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STEROID REGULATION OF TERMINAL PROTEIN

HOMOLOGIES WITHIN SIALYLTRANSFERASE AND
FUCOSYLTRANSFERASE FAMILIES
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Objective. Terminal glycosylations such asfucosylation and especially sialylation are crucial in
maturation of proteinsfor their particular function. In cells and tissues where their function isunder
hormonal control, often terminal processes including glycosylations are tightly regulated by hor-
mones. Therefore, it isnot surprising that two key enzymefamiliesinvolved in these steps, fucosyl-
transferases and sialyltransferases, are directly controlled by steroid hormones.

M ethods. Gene structure and protein sequences have been analyzed by set of Unix-based com-
plex sequence analysis programs of the Wisconsin GCG package, and from some other resources.
Protein secondary structure predictions were based on several independent programs and applica-
tions complementing each other depending on the algorithm used, all running on Unix platforms.

Results. Comparison of these two types of enzymesfrom organismswherethey are known to be
under direct hormonal regulation has revealed that although sialyltransferases are broad family of
proteins, the only known enzymes to be under hormonal control are o-2,6-sialyltransferasesand in
the case of fucosyl moieties transferring enzymes these are a-1,2/6-fucosyltransferases. Interest-
ingly, hormonally regul ated sialyltransferases from as evol utionary distant organisms as human and
fruitfly share several important features including secondary structure characteristics encompass-
ing siayl L and Smoatifsin which they differ from other sialyltransferases. Analogous organization-
al and structural similarities were found also in hormonally regulated fucosyltransferases.

Conclusions. Data indicate that hormonal control of these classes of enzymes as a regulatory
mechanism could be attained relatively early during the evolution in order to obtain selective con-
trol over specific protein modification process which plays an important role during ontogenic
development.

Key words. Steroid hormones - Sialyltransferase - Fucosyltransferase - Gene structure and ex-
pression - Protein sequence and secondary structure

GLYCOSYLTRANSFERASE GENES: MOLECULAR AND FUNCTIONAL

!Department of Genetics, Graduate Programme, Faculty of Science, Comenius University, Bratislava, Sovakia

In recent past it is growingly appreciated that the
carbohydrate moieties of glycoproteins provide im-
portant prerequisitesfor variousbiological functions.
By their potential for structural diversity they can
serve asideal candidates to carry aso biological in-
formation. Therefore, it is not surprising to unravel
programmed and strictly regulated changes in car-
bohydrate composition and sequence in glycoconju-
gates within the course of complex processes such
asdevel opment and differentiation. Along theselines,

strong changes in presentation of cellular glycopro-
teins have also been detected upon malignant trans-
formation and tumorigenesis (ScHAUER et a. 1988;
SHArRON 1991; Hakomori 1996). In addition, meva-
lonate-sensitive N-linked glycosylation of proteins
is necessary for cell growth, including initiation and
propagation of DNA synthesisin normal and tumor-
transformed cells (CarLBerc and LARsson 1993;
WEmpE et al. 1993; CARLBERG €t a. 1996; CHAN et al.
2001).
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Glycoproteins as prominent and most variable
group of glycoconjugates play a prominent part (e.g.
as mucins) in the secretion. Developmental changes
including tissue differentiation are accompanied by
changes in glycosylation patterns. e.g. like a shift
from sialylation to fucosylation or vice versa, de-
pending on coordinate changesin glycosyltransferase
activities, in sugar-nucleotide breakdown or synthe-
sis and activity of regulatory proteins (BioL-
N’ caracBA and Louisot 2003; BioL-N’ caracBA et al.
2003). These activities are largely sensitive to de-
velopmental stimulations involving hormonal trig-
gers (Sommer and CowLey 2001). Small lipophilic
hormones represented mainly by steroids acting as
ligands for cognate nuclear receptors are known to
affect protein synthesis at trandlational and transcrip-
tional levels. Terminal stages of O-glycosylation in
various secretory or surface presented proteins are
often associated with sialylation or fucosylation. This
terminal posttrand ational modification thusmay play
acrucial role in regulating competence of these pro-
teins to become mature and capable to fulfill their
function. As many steps following after transcrip-
tional control up to executing the function of partic-
ular protein may not be tightly regulated or appear
to be "left* under much less control, the very early
as well as very last, terminal, steps seems to share
strong inductive/decisive type of regulation. There
is no doubt that both the siaylation and the fucosy-
lation represents such aterminal stages of long pro-
cess which require precise and coordinated control
mechanisms. In the present paper we show that en-
zymes responsible for these termina steps, sialyl-
transferases and fucosyltransferases, or their specif-
ic groups display quite interesting and common fea-
tures in relation to their hormonal regulation which
most probably became strongly conserved during
evolution in such distant animals as mammals and
invertebrates.

Materials and Methods

DNA and protein sequence analyses including
some secondary structure predictionswere performed
with GCG Wisconsin package (Accelrys Inc.) run
under Irix platform (version 6.5.3) on Silicon Graph-
ics Origin 2000 and under Solaris platform (version
5.8.2) on Sun Fire Enterprise 280 R computers. For

searching purposes, individua genomic versuscDNA
clones were compared for assembly purposes using
the program Compare of GCG package, and then
individual responsive elements and binding motifs
were found by using BestFit (SwitH et a. 1981) and
Gap (NeebLemaN and WuncH 1970) programs of
GCG. Program Blast (Basic Local Alignment Search
Tool) was initially used to determine most homolo-
gous partners among different organisms (ALTscHUL
et al. 1990). Prosite program which uses the sites
and patterns defined in the PROSI TE-database, de-
veloped and maintained by BairocH (1992), was used
to identify protein modifications sites. SPScan pre-
dicts secretory signal peptides (SPs) using weigth
matrix method of NieLsen et a. (1997). SignalSeq
predictsthe most likely cleavage sitein asignal pep-
tide sequence based on the rules and probability ta-
bles described in von HaiNE (1986).

Secondary structure predictions were made by
several different methods including model recogni-
tion approach (MRA) and position specific iterated
prediction (PSI-PRED) of Jones et al. (1994) and
JonEs (1991, 1999a,b), and according to FRISHMAN
and Arcos (1992, 1995, 1996, 1997a,b) and ABAGY-
AN et al. (1994). The coordinates of the structurally
conserved regionswerethen directly transferred from
the template protein to the one to be modeled, while
the structurally variable regions were built de novo.
The resulting model was checked for the correct
chirality, backbone angles, and possible bad steric
contacts.

All the prediction and graphical computational
work was performed on Silicon Graphics computers
(Origin 2000 R10000 250 MHz or Octane 225 MHz)
with graphical output at SGI O, R5000 terminal.

Results

Among fucosyltransferases, the mouse fucosyl-
transferase FUT1 (accession No. Af214655; 009160)
was unambiguously found to be under control of
progesterone and estrogen (SipHu and Kimeer 1999).
Search for any hormonally regulated fucosyltrans-
ferases provided evidence that al these enzymesfall
into the subfamily of a-1,2-fucosyltransferases (EC
2.4.1.69). As identified by bestfit and gap program
analysis, the mouse and the o-1,2-fucosyltransferas-
esin other speciesincluding mouse, rat, pig, bovine
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Fig 1 High degree of similarity in fucosyl motifs between Drosophila, mouse, pig and bovine a-1,2/6-fucosyltr ansfer ases as
compared by prediction of their secondary structures. Cylindersrepresent a-helices, right-oriented arrowsrepresent f-sheets
and lines between them coil structures (according to the Psi-Pred method). Note conservation in sequence/length of a-helices
and B-sheetsin particular regions.
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and highly homologous Drosophila a-1,6-fucosyl-
transferase (accession No. Af441264; Q9vyv5; EC
2.4.1.68) contain hormone responsive el ements with
well conserved (95-100% homology) nucleotide se-
quences within the promoter regions, mostly -3500
to -500 bp upstream of the transcription start site,
thus conferring direct hormonal responsiveness via
nuclear steroid receptors. In contrast to other a-1,2-
fucosyltransferases (so called FUT2), a-1,3-fucosyl-
transferases (so called FUT4, FUT6 and FUT7) or
o-fucosyltransferases (OFU, EC 2.4.1.221), hormon-
aly regulated vertebrate o-1,2-fucosyl transferases of
FUT1 subfamily and hormonally regulated Droso-
phila o-1,6-fucosyltransferase share significant ho-
mology in their N-terminally located fucosyl motifs
systemically organized into 3 successive a-helices
from which first two are aways equally long and in
some species interrupted with extremely short (-
sheet (Figure 1, upper row of each of the 4 panels).
Second fucosyl motif is regularly composed of sev-
en amino acid long B-sheet followed by two hydro-
phobic o-helices or one apparently longer a-helix
which may represent evolutionary older version of
originally unsplit helical structure (Figure 1, lower
row of each of the 4 panels).

Another important group of O-glycosylation ter-
minal transferases is represented by broad family of
siayltransferases from which only subgroup of o-
2,6-salyltransferases (EC 2.4.99.1) displayshormone
responsiveness. For example, rat o-2,6-siayltrans-
ferase (accession No. M18769; P13721) iscontrolled
by glucocorticoids and in Drosophila by ecdysone
(accession No. Af218237; Mebvepova et a. in prep-

737

aration). In spite of their great evolutionary distance,
hormonally regulated a-2,6-sialyltransferasesdisplay
several common features. Among various vertebrate
species strongly conserved glucocorticoid response
elements are found not only in promoters within -
600 to -100 bp, but also withinfirst intron (Figure 2).
Analysis of the sialyl motifs revealed that major and
first siayl motif called "L* motif is in hormonally
regulated o-2,6-siayltransferases always split into
2 amost equally sized halfsby first intron which con-
tains mentioned hormone responsive elements. The
model for steroid hormone/receptor transcriptional
cascade seems to be at the present best elaborated in
Drosophila where we do know several other factors
among early immediate steroid inducible genes the
products of which, in addition to ecdysone receptor
(ECR), participatein transducing and modul ating hor-
monal signal. One of them is Broad-Complex (BR-
C), a BTB/POZ Zn-finger transcription factor, en-
coded by ecdysone-inducible complex locus BR-C.
Above mentioned intron which liesbetween two first
exons of Drosophila a-2,6-sialyltransferase gene
containsat least 2 BR-C binding sites, closeto ecdys-
one responsive elements (ECRES). Furthermore, sec-
ondary structure prediction revealed that L motifs of
vertebrate o-2,6-salyltransferasesareregularly com-
posed of b-sheet followed by one or two a-helices
and another one or two [3-sheets interconnected by 7
to 15 amino acidslong coiled coils. Asshownin Fig-
ure 3 (upper row of each of the 4 panels), in Droso-
phila the L motif of ecdysone-controlled o-2,6-sia-
lyltransferase appears to be most similar to human
o-2,6-sidyltransferase (accession No. P15907). Even

£
——
—
—

E SEBP3 EcRE | Broad-Complex

mm Sialylmotif L

Fig 2 Genomic structure and organization of the a-2,6-sialyltransferase gene from Drosophila with indication promoter se-
guences, intronsand exons. Binding sitesand responsive elementswhich areanalogoudly distributed alsoin mammalian ortho-
logues, and accounting for glucocorticoid response elements. Dark thick linesoverlappingfirst intron areL sialyl motif encod-
ed within the end of first exon and the beginning of second exon. L egends within transcription unit: unbroken vertical bars=
Broad-Complex binding sites; dotted vertical bars= EcREs; two-dotted interrupted vertical bars= SEBP3 binding sites.
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Fig 3 High degree of similarity in sialyl motifs between Drosophila, chicken, mouse and human o-2,6-sialyltransfer ases as
compared by prediction of their secondary structures using Psi-Pred method. Cylinders represent a-helices, right-oriented
arrowsrepresent B-sheetsand lines between them coil structures. Notethat overall distribution (sequenceand/or length) of -
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higher degree of structural homology has been found
between "S* and "VS* motifs of invertebrate and
vertebrate hormonally regulated o-2,6-sialyltrans-
ferases composed of ten mostly hydrophobic amino
acids long a-helix and seven largely acidic or aro-
matic amino acids long [-sheet followed by longer
coil and second hydrophobic a-helix, altogether
spanning over 50 amino acid residues (Figure 3, low-
er row of each of the 4 panels).

Two additiona features of hormonally regulated
o-1,2/6-fucosyltransferases and o-2,6-sialyltrans-
ferases came to our attention. Both, o-1,2-fucosyl-
transferasesand Drosophila o-1,6-fucosyltransferase
share several common and conserved protein kinase
C (PKC) phosphorylation and myristoylation sites
indicating their regulation by PKC system which has
been shown to be also under steroid hormone con-
trol (ArnoLD et a. 1994; Fuamoto and KATZENELLEN-
BOoGEN 1994; Qiu et al. 2003), this way potentially
ramificating hormonal signaling cascade to various
cellular circuits, whereas myristoylation sites sup-
port independent ProsiTE analysis predicting dis-
cussed a-1,2-fucosyltransferases and Drosophila o-
1,6-fucosyltransferase as microsoma membrane or
endoplasmic reticulum-resident enzymes. However,
detailed sequence analysis of all o-2,6-sialyltrans-
ferasesunder study surprisingly reveal ed that besides
being protein kinase A (PKA) and unspecified ty-
rosine kinase targets, they have greatest potential to
be extracellular or secretory enzymes.

Discussion

Broad spectrum of fucosyltransferases which are
hormonally regulated represent o-1,2-fucosyltrans-
ferase in mammals (Barreaup et a. 2000; Domino
et al. 2001) and a-1,6-fucosyltransferase in Droso-
phila which despite difference in substrate specific-
ity/preference (a-1,2 versus o-1,6) show significant
conservation in overal primary and secondary struc-
ture including relative size and organizational se-
guence of a-helices and B-sheets. It appears that de-
velopmentally-linked switchesin presentation or dis-
appearance of fucosylated determinants on proteins
had great importance and therefore became strongly
conserved during evolution at various levels such as
hormone responsiveness, location and orientation of
hormone responsive elements within transcription

units, location of motifs and domains within protein
molecule. Relatively high degree of conservation in
thelocation and the alternating of specific amino acid
motifs forming a-helices or B-sheets suggest that in-
teractions taking place at the level of tertiary protein
structure within e.g. hydrophilic clefts or hydropho-
bic surfacesare similar if not identical between these
fucosyltransferase and reflect their participation in
closely related biological processes, possibly hav-
ing highly homologous substrates in distant animal
Species.

Asmentioned above, mgjor siayl motif "L* in hor-
monally regulated a-2,6-sidyltransferases has been
found to be encoded by 2 separate exons being sep-
arated by an intron which bears hormone responsive
elements, additional to those found in promoter re-
gion. This has not been observed in al other a-2,6-
sialyltransferases which are hormone irresponsive.
Thus, hormonally regulated sialyltransferases appear
to constitute specific group of proteins the transcrip-
tional regulation and gene structure organization of
which was under similar if not conserved evolution-
ary pressure even in as distant species as insects and
mammals separated by hundreds millions years of
independent devel opment. Therefore, thereisagood
reason to believe that under these circumstances de-
velopment could be so tight that also some other fac-
tors and/or players of this machinery were kept con-
served as well which may include some components
of glucocorticoid early immediate response ortholo-
gous to those found in Drosophila EcR and BR-C
cascade.

Most sialyltransferases including a-2,6-siayl-
transferase family members along with mannosidas-
es | and Il are considered to be membrane-bound
Golgi proteins involved in termina modification of
secretory proteins with extracellular function (DonG
et al. 2000). Our data suggest that amino acid se-
guence of these enzymes bears features allocating
them with high probability to extracellular space as
well. This surprising outcome is gaining experimen-
tal support in observations of so-called SGS secreto-
ry protein sialylation in Drosophila salivary glands
where tissue-specific hormonal control of o-2,6-Sia-
lyltransferase expression has been documented (Meb-
VEDOVA €t al. in preparation). Under this system, the
process of granule maturation by sialylation of SGS
proteins is continued upon and probably after exo-
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cytosis of the secretory material to extracellular
space. Presence of signa peptide sequence and an-
choring motif near the N-terminal end of at least
Drosophila o-2,6-sadyltransferaseindicatesthat even
in the case of being secreted, this group of proteins
may remain inserted in the membraneous structure.
This finding extends function of o-2,6-siayltrans-
ferases behind their regular subcellular regions, and
provides reasonable link between predictible analy-
sis based on protein primary structure and its true
function-related activity.

The presence of highly conserved PKC phospho-
rylation motifsin a-1,2/6-fucosyltransferasesand PK A
motifsin o-2,6-siayltransferasesindicatesthat besides
hormone responsiveness at transcriptional level the
control of the particular enzymatic function is under
more complex regulation which offers possibility of
its posttrandational control by several signaling path-
ways converging at this point, and still may include

original steroid hormone activated cascade as reflect-
ed in steroid receptor modification by PKC and PKA
activity (ArnoLD et a. 1994; Kuiper and BRINKMANN
1994; Kato et al. 1995; Bunone et a. 1996; EL-Ta-
NANI and Green 1997; JoeL et al. 1998).
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