experiments performed in triplicate. (B)
Autoradiograph of reactions with rHwp1AC37,
[**C]putrescine, and TGase after SDS—polyac-
rylamide gel electrophoresis and fluorography
(26, 27). Labeled products were not formed
when reactions were supplemented with TGase
inhibitors (24), including 20 mM EGTA to che-
late Ca%* (lane 2) and 20 mM iodoacetamide
(lane 3), or in the absence of TGase (lane 5) or
rHwp1AC37 (lane 4). Control reactions lacking
putrescine showed that formation of the 59-
kD species represented dimeric rHwp1AC37
bridged by putrescine (74). (C) Immunoblotting
to detect rHwp1AC37 in TGase reactions with
affinity-purified rabbit antibodies to rHwp1 (2,
28) and horseradish peroxidase—conjugated
oat antibodies to rabbit immunoglobulin G
Zymed), developed with ECL reagents (Amer-
sham). Lane 6, rHwp1AC37 alone. TG, Tgase;
iodo., iodoacetamide.
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although the amount of Hwpl was indistin-
guishable from that of wild-type strains (14).
Germ tubes of strains with one or both copies
of HWPI displayed equivalent levels of
TGase2 substrates, whereas parent blasto-
conidia were negative (Fig. 3A). Identical
results were found with four clinical isolates
of C. albicans from dental patients, and with
other laboratory strains of C. albicans (14).
TGase substrates were not detected in the
presence of EGTA (Fig. 3A) or iodoacet-
amide, nor was endogenous TGase activity of
C. albicans detected in whole organisms or in
broken cell walls (/4). In contrast to strains
with Hwpl, TGase substrates were not de-
tectable on germ tubes of the homozygous
hwpl/hwpl mutant CAH7-1A (Fig. 3A), in-
dicating the requirement of Hwpl for TGase
substrate activity. Thus, the NH,-terminal do-
main of native Hwp1 appears to be a surface-
exposed TGase substrate available for inter-
actions with exogenous mammalian TGases.

If Hwpl proteins serve as connections to
BECs through interactions with TGases, then
the stable attachments described previously (4)
should be greatly reduced in strains lacking
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Fig. 2. Disruption of HWPT (75). (A) Genomic
HWP1 DNA open reading frame (arrow), plas-
mid insert of pGBHWP1 (shaded rectangle),
disruption fragment from pHWP1URA3, and
the rescue fragment (1.7 kb). (B) Southern blot
of Eco Ri-digested genomic DNA probed with
the rescue fragment; HWP1/HWP1(SC5314,
CAl4, and UnoPP-1) (3.8 kb) (lanes 1, 2, and 6),
hwp1/HWP1 (CAH7) (3.8, 5.3, and 2.3 kb) (lane
3), hwp1/hwp1 (CAH7-1A) (5.3 kb, 5.1-kb dou-
blet, and 2.3 kb) (lane 4), revertant CAHR3 (5.1
and 3.8 kb, 3.7-kb doublet) (lane 5). (C) North-
ern blot probed with HWP1 and ENO (internal
control) (2). Although CAHR3 harbored excess
HWP1 DNA (3.7-kb fragment), HWPT mRNA
levels [quantified with ImageQuant Software
(Molecular Dynamics)] were equivalent to
those of CAH7, and developmental regulation
was preserved.
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Hwpl. To test this hypothesis, we compared
isogenic strains with or without Hwpl in stabi-
lized adhesion assays, which involved treat-
ment of germ tube:BEC complexes with heat
and the anionic detergent SDS to dissociate
weak, noncovalent bonds (4, /7). Strains with
one or both copies of HWPI displayed equiv-
alent levels of stabilized adhesion (Fig. 3B),
indicating a lack of gene copy number effect
and correlating well with apparent wild-type
levels of Hwp! protein and TGase substrates on
germ tubes in these strains (Fig. 3A). Stabilized
adhesion was prevented by monodansylcadav-
erine, a competitive inhibitor of TGase-me-
diated protein cross-linking reactions (/3,
18), and by iodoacetamide, supporting the
involvement of BEC TGases (Fig. 3B). The

A

SC5314

SC5314 + EGTA

CAH7=1A

Fig. 3. (A) Detection of TGase substrates on
germ tube surfaces of hwp1/hwp1 mutant and
wild-type strains of C. albicans. Washed,
M199-germinated C. albicans cells (2 X 107 per
milliliter) (2), TGase2 (8.5 ug) (25), and 5-(bi-
otinamido)pentylamine (30 wM) (Pierce) were
incubated in reaction buffer 1 (400 pl) [100
mM tris-HCl (pH 7.5), 5 mM CaCl,, 1 mM DTT,
2 mM EDTA] for 15 min at 37°C. EDTA (10 mM)
was added to stop the reaction. Staining with
avidin—fluorescein  isothiocyanate  (1:100)
(Zymed) detected biotin groups on germ tubes,
and BSA-rhodamine (1:30) (Difco) in PBS
served as a counterstain. SC5314 (wild-type),
CAH7-1A  (hwp1/hwpT1), CAHR3 revertant
(HWP1/hwpT), SC5314 + EGTA (SC5314 cells
with 20 mM EGTA). Bar, 5 pm. (B and C)
Adherence to human BECs (77) of heterozygous
hwp1/HWP1 (CAH7) and homozygous hwp1/

hwpl/hwpl mutant strain CAH7-1A was
greatly impaired in the ability to form sta-
ble attachments to BECs in that stabilized
adhesion was only 23% of the other strains
and was equivalent to values for other strains
when TGase inhibitors were added. To provide
further support for the role of Hwpl in me-

diating stabilized adhesion, we radiolabeled

rHwplAC37 and incubated it with BECs in the
presence or absence of iodoacetamide followed
by treatment with heat and SDS (/9). The re-
sults were consistent with stabilized adhesion
assays in that tHwplAC37 associated with
BECs was sixfold greater when TGase was not
inhibited. Adhesion of the control protein,
BSA, was minimal (Fig. 3D). We have not
identified the BEC TGases and TGase sub-
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hwp1 (CAH7-1A) mutants, and HWPT revertant (CAHR3), relative to the homozygous HWP1/HWP1
strain [UnoPP-1, a CAl4 derivative made Ura™ by disruption of an enolase gene with URA3 (20)].
(B) Stabilized adhesion. Adherence of UnoPP-1 was set at 100%, corresponding to counts per
minute of 3100 to 6200, resulting in germ tube BEC ratios of 1 to 2:1 in a typical experiment.
Asterisks indicate the presence of iodoacetamide (*) and monodansylcadaverine (**). The values
are the means (+SD) of two experiments performed in duplicate. Statistically significant differ-
ences were determined by Student's t test. CAH7-1A versus CAH7 (P = 0.009), CAH7-TA versus
UnoPP-1 with iodoacetamide or monodansylcadaverine to inhibit TGase (P = 0.936 and 0.142,
respectively), and CAHR3 versus CAH7 (P = 0.977). (C) Overall adhesion. CAH7-1A versus CAH7
(P = 0.032), and CAHR3 versus CAH7 (P = 0.513). (D) BEC envelope-associated [**C]rHwp1AC37
after incubations under adhesion assay conditions (79) with (*) or without 10 mM iodoacetamide
followed by boiling in sample buffer for 5 min. Results of two experiments performed in duplicate
(+SD) are shown. Statistically significant differences were determined by Student's t test.
Uninhibited samples versus samples with iodoacetamide (P = 0.025), rHwp1AC37 versus BSA (P =
0.025), and samples with iodoacetamide versus BSA (P = 0.855).
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strates participating in interactions with C. al-
bicans, but tHwplAC37 forms stable attach-
ments to BECs and Hwpl is required for for-
mation of stable complexes between C. albi-
cans germ tubes and BECs.

Hwp1 had a minor effect on overall adhe-
sion of germ tube:BEC complexes not sub-
jected to heat and detergent treatments (Fig.
3C). Overall adhesion of CAH7-1A was 45%
that of UnoPP-1, lower than the expected
value of 65% on the basis of a stabilized to
overall adhesion ratio of 35 = 5.75% for
UnoPP-1. Hwpl may contribute to typical,
noncovalent adhesive forces between germ
tubes and BECs, but it is more likely that the
primary role of Hwpl is in the formation of
stable attachments and that the in vitro assay
does not permit maximal cross-linking of
germ tubes to BECs. Hyphae complexed to
human BECs in vivo in specimens of
pseudomembranous candidiasis of the buccal
mucosa were not dissociated by heat and
detergent treatments (up to 30 min) used in
the stabilized adhesion assays (/4), indicating
that stable attachments predominate in candi-
diasis. Long incubation periods (18 hours)
are required for maximal cross-linking of
SPR2 protein by epithelial cell TGase3 (10).
The similarity of Hwpl to SPR proteins sug-
gests that interactions of BEC TGases with
SPR proteins are indicative of interactions
with Hwp1 and that the primary role of Hwpl
is in the formation of stable attachments.

The importance of Hwpl in candidiasis is
supported by experiments showing that, despite
similar growth rates and germ tube production
[(15) and Fig. 3A], CAH7-1A was a poor in-
ducer of systemic candidiasis in mice (Fig. 4).
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Fig. 4. Survival of mice (CBA/) H-2 haplotype)
intravenously injected with HWPT mutant
strains. Four groups (six per group) of mice
were injected with stationary-phase yeasts (29)
(2 X 10° cells per mouse in 0.2 ml of PBS) of
SC5314 (wild-type), CAH7 (hwp1/HWPT),
CAH7-1A (hwpi/hwpT1), or CAHR3 (HWP1/
hwp1, revertant). The experiment was termi-
nated at 30 days. The authenticity of strains
taken from organs of infected mice was verified
by assessment of the presence of Hwp1 on
germ tubes by indirect immunofluorescence.
Statistical analysis showed survival differences
(P < 0.01) by the Wilcoxon rank sum test. (*)
Significance of survival differences relative to
the hwp1/hwp1 strain, CAH7-1A, by the log
rank test. Differences between strains express-
ing HWP1 were not significant.
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Of the six mice injected with CAH7-1A, five
survived to the 30-day end point, two having
cleared the infection. In the other groups, only 2
of 18 mice given HWP-expressing strains sur-
vived. Colony-forming units of C. albicans
were detected in homogenized brain, kidney,
liver, and spleen of all infected animals, and
numerous hyphae were found in the kidneys.
CAH7-1A hyphae appeared less invasive in
that organisms were limited to the renal pelvis,
whereas other strains invaded the parenchyma
(14). Thus, Hwpl may promote internal candi-
diasis through TGases present in nonsuperficial
tissues.

Germ tubes and hyphae of C. albicans
exhibit highly polarized, apical growth and
require mechanisms for anchoring within and
penetration of host tissues. In mimicking
mammalian TGase substrates, Hwpl forms
stable attachments between germ tubes and
mammalian cells and is important in the
pathogenesis of candidiasis.
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The Predictive Value of Changes
in Effective Connectivity for

Human Learning
C. Biichel,* J. T. Coull, K. J. Friston

During learning, neural responses decrease over repeated exposure to identical
stimuli. This repetition suppression is thought to reflect a progressive optimi-
zation of neuronal responses elicited by the task. Functional magnetic reso-
nance imaging was used to study the neural basis of associative learning of
visual objects and their locations. As expected, activation in specialized cortical
areas decreased with time. However, with path analysis it was shown that, in
parallel to this adaptation, increases in effective connectivity occurred between
distinct cortical systems specialized for spatial and object processing. The time
course of these plastic changes was highly correlated with individual learning
performance, suggesting that interactions between brain areas underlie asso-

ciative learning.

Studies of associative learning aim (i) to
identify neural structures that constitute
memory systems and (ii) to characterize the
network properties that comprise interactions
among their components. The first aim has
been addressed largely by using functional
neuroimaging, on the basis of the principle of
functional specialization. In the case of ob-
ject-location memory, several functional
studies have demonstrated activation of ven-
tral occipital and temporal regions during the
retrieval of object identity and, conversely,
increased responses in dorsal parietal areas
during the retrieval of spatial location (/-3).
These results suggest domain-specific repre-
sentations in posterior neocortical structures,
closely related to those involved in percep-
tion, and they accord with the segregation of
ventral and dorsal pathways in processing
categorical or spatial stimulus features, re-
spectively (4). Another phenomenon ob-
served in some learning studies is a decrease
of neural responses (that is, adaptation) to
repeated stimulus presentations. This repeti-
tion suppression has been replicated consis-
tently in primate electrophysiological and hu-
man functional imaging studies (5). Although
certainly not the only electrophysiological
correlate of learning, it is ubiquitous and a
useful measure of learning-related changes
intrinsic to. unit or population responses. For
object-location learning, it is intuitively like-
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ly that two specialized systems need to inter-
act to establish an association. Domain-spe-
cific representations or repetition suppression
is not sufficient to account for this associative
component (6). In other words, functional
segregation and localized response properties
cannot account for associative learning alone.
Here, we address the functional integration of
different systems to characterize learning
from a different perspective, namely, that of
effective connectivity (7).

Whole-brain functional magnetic reso-
nance imaging (fMRI) was used to test the
hypotheses that (i) repeated stimulus presen-
tation during learning will lead to adaptation
of evoked cortical responses (repetition sup-
pression) and (ii) learning the association of
two stimulus attributes that are processed in
segregated cortical regions is accompanied
by changes in effective connectivity between
these regions over time. We chose object
location and object identity as the two at-
tributes to be associated because they are
processed in the segregated dorsal and ventral
visual pathways, respectively (4).

Six participants (three male and three fe-
male, age range 25 to 36) had to learn and
recall the association between 10 simple line
drawings of real-world objects and 10 loca-
tions on a screen during fMRI (8). Each
learning trial consisted of four conditions,
encoding (ENC), control-1 (COl), retrieval
(RET), and control-2 (CO2) (9) (Fig. 1A).
The behavioral data acquired during RET
demonstrated that all six individuals were
able to learn the association between object
identity and spatial location for all 10 objects
within eight learning trials, as indicated by
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the ensuing asymptotic learning curves (Fig.
2A) (10).

Regionally specific changes in evoked re-
sponses over time were assessed by examin-
ing time-by-condition interactions (/7). De-
creases in activation during learning, indica-
tive of repetition suppression, were observed
in several cortical regions in the ventral and
dorsal visual pathway (Fig. 2, B and C).
Within the framework of repetition suppres-
sion it has been hypothesized that decreases
in neural responses are epiphenomena of en-
hanced response selectivity (5). By analogy
to the development and plasticity of cortical
architectures (/2), this refined selectivity is
likely to be due to changes in effective con-
nectivity within the system at a synaptic lev-
el. In this study we explicitly addressed this
idea by characterizing time-dependent chang-
es in effective connectivity during learning.

Path analysis was used to assess changes in
effective connectivity between the dorsal and
ventral pathways over time. This technique can
be considered as a decomposition of interre-
gional correlations, constrained by an underly-
ing anatomical model. The resulting path coef-
ficients are -estimates of effective connectivity
and represent the response, in units of standard
deviation, of the dependent variable (activity in
the target region) for a change of one standard
deviation of the explanatory variable (activity in
the source region), while activity elsewhere is
held constant.

The regions of interest for the path anal-
ysis were selected from individual participant
analyses of evoked responses (/3). As ex-
pected for visual stimuli consisting of line
drawings, we observed responses in striate
(V1) and dorsal extrastriate (DE) visual cor-
tex, posterior parietal cortex (PP), and lateral
parietal cortex (LP). Ventrally, we found ac-
tivation of posterior inferotemporal cortex
(ITp) and, more anteriorly, in the parahip-
pocampal gyrus (ITa) (Fig. 1B) (/4).

Given our hypothesis regarding changes
in effective connectivity between dorsal and
ventral pathways, the path analysis was fo-
cused on the connection between PP (dorsal
stream) and ITp (ventral stream). We tested
changes in this path coefficient, over time
within a session, by dividing each learning
session into “Early” (first part) and “Late”
observations (second part) and estimating
separate path coefficients for each (Fig. 1A)
1%).

The structural model used in our analysis
embodies connections within and across ven-
tral and dorsal pathways (Fig. 1B) and is
based on anatomical studies in primates (/6).
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